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integrated and co-processed all-Il-V CMOS. Utilizing a bottom-up approach based on MOVPE grown nanowires enables design flexibilities,
such as in-situ doping and heterostructure formation, which serves to reduce the amount of mask steps during fabrication. By refining the
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maximum transconductance of 260 #A /m at Vps = 0.5 V. Lowered power dissipation for CMOS circuits requires good threshold voltage V7
matching of the n- and p-type device, which is also demonstrated for basic inverter circuits. The various effects contributing to Vr-shifts are
also studied in detail focusing on the InAs channel devices (with highest transconductance of 2.6 mA/ym), by using Electron Holography
and a novel gate position variation method (Paper V).

The advancements in all-Il-V CMOS integration spawned individual studies into the strengths of the n- and p-type III-V devices, respec-
tively. Traditionally materials such as InAs and InGaAs provide excellent electron transport properties, therefore they are frequently used
in devices for high frequency RF applications. In contrast, the III-V p-type alternatives have been lacking performance mostly due to the
difficult oxidation properties of Sb-based materials. Therefore, a study of the GaSb properties, in a MOSFET channel, was designed and
enabled by new manufacturing techniques, which allowed gate-length scaling from 40 to 140 nm for p-type Sb-based MOSFETs (Paper III).
The new fabrication method allowed for integration of devices with symmetrical contacts as compared to previous work which relied on
a tunnel-contact at the source-side. By modelling based on measured data field-effect hole mobility of 70 cm?/Vs was calculated, well in
line with previously reported studies on GaSb nanowires. The oxidation properties of the GaSb gate-stack was further characterized by
XPS, where high intensities of x-rays are achieved using a synchrotron source allowed for characterization of nanowires (Paper VI). Here,
in-situ Hy-plasma treatment, in parallel with XPS measurements, enabled a study of the time-dependence during full removal of GaSb native
oxides.

The last focus of the thesis was building on the existing strengths of vertical heterostructure III-V n-type (InAs-InGaAs graded channel)
devices. Typically, these devices demonstrate high-current densities (g, >3 mS/um) and excellent modulation properties (off-state current
down to InA/um). However, minimizing the parasitic capacitances, due to various overlaps originating from a low access-resistance design,
has proven difficult. Therefore, new methods for spacers in both the vertical and planar directions was developed and studied in detail. The
new fabrication methods including sidewall spacers achieved gate-drain capacitance Cop levels close to 0.2 fF/um, which is the established
limit by optimized high-speed devices. The vertical spacer technology, using SiO; on the nanowire sidewalls, is further improved in this
thesis which enables new co-integration schemes for memory arrays. Namely, the refined sidewall spacer method is used to realize selective
recess etching of the channel and reduced capacitance for large array memory selector devices (InAs channel) vertically integrated with
Resistive Random Access Memory (RRAM) memristors. (Paper IV) The fabricated 1-transistor-1-memristor (ITIR) demonstrator cell shows
excellent endurance and retention for the RRAM by maintaining constant ratio of the high and low resistive state (HRS/LRS) after 10°
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Abstract

His thesis focuses mainly on the co-integration of vertical nanowire
n-type InAs and p-type GaSb MOSFETs on Si (Paper I & II), where
MOVPE grown vertical InAs-GaSb heterostructure nanowires are
used for realizing monolithically integrated and co-processed all-III-V CMOS.
Utilizing a bottom-up approach based on MOVPE grown nanowires enables
design flexibilities, such as in-situ doping and heterostructure formation,
which serves to reduce the amount of mask steps during fabrication. By re-
fining the fabrication techniques, using a self-aligned gate-last process, scaled
10-20 nm diameters are achieved for balanced drive currents at I,, ~ 100
UA/pm, considering Logr at 100 nA/um (Vpp = 0.5 V). This is enabled
by greatly improved p-type MOSFET performance reaching a maximum
transconductance of 260 yA/um at Vps = 0.5 V. Lowered power dissipation
for CMOS circuits requires good threshold voltage Vr matching of the n- and
p-type device, which is also demonstrated for basic inverter circuits. The
various effects contributing to Vr-shifts are also studied in detail focusing on
the InAs channel devices (with highest transconductance of 2.6 mA/um), by
using Electron Holography and a novel gate position variation method (Paper
V).

The advancements in all-III-V CMOS integration spawned individual stud-
ies into the strengths of the n- and p-type III-V devices, respectively. Tra-
ditionally materials such as InAs and InGaAs provide excellent electron
transport properties, therefore they are frequently used in devices for high
frequency RF applications. In contrast, the III-V p-type alternatives have been
lacking performance mostly due to the difficult oxidation properties of Sb-




based materials. Therefore, a study of the GaSb properties, in a MOSFET
channel, was designed and enabled by new manufacturing techniques, which
allowed gate-length scaling from 40 to 140 nm for p-type Sb-based MOSFETs
(Paper III). The new fabrication method allowed for integration of devices
with symmetrical contacts as compared to previous work which relied on a
tunnel-contact at the source-side. By modelling based on measured data field-
effect hole mobility of 70 cm?/Vs was calculated, well in line with previously
reported studies on GaSb nanowires. The oxidation properties of the GaSb
gate-stack was further characterized by XPS, where high intensities of x-
rays are achieved using a synchrotron source allowed for characterization of
nanowires (Paper VI). Here, in-situ Hy-plasma treatment, in parallel with XPS
measurements, enabled a study of the time-dependence during full removal
of GaSb native oxides.

The last focus of the thesis was building on the existing strengths of vertical
heterostructure III-V n-type (InAs-InGaAs graded channel) devices. Typically,
these devices demonstrate high-current densities (g, >3 mS/um) and excel-
lent modulation properties (off-state current down to InA/um). However,
minimizing the parasitic capacitances, due to various overlaps originating
from a low access-resistance design, has proven difficult. Therefore, new
methods for spacers in both the vertical and planar directions was developed
and studied in detail. The new fabrication methods including sidewall spacers
achieved gate-drain capacitance Cgp levels close to 0.2 fF/um, which is
the established limit by optimized high-speed devices. The vertical spacer
technology, using SiO, on the nanowire sidewalls, is further improved in
this thesis which enables new co-integration schemes for memory arrays.
Namely, the refined sidewall spacer method is used to realize selective recess
etching of the channel and reduced capacitance for large array memory
selector devices (InAs channel) vertically integrated with Resistive Random
Access Memory (RRAM) memristors. (Paper IV) The fabricated 1-transistor-1-
memristor (1T1R) demonstrator cell shows excellent endurance and retention
for the RRAM by maintaining constant ratio of the high and low resistive state
(HRS/LRS) after 10° switching cycles.

vi



Popularvetenskaplig
Sammanfattning

MSATTNINGEN for den globala halvledarindustrin uppgar till 509
| miljarder dollar &r 2020 och under de kommande &ren forvéntas
| stadig tillvdxt. Denna tillvédxt har traditionellt sett drivits framét av
konsumentvaror sdsom datorer och smarta mobiltelefoner. Dock forvintas
behovet av mer konsumentelektronik att stagnera medan andra nya app-
likationer signifikant kommer expandera industrin. Bland dessa nya app-
likationer finner vi bland annat sakernas internet (IoT) och molnbaserade
berdkningar, men framfor allt produkter baserade kring Al och 5G-nétverk.
Vi gar darmed mot en framtid med mer specialiserad hardvara anpassad for
ett flertal olika anvdndningsomrdden. Trots denna spridning inom indus-
trin forblir den huvudsakliga inkomstkéllan olika typer av processorer, vars
viktigaste bestdndsdel &r falteffekttransistorn. Denna utveckling har darmed
bidragit till en industri som tilliter en mycket stérre mangfald av nya och
intressanta forbéttringar av falt-effekts transistorerna.

Till storsta delen har forbattringar fér konsumentvaror inom
halvledarindustrin drivits framat med hjdlp av miniatyrisering av transistorn
samt forbdttringar av de elektriska ledningarna som sammankopplar dessa.
Pa grund av grundldggande fysik har det blivit mer och mer problematiskt
att fortsdtta med denna trend da de kritiska storlekarna hos de elektriska
komponenterna ndrmar sig ett fatal atomlager. Intresset for alternativa
material som kan ersédtta kisel pd komponentniva har darmed 6kat markant.
Bland dessa alternativ finns III-V halvledarna. 1 dessa material kan
elektroner rora sig snabbare, vilket kan ge storre strommar utan okad
effektforlust. Inom analoga anvdndningsomraden sasom forstirkning av
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diverse kommunikationssignaler, har det redan blivit Ionsamt att anvinda
III-V material. Denna utveckling har inte kunnat ske pa samma sitt
for digitala applikationsomraden. For fortsatt utveckling kravs dock att
analoga forstarkningar av hog-frekventa signaler sker parallell t med digitala
berdkningar. Alltsa behover metoder utvecklas for att sammanfora digitala
samt analoga berdkningsblock bestdende av olika kretsar.

Inom detta arbete introducerar vi nya kretsar for digitala applikationer,
kompatibla med framtidens hogfrekvensforstiarkare. Detta har mojliggjorts
med hjélp av stora framsteg inom forstaelsen hos antimonid-baserade ma-
terial. Dessa material dr en subgrupp bland III-V foreningarna, dar exem-
pelvis gallium-antimonid redan nu anvinds flitigt inom LED-teknik samt
optoelektronik. Olika metoder har alltsa utvecklats for att realisera forbat-
trade transistorer baserade pé gallium-antimonid, integrerade med andra mer
traditionella III-V transistorer. Gallium-antimonid erbjuder béttre rorlighet av
laddningsbdrarna hal, vilket kravs for att realisera komplementdra kretsar
nddviandiga for digitala applikationer. Intresset for antimonider har ocksa
Okat under senaste tiden da dessa forutspds anvdndas for att skapa robusta
system for kvantdatorer.

Utvecklingen av nya integrations och tillverkningsstrategier leder till en
demonstration av en ny typ av III-V baserad minnescell, som kan anvindas
for att realisera sd kallad In-Memory Computation. Traditionellt sett maste
resultatet fran digitala berdkningar fysiskt forflyttas for att sedan sparas i
en separat minnescell. Alla dessa steg leder till tkad fordrojning vilket
dédrmed begransar prestanda. Dessa typiskt sett separata block kan samman-
foras for att parallellisera berdkningarna, denna metod kallas for In-Memory
Computation. Data kan darmed sparas i form av monster som kan sedan
aberopas for berdkningar i realtid, vilket &r speciellt viktigt for exempelvis
bildigenkdnning.
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Preface

=3 HIs thesis is the grand summary of about five years of work in the
Nanoelectronics Group (now known as Elektromagnetism & Nanoelek-
tronik) at Lund University. We explore various applications, within
electromcs in the field of narrow gap III-V semiconductors and present a
detailed studies of Vertical Nanowire Metal-Oxide-Semiconductor Field-Effect
Transistors (V-INW MOSFETs). This work provides the building blocks to
synthesize, and to connect, fully III-V based systems, spanning from digital
applications and memory systems all the way to high-frequency analog
applications. The work was supervised by Professor Lars-Erik Wernersson,
Doctor Johannes Svensson and Professor Erik Lind.

STRUCTURE OF THE THESIS

The thesis is essentially an article compilation with an extensive introduction
outlining the theory behind the work as well as an outlook by providing
benchmarking. The main part of the thesis covers the topic of All-III-V
CMOS that ultimately spawned separate studies into both n- and p-type based
vertical III-V nanowire MOSFETs (including memory selectors). The various
developed MOSFETs implement VLS-grown nanowires ranging from InAs
to heterostructure based nanowires including InAs-GaSb and InAs-InGaAs
nanowires.

e INTRODUCTION
In addition to the introduction the majority of the thesis consists of
the publications appended in the back. The Introduction provides a
framework for the focused and topics-wise, scattered publications. The In-
troduction is intended to work as an encyclopedia for aspiring researchers
focusing on semiconductor-based electrical devices.
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o APPENDICES

A Fabrication Recipes
Appendix A provides a detailed process flow of III-V CMOS, p-
type III-V MOSFET, RF n-type III-V MOSFET and various process
modules.

o PAPERS
The papers forming the main body of the thesis are reproduced in the
back and listed in the following section.

INCLUDED PAPERS

The following papers form the main body of this thesis and the respective
published or draft versions are appended in the back.

Paper I:

Paper II:

Paper III:

Paper IV:

XVi

A.]JONssON, ]. SVENSsON, AND L.-E. WERNERSSON, “A Self-Aligned
Gate-Last Process Applied to All-III-V CMOS on Si”, IEEE Elec-
torn Devices Letters, vol. 39, no. 7, pp. 935-938, July 2018, doi:
10.1109/LED.2018.2837676.

» [ carried out processing of devices, performed measurements and analyses
and wrote the paper.

A.JONssON, J. SvENssoN, AND L.-E. WERNERssON, “Balanced Drive
Currents in 10-20 nm Diameter Nanowire AIl-III-V CMOS on Si”,
IEEE International Electron Devices Meeting (IEDM), Dec. 2018, DOL
10.1109/TEDM.2018.8614685.

» [ carried out processing of devices, performed measurements and analyses
and wrote the paper.

A.JOnNssON, J. SvenssoN, E. LinD, AND L.-E. WERNERSSON, “Gate-
Length Dependence of Vertical GaSb Nanowire p-MOSFETs on Si”,
IEEE Transactions on Electron Devices, vol. 67, no. 10, pp. 4118-4122,
Oct. 2020, doi: 10.1109/TED.2020.3012126.

» [ carried out processing of devices, performed measurements and analyses
and wrote the paper.

S. R. MamipaLra, K.-M. PErssoN, A. IrisH, A. JONssoN, R. TiMM, AND
L.-E. WERNERsSON, “High Density Logic-in-Memory using Vertical III-
V Nanowires on Silicon”, Nature Electronics vol. 4, no. 12, pp. 914-920,
Dec. 2021, doi: 10.1038/s41928-021-00688-5.

» [ created process modules and collaborated for hardware implementation,
created 3d schematic figures, and was involved in early stages of paper writing.



Paper V:

Paper VI:

Paper VII:

Paper VIIL:

A. JONssON, J. SvENssoN, E.M. FiorpaLIsO, E. LIND, M. HELLENBRAND,
AND L.-E. WERNERssON, “Doping Profiles in Ultrathin Vertical VLS-
Grown InAs Nanowire MOSFETs with High Performance”, ACS Ap-
plied Electronic Materials vol. 3, no. 12, pp. 5240-5247, Nov. 2021, doi:
10.1021/acsaelm.1c00729.

» I carried out processing of devices, performed measurements and analyses
and wrote the paper.

S. YNGMAN, G. D’ AcunTo, Y-P. L1u, A. TRoIAN, A. JONSSON, J. SVENS-
SON, S. ANDRIC, L.-E. WERNERSSON, A. MIKKELSEN AND R. TimM, “Char-
acterization of GaSb surfaces and nanowires during oxide removal”,
Manuscript in preparation

» [ provided samples and feedback regarding plasma treatment and paper
writing.

Z. ZHU, ]. SVENSSON, A. JONSSON, AND L.-E. WERNERSSON, “Improve-
ment of GaSB Vertical Nanowire p-type MOSFETs on Si Using Rapid
Thermal Annealing”, IOPscience Nanotechnology vol. 4, no. 7, pp. 075202,
Nov. 2021, doi: 10.1088/1361-6528 / AC3689.

» [ assisted in process development by providing process modules, and also
involved in paper writing.

Z. Zuu, A.JOoNssoN, Y.-P. Liu, J. SVENssON, RAINER TimMM, AND L.-
E. WERNERSSON, “Improved Electrostatics in GaSb vertical nanowire p-
MOSFETs by Employing Controllable Digital Etch Schemes”, Accepted
in ACS Applied Electronic Materials Dec. 2021

» [ assisted in process development by providing process modules, prepared
samples for XPS-study, and also outlined the paper topic.

RELATED WORK

The following publications are not included in the thesis, but summarise
related work that I was involved in. The work is divided into peer-reviewed
journal papers and conference contributions and is listed according to the
thematic order of the thesis.

CONFERENCE CONTRIBUTIONS

Paper ix:
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Background

g HE global semiconductor sales revenue is upwards to 509 billion USD
as of 2020 and is expected to continue to grow steadily. Soaring
{ demands for consumer electronics, such as personal computers and
lately smartphones, has traditionally pushed the industry forward. However,
the need for consumer electronics is expected to saturate and instead newer
applications will expand the industry. Among these emerging technologies
are Internet of Things, cloud computing and most importantly products
based around Al and 5G networks. The proliferation of applications thus
lead to new opportunities for specialized hardware to meet the demands.
Notably, the bulk of the industry’s revenue originates mainly from digital
logic processors, where the metal-oxide-semiconductor field-effect transistor
(MOSEFET) remains the most important and fundamental device. [1]

Gordon Moore published his prediction in 1975 which described a dou-
bling of transistor density per year enabled by downscaling of the MOSFET
device. This was incentivized by decreased power dissipation at greater
speed when shrinking the physical dimensions of the transistor, an effect
traditionally known as Dennard Scaling. This has led to more performance
per dollar for every subsequent generation which means that Gordon Moore’s
predictions where in fact a financial observation. [2] Dennard scaling led to
ever increasing clock speeds up until 2002 when Si complementary metal-
oxide-semiconductor (CMOS) technology entered the era of power constricted
scaling where power density reached 100 W/cm?. [3] From this point on, clock
speed increase became stagnant and performance improvements were instead
pursued by introducing multi-core CPUs, first described by Gene Amdahl in
1967. [4]. This approach relies heavily on parallelization of tasks, which
ultimately limits the applications of multi-core systems. However, massive
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graphical calculations, performed in a GPU, and training of artificial neural
networks (ANN) are tasks that greatly benefit from parallel computation. [5]

Typically cost of manufacturing a wafer has remained constant up until
2015, where increased complexity, due to transistor metal routing requiring
more layers, could be balanced by increased wafer sizes. [6] As of 2015
every next-generation CPU, from 16 nm down to 5 nm node size, has been
more expensive than its predecessor. Considering both the termination of
Dennard Scaling and steeper prices for newer nodes, the marketplace for
advanced processing chips has been redrawn. Namely, general purpose chips
are becoming less attractive as compared to application-specific integrated
circuits (ASICs). The computing premium attained with specialized chips
were typically quickly erased by the performance gain caused from every
next-generation CPU. In other words, the steep design costs for ASICs was
previously never recouped, which is not the case anymore. [7] Therefore, we
have now entered the era of specialized chips, also translating to specialized
hardware. This development allows for new transistor architectures using
novel materials to co-exist and to be co-integrated with traditional Si CMOS.

TRANSISTOR EVOLUTION

Improved performance in digital applications is no longer attained by in-
creased clock speeds, which is attributed to non-scalable effects such as
threshold voltage scaling, leading to a minimum supply voltage of about
1V (down to 0.7 V) in Si CMOS technology (high-performance optimized
transistors). [8] Considering stagnant clock-speeds, improved performance is
instead attained by an increase in instructions per clock-cycle (IPC). This is
essentially achieved by greater parallelization of tasks, thus fundamentally
limited by transistor density to achieve performance gains. The performance
in MOSFETs for digital applications are constricted by static power dissipation
which further limits the scaling of supply voltage. However, for transistors
optimized for analog radio-frequency (RF) applications, device density and
static power dissipation are not key factors. Instead, current gain and lowered
parasitic capacitances govern the performance for RF transistors. This gives
more degrees of freedom when designing the optimal RF devices, including
implementation of new channel materials such as narrow bandgap III-Vs.

DIGITAL APPLICATIONS

The gate-length of state-of-the-art MOSFETs is approaching few nm, leading
to fundamental limitations with respect to quantum mechanics such as tun-
neling effects as well as diminished electrostatic control over the transistor



1 Background

gate. The decreased efficiency of gate electrostatic control is referred to as
Short Channel Effects (SCEs), and include e.g. drain induced barrier lowering,
subthreshold slope degradation and threshold voltage roll-off. Onset of SCEs
contradict the established trends, thus continued down-scaling lead to in-
creased power dissipation. A solution to combat these modern scaling effects
has been to incorporate various multi-gate structures, where the transistor has
evolved from planar architecture into three-dimensional tri-gate and vertical
gate-all around (GAA) channel MOSFETs, see Figure 1.1. Planar architectures
have also been developed further, achieving improved electrostatics by e.g.
silicon-on-insulator (SOI) adaptation (Figure 1.1-a), where ultra-thin planar
semiconductor channels can be realized (<6 nm). [9,10] The tri-gate archi-
tecture (Figure 1.1-b) was already introduced by Intel in 2012 for their 22
nm node technology, which demonstrated 37% improved performance at 50%
lower power dissipation compared to its contemporary planar version. [11,12]
However, the GAA architecture (Figure 1.1-c & d) has yet to be adopted for
digital applications, even though it provides the ultimate electrostatic control.
[13] The evolution from planar to tri-gate architectures (including stacked
nano-sheets) has carried over many traditional 2D lithography techniques,
which is not possible to the same extent when incorporating vertical GAA
technologies. Namely, reliable fabrication methods must be developed to
attain high-resolution lithography within the vertical direction, while enabling
design flexibilities such as varied gate-length, strain-engineering and thresh-
old voltage control.

Various technology boosters have continued the MOSFET performance
improvements for very large-scale integrated (VLSI) circuits, independent
of geometrical scaling. Among the main innovations are strained silicon
and high-x dielectrics that has led to circuit performance improvements.
Substituting the oxide, traditionally constituted by SiO,, at the gate-stack
level using high relative permittivity (x) dielectrics such as HfO, or Al,O3
has circumvented current leakage issues related to quantum tunneling. Thus
high-« dielectrics has allowed similar oxide capacitance when incorporating
a thicker dielectric as compared to 5iO,, where a 6.4 nm thick HfO, film is
equivalent to a 1 nm SiO, film (planar gate-stack). Strained channel materials
have enabled improved charge carrier transport properties (mobility) within
the channel, engineered to co-inside with the orientation in line with the
direction of the current. For Si MOSFETs mobility enhancement factors, over
bulk Si, of ~ 2 for electrons and up to ~ 10 for holes has been demonstrated,
thus balancing the performance discrepancy typically found between p- and
n-type digital MOSFETs. Strained channel materials can be attained by e.g.
growing a thin lattice mismatched layer on top of a substrate, which is a
reoccurring technique in SOI technology. [17]
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(b) Tri-gate
Source

(a) Planar on insulator (d) Vertical Gate-all-
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Figure 1.1: Schematic representation of modern transistor architectures vary-
ing from planar to 3d integration. (a) Planar on insulator devices are com-
mercially available as fully depleted silicon-on-insulator (FDSOI) technology.
(b) Tri-gate architecture is found in all modern Si CMOS technology nodes for
digital applications. (c)-(d) Gate-all-around technology providing ultimate
electrostatic control for increased scalability. Here stacked nanosheets (c)
represent the evolution of the tri-gate architecture, where IBM has introduced
commercial stacked nanosheet transistors (also coined as ribbonFET by Intel),
with 12 nm gate-length, for use in 2 nm node logic processors. [14, 15]
Vertical GAA architectures (d) are projected for future use, 2030 and beyond,
according to International Roadmap for Devices & Systems (IRDS) 2020 report
[16].

1.1.2 llI-V MOSFETS FOR RF APPLICATIONS

Looking beyond the limitations of Si there are many promising material
alternatives, especially attractive are the III-V compounds with their direct
bandgap and excellent transport properties, see Table 3.3. High mobility
u of charge carriers enables ballistic transport for short channel (<100 nm)
transistors, where no scattering events occur within the channel-region. Thus,
the performance is governed by the carrier injection velocity v;,,;, which ulti-
mately boosts transistor currents further. [18] The ternary compound InGaAs
has had considerable success for high frequency RF optimized transistors, due
to high electron mobility y. as well as compatibility with well-established InP
wafers. [19] Notably, InAs and GaSb provide high bulk mobility for electrons
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ue and holes yuj, respectively. The material combination of InAs-GaSb can
also provide abrupt and crystalline heterojunctions due to matching lattice
constants between the compounds. [20] Furthermore, for VLSI compatibility
various buffer layers for integration on Si are typically employed, therefore
self-heating effects need to be considered. Here, the ternary III-Vs typically
showcase significantly lower heat conductivity k7j, compared to its binary
counterparts and also Si (Table 3.3). [21] Also, for scaled devices optimized for
logic, the transistor drive current | ultimately determine the switching speed,
where I is proportional to both mobility and effective mass I ~ m* - y. A large
effective mass (translating to large density of states) therefore compensates
for lower mobility in scaled digital devices. However, for RF devices where a
high transition frequency fr is coveted, low capacitance are pursued. Consid-
ering intrinsic gate capacitance Cgo and transconductance gy, the transition
frequency can be described as fr o« ¢ /Cgq ~ u (m* cancel out). Thus,
high mobility is vital when pursuing devices optimized for high frequency
RF applications. [22]

Table 1.1: Transport properties and thermal conductivity k7, of various III-V
materials compared to Si. Where v;;;; is the injection velocity, m*/m effective
electron mass (fraction of electron mass), a, the lattice constant, as well as p,
and py, representing the bulk electron and hole mobility, respectively. Further-
more, the lattice matched III-Vs are highlighted. “1ny.53Ga47As composition.
B Heavy hole effective mass. [21,23,24]

Material ﬁegw [/ Vs] fom?/Vs] [em/s] fmo IA] fvTxf/mKl
Si 1.12 1400 400 23.10° 026 543 148
InAs 0.35 13000 500 7.7-10° 0.023 6.09 26.5
GaSb 0.73 3000 1000 048 6.09 33
InGaAs? 0.74 12000 300 7.7-10° 0.043 5.86 ~5
InP 1.34 5400 200 0.08 586 68

III-V based devices have had considerable success for use in high fre-
quency applications by commercially available high-electron-mobility tran-
sistors (HEMTs). State-of-the-art HEMTs have achieved transition frequencies
(ft) up to 710 GHz (InAs channel) [25] and maximum oscillation frequencies
(fmax) up to 1.5 THz (InP channel) [26]. The basic principle of these devices
is the high electron mobility in the remotely doped channel material (J-
doping), usually consisting of III-V compounds, to achieve low RF noise and
excellent gain for high frequency operation. In contrast to MOSFET devices
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the HEMTs substitute the gate-oxide with a thin high-bandgap semiconductor
barrier. This method circumvents the many detrimental issues regarding the
III-V/oxide interface, typically leading to reduced reliability and increased
current noise. [27] Ultimately, using a semiconductor barrier means poor
electrostatic control and lower intrinsic gate-capacitance, which has led to
stagnated gate-length scaling limited to 20 nm for HEMTs. [22] MOSFET
implementations offer further scalability, where state-of-the art III-V and Si
CMOS based high frequency devices have provided f;/ fiuqx of about 400/400
GHz. [11,28-33]

l1I-SB BASED ELECTRONICS - P-TYPE MOSFETS AND BEYOND

Nanoscaled III-Sb devices have experienced a surge of interest due to its
usefulness in various applications, such as optolectronics, tunnel FETs and
recently topological superconductors. The III-Sb group of materials share the
same qualities as other III-V material, where specifically InSb has proven to be
useful due to its extremely narrow bandgap (0.17 eV) as well as providing a
high g-factor, which is a measurement of quantization efficiency of spin states
with applied magnetic field. Thus, it has been reported that InSb is used as a
platform for study of Majorana Zero Modes (MZMs) which might lead to the
realization of topological quantum computations. [34]

II-V based MOSFETs in general have demonstrated strong n-type perfor-
mance, however for digital applications robust p-type performance is also
vital for realizing Complementary Metal-Oxide-Semiconductor (CMOS) cir-
cuits. The most promising option for p-type MOSFETs using III-V compounds
are GaSb and InGaSb which demonstrate high bulk mobility for holes. The
transport properties can also be further boosted by introduction of compres-
sive strain, which is also employed to improve modern Si p-type MOSFETs.
This can be done by employing external stressors or utilizing lattice mismatch
between heterostructures. Induced strain in (In)GaSb promotes splitting of
the valence bands corresponding to heavy- (hh) and light-holes (lh), where
the mobility of the hh improve vastly. By employing a 2% compressive strain
an effective hole-mobility of 1500 cm?/Vs have been demonstrated for InGaSb
thin films. [35,36]

Various challenges for incorporating III-Sb materials remain when con-
sidering etch selectivity and oxidation properties. GaSb specifically has
been reported to be etched in water [37], which adds to the complexity of
fabricating nanoscale structures based on antimonides. Also, surface effects
such as roughness and gate-oxide interface defects have proven to be detri-
mental for nanowire-based applications, where deteriorated hole transport
properties for down-scaled diameters (< 40 nm) are commonly observed. [38]
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However, recent advances in growth methods employing template-assisted
selective epitaxy (TASE) have demonstrated hole mobility of 760 cm?/Vs
(hall measurements), remarkably close to the bulk mobility (see 3.3), for
nanostructures with critical dimensions down to 20 nm.

MEMORY ARCHITECTURE - IN MEMORY COMPUTATION

Traditional computing systems are typically built based on the von Neumann
architecture where memory blocks and processing units are separate entities.
Computational tasks therefore require data to be transferred back and forth
between the processing and memory units which introduce increased latency
and energy dissipation due to power hungry metal interconnect lines/busses.
For modern workloads, such as machine learning, the exchange of massive
volumes of data is especially prevalent. Thus the performance is severely
bottle-necked by slow read/write memory speed, which can be partly mit-
igated by on-chip integration of memory (near-memory computing [39])
and parallelization. However, the Processor-Memory performance disparity,
represented by CPU vs Dynamic Random Access Memory (DRAM) units,
has increased by 50% each year, rendering von Neumann based systems
insufficient for future Al applications. [40]

1T1R cross-point array

Memristor

Selector

Figure 1.2: Schematic of a dense crossbar array consisting of one 1T1R
memory cell at each metal line intersection. Here METAL1 and METAL2
contact the selector and memristor, respectively. The distance between metal
lines (center to center) represents twice the minimum feature size 2-F, thus the
unit cell area is 4F2.
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To overcome this so-called memory wall arising from von Neumann based
systems, alternative approaches such as in-memory computation have been
proposed. Here, the calculation task is performed within the memory itself,
thus CPU and memory units are conjoined, which is an attribute shared
with the biological properties of a mammalian brain, increasing computa-
tional efficiency drastically. Therefore, new memory devices are required to
properly facilitate in-memory computation, where Resistive Random Access
Memory (RRAM), Spin-Transfer Torque Magnetoresistive RAM (STT-MRAM)
and Phase Change Memory (PCM) are promising technologies. [41]

Dense cross-point arrays of parallel memory cells need to be incorporated
to support high bandwidth data traffic necessary for modern workloads, see
Figure 1.2. Incorporating memory selectors, for every memory cell, expand
the maximum array size vastly due to lowered leakage currents originating
from half- and unselected cells. [42] Memory selector architectures can be
based on both two and three terminal devices, where the selector can e.g.
consist of a diode or transistor in parallel with a memristor. Using a transistor
adds routing complexity which can be greatly mitigated using a vertical archi-
tecture where contact layers are inherently separated. A vertical structure also
enables a memristor to be stacked directly on top of a transistor (1T1R cell)
with a mininmal footprint of 4F? (Figure 1.2). Particularly, RRAM requires
high drive currents and tunable compliance current level to enable stable
operation. [43] State-of-the-art vertical III-V MOSFET technology enables
sufficient currents (transconductance >3 mS/um) at low supply voltages [44]
to drive, and form, RRAMs while maintaining low off-state leakage currents
(down to 1 nA/um) [45].

10
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1.4 MY CONTRIBUTION - MOTIVATION

Figure 1.3: A collage of sweeping electron microscopy (SEM) pictures of
various vertical nanowires, based on InAs, InGaAs and GaSb, used in this
thesis. More information regarding these structures will be disclosed in later
chapters.

The overarching theme of this thesis is various co-integration techniques
by utilizing the inherent benefits of the vertical narrow-gap (Eq < 1 eV) III-
V nanowire based architecture for MOSFETs. We employ epitaxially grown
nanowires (bottom-up approach), see Figure 1.3, in our electrical devices
providing the following advantages [20,45-48]:

e III-V integration on Si
e Low thermal budget (growth < 450° C)
e Bandgap engineering for heterostructure design to boost device perfor-
mance
e Core-shell integration for /-doping and improved contacts
e Small footprint, and nucleation point, to minimize defect propagation
and various crystal defects
e In-situ doping, reducing mask steps associated with e.g ion implanta-
tion
Therefore, this thesis aims to utilize these benefits, adapting them towards
II-V based CMOS, RF and memory applications by developing various
fabrication techniques. In order to provide competitive performance and to
push the envelope of III-V based MOSFETs many techniques, and standalone
studies, are employed to characterize both channel, oxide and contacts.
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Nanowire MOSFET Theory

2.1 MOSFET CHARACTERIZATION

Various performance metrics for MOSFETs are typically derived by measuring
transfer and output characteristics as shown in Figure 2.1. Currents are
normalized by the width of the gate which corresponds to circumference of
the nanowire channel in vertical GAA nanowire MOSFETs. Essentially these
measurements capture the behavior of the current Ip passing through the
channel with respect to biasing conditions at steady state. The transfer char-
acteristics are measured at a constant Vpg while sweeping the gate-voltage
Vis. Therefore, this measurement depicts the efficiency of the gate-electrode.
The transfer characteristics are further divided, by the threshold volage V7,
into the subthreshold (off-state) and on-state region. Two important metrics
derived from the Vg sweep is subthreshold swing (SS) and transconductance,
which are deduced from the subthreshold and on-state regions, respectively.
The subthreshold swing SS is determined from the inverse of the slope
(dlog Ip/9Vgs) ™!, in logarithmic scale, within the off-state region and is
defined as the voltage required to change the current one decade, below
the threshold voltage. Similarly, the transconductance g, is acquired as the
slope dIp /dVs within the on-state (linear scale) and provides the number of
amperes delivered per volt (siemens). These metrics are of great importance
for digital applications which require high on-currents I,, delivered at low
supply voltage Vpp for reduced propagation delay t, according to

o= CLVbp
P 2l

2.1)

where Cy is the load capacitance. Here a reduced propagation delay allows
for operation at increased clock-frequencies. Also, dynamic power dissipation

13
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Pp requires a decreased Vpp and has a squared dependence of drive voltage
(Pp ~ VI%D). However, the voltage operation window (Figure 2.1-a) must be
designed to avoid large static power dissipation Ps when biased at the off-
state. Namely, the Ps has a linear dependence on the off-state current I,¢f
(Pp ~ I,fs) thus requiring I,rs < 100 nA/pm. Three different I, ¢ limits have
therefore been defined; 1, 10 and 100 nA which corresponds respectively to
low-power, general purpose and high-performance applications. As shown
in Figure 2.1-a the supply voltage for III-V MOSFETs can typically be scaled
down to 0.5 V, as compared to about 0.7 V (Intel 14-nm node [49]) for high-
performance optimized Si CMOS. Furthermore, the on-state is defined at the
bias points Vps = Vpp and Vs = Vorr + Vpp, where Vorr is defined as the
voltage coinciding with the chosen I, ¢¢ limit. [50]

(a) Transfer characteristics (b) Output characteristics
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Figure 2.1: (a) Transfer and (b) output characteristics measured from a vertical
nanowire III-V (InAs-InGaAs) n-type MOSFET.

The output characteristics are measured at constant Vs while sweeping
the gate-voltage Vpgs as displayed in Figure 2.1-b. The Ips vs Vs sweep is
further divided into two regions, triode and saturation. For high frequency
operation, a MOSFET is operated within the saturation region where a linear
and predictable behavior of the transconductance g, can be achieved, thus
operation will be independent of small variations in DC-bias. Here, the
output conductance g, is defined as the slope of the output characteristics
84 = 9Ip/dVigs. An ideal transistor demonstrates g; ~ 0 in the saturation
region, whereas a large g; instead indicate short channel effects or the onset
of impact ionization and/or band-to-band tunneling. [51] g, at saturation is

14



2.2

2 Nanowire MOSFET Theory

especially important for RF applications where the intrinsic voltage gain A
of the device scales with g, according to A = g/gy. The inverse output
conductance at large gate-bias for Vpg — 0 V represents the on-current R,;,
which is constituted of access resistances R4 and channel resistance. The R,
metric can therefore give an approximate value of external resistances of the
device.

DRIFT DIFFUSION & BALLISTIC TRANSPORT

The current passing through the MOSFET channel, considering drift-diffusion
operation, can be described as

W V3
Ip = 7-Cgpo <(VGS —Vr)Vps — 2135) (2.2)

within the linear operation region (Vps < Vgs — Vr). Here W and L con-
stitutes the channel width and length respectively, C, total gate capacitance,
and po mobility of the charge carriers. Gate capacitance C, is constituted
by the quantum capacitance Cq, charge centroid capacitance C., and oxide
capacitance C,y in series. Shrinking the gate-length, considering constant
drain-source bias, leads to increased electric potential translating to greater
drift-velocity of the charge carriers. However, at high electric fields the drift-
speed tend to saturate at a certain velocity vs;. This occurs by the increased
scattering rate of highly energetic charge carriers, which is primarily caused
by optical phonon emissions. Within the saturation regime (Vps > Vs — V1)
the current is independent of Vpg, and further considering velocity saturation
for short-channel devices the drain-current can be described as

ID = chvsat(VGs — VT). (2.3)

Fundamentally, the transistor gain is governed by the intrinsic channel
capacitance and the saturated drift speed. For III-V materials, the direct
bandgap and high mobility serves to limit the scattering events within the
channel, by greatly increased mean free path Ay corresponding to the distance
between scattering events. Therefore, short channel III-V MOSFETs typically
operate within the ballistic regime, where no scattering events occur in the
channel. For ballistic transport, the drain-current can be expressed as

Ip pattistic = WCq0inj(Vgs — V). (2.4)

where v;,; is the injection velocity at the source-side and T is the channel
transmission. The description of current for velocity saturated and ballistic
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devices bear striking resemblance, both are limited by the velocity of the
charge carriers and are independent of gate-length. However, in the case
of ballistic transport the current is governed by the injection velocity at the
source adjacent to the channel. The properties of channel will still influence
the device properties by a transmission co-efficient T, dependent on L; and
mean free path Ag, described as

Ao

T=———. 25
Ao+ Lg 25)

Considering the transmission T in conjunction with ballistic transport, the
MOSEFET current can instead be expressed as

Ip = T - Ip patistic- (2.6)

This description is referred to as a quasi-ballistic because the mean free path
A is ultimately governed by channel mobility. [52]

2.3 BALLISTIC MOSFET ELECTROSTATICS

SOURCE CHANNEL DRAIN

Position

Figure 2.2: Showing the conduction band of an n-type MOSFET, modelled
by three capacitors; gate Cg, source Cg and drain Cp capacitance. Namely,
the gate, source and drain bias, Vi, Vs and Vp respectively, control top of
the barrier €y as well as the charge ny in the channel via their associated
capacitors. Moreover, the conduction band is depicted with applied drain-
source bias Vpg (Vps = Vp — Vs) influencing the source Er g and drain Er p
Fermi-level correspondingly; —qVps = Er,p — Ers.
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In MOSEFETs, the current flow is controlled by injection/thermionic emis-
sion of charge carriers over a potential barrier. In the case of ballistic transport
the injection of charge carriers from the source, over the channel potential
barrier and into the drain, is naturally governed by the top of the barrier €.
Mainly, € is controlled by the gate-voltage V;, although it is also influenced
by the bias conditions at the drain and source. To fully capture the behaviour
of the top of the barrier €y with respect to bias conditions Poisson’s equation
need to be solved. However, a simplified three capacitor circuit model, valid
for ballistic MOSFETs, can be implemented for intuitive understanding of the
electrostatics, see Figure 2.2. The top of the barrier is thus influenced by
the drain Cp and source capacitance Cg in addition to the gate capacitance
Cg. The potential U; at the cross point, when neglecting the free charge
carriers nj, can be described by the various capacitance contributions added
by superposition

Cc Cs Cp )
U, = — + + . 2.7
! I <Ctot Ciot  Ciot 2.7)

where Cjo; corresponds to the parallel coupling between the capacitors
(Cs + Cp + Cg). Adding the contributions of mobile charges n; in the channel
and short circuiting the voltage in the model the potential U, at the crosspoint
can instead be described as

e

U, = nr. 2.8
2= (2.8)
Observe that the mobile charges n; are dependent of the bias conditions,
however in the case of 2D density of states (valid for 2DEG devices) the charge
remain constant within the channel. Finally, when considering the contribu-
tions of U; and U, as well as optimized MOSFET design (Cg > Cp, Cs) the

top of the barrier can be described as

qZ

e =U +Uy = —qVg+ =—ny. (2.9)
Ce
Specifically for a cylindrical geometry, valid for nanowire MOSFETs, the
oxide capacitance, corresponds to C; and can be calculated as

27TEox

fox+Tnw

C:
Gln

(2.10)
T'nw

where ¢,y is the oxide permittivity, 74, the nanowire radius, ¢,y oxide

thickness. III-V based MOS stacks exhibit comparably low density of states,

consequently when scaling the dimensions, the contribution from U, will
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be negligible. Thus, the requirement for the quantum capacitance limit is
fulfilled (QCL), which translates to all the voltage drop occurring solely over
the semiconductor, meaning that the gate-bias will directly control the energy
bands within the channel as ¢y = —gV; considering (2.9). Therefore, the oxide
down-scaling (physical and/or permittivity) is only meaningful up until a
certain point for channels with heavily scaled dimensions. [53,54]

2.4 NANOWIRE MOSFET MODELING

(a) GAA nanowire MOSFET (b) Band diagram of nanowire MOSFET
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Figure 2.3: (a) Schematic representation of generic nanowire MOSFET with a
gate-all-around electrode, also providing a cut-through segment to expose the
nanowire channel described by 1D transport properties. Here Vs and Vpg
are the gate-source and drain-source voltages respectively, 7, the nanowire
radius and L the physical gate-length. (b) Representative energy landscape of
the proposed nanowire geometry with conduction band E, valence band Ey,
and bandgap E represented. Here the electron populations are highlighted,
where they are described by a 3D Fermi-Dirac distribution and quantized
subbands in the source and gate regions, respectively. When the device is
biased at the on-state, high E-field at the drain side, the source facilitates the
major contribution to the current, thus the current is governed by the charge
at the source-side and carrier injection velocity v;,;. E%E channel TEPTEsents the
energy difference between the first subband and top of the barrier ey within
the gate. Also, the Fermi-level position at the source side is E3L,., and is
described by 3D density-of-states statistics.
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When focusing on nanowire based architectures, the most reccuring ge-
ometry employs small critical dimensions within the channel region (diam-
eter < 25 nm), with comparably large contacts acting as charge reservoirs.
These assumptions are applicable to state-of-the-art MOSFETs using various
gate-replacement techniques [55-59] as well as vertical nanowire transistors
employing selective recess etching of the channel region [44, 46]. Figure 2.3
provides an overview of the traditional nanowire based architechture, with
corresponding energy landscape across the MOSFET terminals. The device
is described by charge reservoirs with an intermediate 1D channel. Thus, to
fully describe the device properties, different charge carrier distributions and
corresponding transmissions need to be accounted for between the various
geometries. The remainder of the chapter aims to facilitate modelling and
optimization of such a device by describing both intrinsic and extrinsic effects.

INTRINSIC TRANSPORT PROPERTIES & COMPACT MODELING

For III-V based short channel devices (< 100 nm), using e.g. InGaAs or
InAs, quasi-ballistic transport describes the MOSFET properties accurately.
Considering the geometry in Figure 2.3 and III-V materials, the drain current
Ips in a top of the barrier controlled device can be described as

tos = 51 [ TEM(E)(f(E) — fulE)aE. 1

where f;(E) and f4(E) are the equilibrium Fermi functions in source and
drain respectively, T(E) is the transmission and M(E) the available current-
carrying subbands within the channel (all variables are dependent on energy
E, g and h are physical constants). Essentially the current is constituted by
the carriers injected into the channel from source and drain, respectively,
fs(E) — fa(E) where the available current-carrying energy states M(E) inside
the channel acts as a filter. M(E) is thus constituted by the maximum
supported charge within the channel and is dependent on 1D density of states
D1p(E), gate-length L, and injection velocity v;,;(E) according to

h 2 | 2m*
M(E) = ngvinj(E)DlD(E), where Dip(E) = E‘/ E e (2.12)

Here, Dip is dependent on effective mass m* and the top-of-the-barrier
energy €p in the electrostatically controlled channel. Assuming a perfect
electrostatic gate, with small capacitance contribution from source and drain
(valid for GAA structure), and operation within the QCL-limit the top of
the barrier ey will be directly controlled by the applied gate-bias Vs as
€9 = —q Vs (see section 2.3).
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In addition to equation (2.5), the transmission T(E) can be more accurately
described with effective channel length L,¢; as follows

A(E L 11V
T—_ME) e T e 2.13)
ME) + Less L s large Vps.

Here, (kgT)/q constitutes the thermal voltage and Vpg the drain-source
voltage. Essentially, larger Vpg increase the penetration of the high-field
region into the channel and increases transmission T(E) significantly by
lowered probability of back-scattering. [60]

For device evaluation and circuit design, a compact model can be developed
considering the previously discussed physics regarding ballistic transport in
(2.11) [61]. This model manages to capture the essentials of ballistic transport
by considering the charge at the source-side Qo and a constant injection
velocity vj,jvs (at energy level corresponding to €p) at the source according to

Ip = WQx0Vinj,vsks, (2.14)

with the addition of the device width W and a smoothing function F;. The
smoothing function F; is used to capture all modes of operation (linear to
saturation, Figure 2.1). Comparing it to (2.11) when biased at the on-state (no
drain influence, neglected f;), Qxo can be described as

Quo = =1 [ Dip(E)E(EME ~ nCiry(Ves = Vi)* (2.15)

where C;,,, constitutes the on-state gate capacitance, n the subthreshold
swing ideality and additionally « is a fitting factor. The described model is
referred to as the virtual source model, where device behaviour is centered
around the charges at the source with their corresponding injection velocity
Vinjvs- The virtual source model is semi-empirical, meaning it mainly
employs physical parameters, thus can be useful for extracting physical
properties of a device. [60] In Figure 2.4 Applying the virtual source model
(2.14) to a vertical nanowire based InAs device gives a good fit, and yields a
corresponding injection velocity of 3.5 - 10° m/s. Note that extrinsic source
and drain resistance, Rg and Rp, has to be considered for calculation of
intrinsic device properties (see section 2.4.4).
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Figure 2.4: Experimental data of n-type vertical nanowire III-V MOSFET (InAs
channel) with fitted virtual source model desribed in (2.14).

2.4.2 NATURAL LENGTH SCALE

When pursuing increased performance by scaled channel dimensions, such
as minimizing the gate-length L., certain design requirements need to be
fulfilled in order to avoid detrimental SCEs. Here, the influence of the electric
potential from the source and drain contacts on the gate-region is quantified
by the natural length scale A, which describes the length of the electric field
penetration depth into the channel. The requirement

Lg > 5, (2.16)

need to be maintained to avoid subthreshold slope degradation and DIBL.
For a cylindrical geometry, the natural length scale is calculated as follows

2ectpp In (1 + %) =+ Soxr%w

Ap =
deoy

(2.17)

where ¢; and ¢,y is the permittivity of the channel and oxide respectively,
fox is the thickness of the oxide, and 7, the nanowire radius. [62] Figure 2.5
shows experimental data, gate-length L¢ vs current modulation I, /1, ffs for
p-type GaSb nanowire based MOSFETs. Here the relation of Ly > 5, can
be confirmed, where modulation improves due to less SCEs at gate-lengths
longer than 75 nm (A, = 15 nm).
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Figure 2.5: Experimental data showing current modulation, represented by
Ion/1, £ ratio, vs gate-length of p-type GaSb nanowire MOSFETs. Here I, is
defined at Vgs = —1 V and I;¢f at Vgs = 0.5 V. The nanowire device has a
high-x with EOT of 1.9 nm and a channel radius 7, = 12 nm resulting in a
natural length scale A, of about 15 nm.

2.4.3 THRESHOLD VOLTAGE MODELLING

To minimize power dissipation and ensure low-voltage operation in CMOS
circuits the threshold voltage Vr discrepancy between the n- and p-type
MOSFETs need to be minimized. [63] MOVPE grown III-V MOSFETs typically
demonstrate a large Vr-spread which makes them less compatible for digital
applications. [64] In order to improve V7 stability for n-type III-V nanowire
MOSEFETs, models describing the threshold voltage behavior with respect to
scaling as well as dopant concentration are coveted. Here, we present theory
describing the threshold voltage Vr for n-type cylindrical III-V nanowire
MOSEFETs focusing on the effect of varying dopant concentration as well as
quantum confinement. For all models fully ionized donor states are assumed,
which is reasonable at room temperature (RT).

Due to charge conservation the depletion based threshold voltage Vr 4., can
be deduced from depletion of free charge carriers within the channel. Thus,
a linear behavior with respect to channel donor concentration Np cjanner is
attained as follows

VT,dep = Vfb - qND,channelK (2.18)

where Vy; is the flatband voltage (fitting factor), g the elementary charge
and K contains all physical parameters according to

K = T g (14 for) 4 T (2.19)
4e,y Tnw 64e.” ’

Here, e. and g,y represents the permittivity of the channel and oxide
respectively, t,x oxide thickness, and r;;, the channel thickness. Observe that
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the depletion model results in squared dependence of nanowire radius ~ 72,

for larger structures (rnw > fox). This model is derived from calculating the
nanowire central potential assuming a doped channel and parabolic bands.
[65,66] Instead, considering a one-dimensional scaled channel with compara-
bly large contacts, acting as electron reservoirs (degenerated semiconductors),
the confinement effects only occur within the channel region. Representing
a 3D-1D-3D (source-gate-drain) transistor geometry, Figure 2.3, the threshold
voltage V1, dependence can instead be described by

1D
AESOEZ,W _ AEchannel (2.20)

q q

VT,q = Vfb —

3D : ; 1D
where AE;;;,., represents the fermi level on the source side and AE,; .

the position of the first subband within the 1D channel. Considering hard
wall confinement and non-parabolic bands the position of the first subband

can be calculated as
/ ah? 2
1 + 2712'111;”1* -1
(2.21)

ElD _
11,channel — 2u

for which & (~ 2.7 for InAs) represent a non-parabolicity factor, and m* the
bulk effective mass. [45] The position of the fermi level at the source AE3D
can be described by using the Fermi-Dirac F, integral of order n = 1/2 but
can also be calculated using approximations according to

E3D _ ND,source 1 kaln ND,source 1 (2‘22)

~
~

souree = Nc Fyjp Ne (64+%)
C

where ky, is boltzmanns constant, T the temperature (at RT k, T ~ 26meV),
and N, the effective density of states for electrons (for InAs N, ~ 8.7 - 1016
em3). Notice that the two different models, in (2.18) & (2.21), capture
different effects and complement each other. The depletion model (2.18)
originate from the free charges within the channel, and is mainly valid for
relatively large density of states and non-degenerate statistics. (2.21) considers
the specific geometry in Figure 2.3, with corresponding band alignment,
accounting for quantization and density of states at the source. Figure 2.6
depicts the diameter dependence 2 - 7, with respect to the different models,
where quantization effects dominate for diameters < 15 nm. For long channel
MOSEFETs, effects from both quantization and free charge carriers should be
considered.
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Figure 2.6: Comparison between the classical depletion model (2.18), consider-
ing displacement of free charges within the channel, and quantization effects
in a 1D channel (2.21). Quantization is calculated considering the physical
properties of InAs.

2.4.4 EXTRINSIC MOSFET CONTRIBUTIONS

To accurately model a MOSFET device, parasitic contributions need to be
accounted for. Figure 2.7 represents the various parasitic capacitances and
resistances in addition to the intrinsic three terminal MOSFET (Figure 2.7-
a) as well as for a vertical nanowire based device (Figure 2.7-b). The
nanowire schematics illustrates the design challenge for RF devices where
lower access resistance tend to form larger gate-overlap capacitance, due to
smaller physical separation of the contact layers.

Due to extrinsic resistance, the applied gate-source Vs and drain-source
voltage Vpg is shared by the intrinsic device as well as the access resistance
originating from source Rg and drain Rp according to the following equations

Vi = Vgs — IpRs (2.23)
Vs = Vps — Ip(Rs + Rp). (2.24)

Here, V¢ and V], are the effective gate-source and drain-source voltages
respectively, and Ip is the drain current. Accurately modelling the addition
of access resistance thus require an iterative method. Furthermore, the in-
fluence on extrinsic transconductance g;; (quasi-static) in relation to parasitic
resistance can be described as
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(a) Extrinsic MOSFET representation (b) NW MOSFET shematic

=Cspp

spacer

Figure 2.7: (a) Circuit diagram representing the extrinsic MOSFET including
the intrinsic device (red highlight) with the parasitic capacitances and resis-
tances. Here Rs, Rd and Rg are the source gate and drain resistances, while
Ccs,pr Cop,p and Csp,, represent the parasitic gate-source, gate-drain, and
source-drain capacitances. (b) Physical interpretation of parasitic resistances
and capacitances of a vertical NW MOSFET, represented with transistor
schematic overlayed by a circuit diagram. The subscripts s, m, b, w and o
denote contact (at interface), metal, bottom, wire and overlap respectively,
further S, D and G denote source, gate and drain.
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where g,,,; and g, ; signifies the intrinsic transconductance and output con-
ductance respectively. Output conductance typically has a small contribution
due to g, > g4; and therefore the equation can be simplified. Studying

the dependence of the drain current Ip for drift-diffusion at low fields (triode
region) with respect to parasitic resistance yields

_ k(Vgs — Vr)Vps
Lg +k(Vgs — Vr)(Rs + Rp)

Ip , where k = Wegrpef fCo. (2.26)

Here, W,f is the channel width, j.¢¢ channel mobility and C;y, inversion
capacitance. [67] Figure 2.8 shows fitting to output characteristics of p-type
MOSFETs (GaSb channel) measurements with varied gate-length Lo with
relatively large parasitic resistance (Rs + Rp = 20 k() - um) to calculate field-
effect mobility p.f f of charge carriers.
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Figure 2.8: Fitting of drift-diffusion based model, equation (2.26) to low field
(linear region) of measured output characteristics.

2.5 RF METRICS

The gain of the transistor, quantified by the transconductance g, is crucial
for high-frequency performance. However, minimizing extrinsic capacitances,
originating from the MOSFET geometry, are equally important to attain high
performance for RF applications. Considering gate-source Cgg and gate-drain
Cep capacitances (extrinsic and intrinsic), the transition frequency fr where
unity current-gain is acquired can be described as

8m
TR (2.27)
1% 27 (Ces + Cep)
When including extrinsic resistance originating from the source Rg and
drain Rp (Figure 2.7) the analytical expression for transition frequency is
instead

1 (Ces+C -1
fre o (GSGD +Cep(Rg + RD)> (2.28)
T gm

A more useful metric directly translating to use in RF applications is the
maximum oscillating frequency fu.x which instead captures the frequency
behavior with respect to unilateral power-gain as

fr
Ny 2.29
fmﬂx 87R<Cop ( )

These simplified expressions capture the essence of the RF design require-
ments, all extrinsic capacitances as well as resistances will have detrimental
influence on the high frequency performance. Notably for increased unilateral
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gain a decreased gate-resistance is of importance. The equations are essen-
tially derived from Y-parameters from a small signal model, which can be
extended to capture other important time-dependent effects such as charge
carrier trapping within the channel. [52]
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MONG the III-V binaries, InAs and GaSb are promising alternatives
A%yl for CMOS integration. The materials are lattice matched and presents

34 high-bulk mobility for electrons and holes respectively. They also
demonstrate advantageous surface Fermi-level pinning typically leading to
excellent ohmic-contacts when metallized. [68] Therefore, many methods for
co-integrating n- and p-type transistors using this material combination have
been proposed and explored. Considering throughput, cost and scalability,
all new transistor technologies should preferably be on Si substrates. The
promising material combination of InAs and GaSb have previously been
explored using various, co-integration methods on Si, including material
transfer of nanoribbons [69,70] and selective etching of epitaxially grown
periodic layers of InAs/GaSb sheets [71]. However, transfer of materials to a
different substrate, typically Si, always raises concerns regarding throughput
and yield.

N-type transistors employing III-V compounds as channel material have
had considerable success for RF, where GaAs MESFET [72] and InGaAs
HEMTs [19] are commercially available solutions for high-frequency opera-
tion while generating low noise. However, providing robust solutions for
monolithic integration of logic capabilities combined with III-V high speed
devices are coveted features, which requires strong III-V p-type devices.
Another frequently suggested combination is utilizing p-type SiGe channel
MOSFETs with n-type InGaAs RF transistors to provide strong p- and n-type
performance. [18,73] However, fabricating these circuits is difficult attributed
to thermal budget and etch selectivity.

In this chapter, we provide a streamlined solution for co-integrating and co-
processing of InAs n-type and GaSb p-type MOSFETs providing competitive
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performance. This is enabled by implementation of core-shell nanowires, with
a core consisting of an InAs-GaSb heterostructure encapsulated in 5 nm thick
InAs shell. All devices are based on NWs ordered in, 300 nm pitch, hexagonal
double row arrays. The inter-NW pitch is chosen to increase the absolute
current for the final devices while mitigating growth effects related to surface
diffusion. [52] Utilizing several nanowires within every device also alleviates
yield related issues and ultimately enables higher absolute currents suitable
for RF applications.

NANOWIRE GROWTH

To facilitate monolithic integration of III-V CMOS based on vertical nanowires,
a bottom-up approach utilizing material grown by Au seeded metalorganic
vapor phase epitaxy (MOVPE) is implemented. Nanowires are thus grown
using Au seed particles as catalysts, selectively promoting material adsorption
on a substrate, by exploiting the vapor liquid solid (VLS) mechanism. Initially,
a substrate is patterned, by electron beam lithography (EBL), with Au dots
organized in various structures, such as hexagonal and double row arrays.
In this work 10 nm Au disks with varying diameter of 28 — 44 nm are
used. The main advantage of MOVPE growth in conjunction with III-V
materials is the possibility of formation of various heterostructures, allowing
for both bandgap engineering and in-situ doping. The design freedom
is further extended by growth of thin vertical nanowires, which can relax
lattice mismatch induced strain by radial expansion or contraction instead of
defect formation. Namely, utilizing nanowire VLS growth provides excellent
crystallinity and substitutes the many masking steps needed to realize a
doping profile in regular VLSI systems relying on ion-implantation (reported
by Taiwan Semiconductor Manufacturing Company [74]). Growth of defect
free nanowires on top of a Si (111) substrate is facilitated by the use of
a 300 nm thick InAs buffer layer. To provide a sufficiently high quality
InAs layer on top of Si, the growth conditions are adapted to maximize the
density of Stranski-Krastonov islands which are coalesced by annealing. [75]
Furthermore, by growing thin nanowires (20-65 nm diameter) on top of the
buffer layer, line-defect propagation into the wire can be avoided. The InAs
layer is also highly doped during growth, providing an excellent epitaxial
contact as well as simplifying contact routing.

AXIAL HETEROSTRUCTURE

Utilizing a VLS-scheme based on gold seed particles as catalysts, in-situ doped
and lattice-matched heterostructure InAs-GaSb nanowires can be grown, see
Figure 3.1. These types of nanowires have been studied extensively in
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literature due to the possibility of formation of a broken band-alignment. The
electrical properties of the broken bandgap are especially useful for tunnel
field-effect transistor (TFET), where the requirements of a source providing
large density of states is fulfilled by the GaSb-segment. [37] For p-type devices
this heterojunction is suitable as an epitaxial tunnel-contact, where high-
current densities (large transmission, ~ 2310 kA/ cmz) have been frequently
demonstrated when incorporated as Esaki-diodes. [76,77]

(a) TEM imaging (b) Electron Holography
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Figure 3.1: Transmission Electron Microscopy (TEM) results of InAs-GaSb
heterostructure nanowire (a), including Electron Holography phase map (b)
and simulated bandgap (1D poisson solver) (c). The bandgap simulation is
based on expected doping profile from nanowire growth conditions (growth-
rate, temperature, V/III ratio etc).

The bandstructure and doping of the InAs-GaSb nanowire can be fur-
ther characterized via Transmission Electron Microscopy (TEM) and Electron
Holography to establish crystallinity and axial band-structure, see Figure 3.1.
This confirms the expected crystal structure of the zincblende (ZB) GaSb
and wurtzite (WZ) InAs segments as well as an abrupt junction between
the two lattice matched materials. By using Electron Holography a phase
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map is constructed, where the phase difference ¢ corresponds to interference
between electrons that pass through the specimen (object wave) and vacuum
(reference wave), respectively, see Figure 3.1-b. ¢ is related to specimen
thickness t and crystal potential V(x,y,z) according to ¢ = Cg fot V(x,y,z)dz
(CEg constant dependent on microscope acceleration voltage). The phase map
can thus be used to deduce the relative concentration of free charge carriers,
see Figure 3.1-c. [78-81]

GIBBS-THOMSON EFFECT

LA

dp=28nm  dy,=32nm  d,,=40nm  d,,=44nm

Figure 3.2: InAs-GaSb heterostructure nanowires grown by catalyst seeded
MOVPE based on various Au dot diameter d 4, sizes.

The proposed material combination of InAs and GaSb, for n- and p-type
devices respectively, exhibit comparably low mobility for holes (see Table 3.3).
The hole mobililty in bulk GaSb is 40 times lower than the electron mobility
in InAs. [18] This discrepancy inevitably translates to lower currents for the
GaSb p-type channel devices, a challenge when pursuing balanced current
density for III-V CMOS circuits. By utilizing a common effect occurring in
small gold seed particles during VLS growth, namely the Gibbs-Thomson
effect, the performance discrepancy can be somewhat equalized . Smaller gold
particles have greater surface-to-volume ratio which increases the chemical
potential within the catalyst seed. This effect is more evident for GaSb
growth, therefore suppressing the VLS growth when using small seed particle
diameters, see Figure 3.2. [82] Here, the volume of the InAs stem remains
constant while the GaSb growth is heavily suppressed for smaller Au dot sizes
(d 4y < 35 nm). Ultimately a wafer, or die, can be patterned with varying seed
particle diameters to locally tune the length of the InAs and GaSb segments
respectively. In other words, actively utilizing the Gibbs-Thomson effect can
therefore provide separate nanowires dominated by either GaSb or InAs on
the same sample die, enabling simplified co-integration and co-processing of
MOSFETs exploiting the strength of each III-V compound constituent (Figure
3.2). The thicker diameter of the GaSb-dominated nanowires also provides a
vital step toward equalizing the CMOS current levels after device formation.
However, by using improved fabrication schemes the need for techniques
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based on VLS-growth effects can be made obsolete, which is explored further
in this thesis.

RADIAL HETEROSTRUCTURE

Sb-based materials are notoriously sensitive and have been reported to be
etched in water. This can be attributed to the III-Sb materials being rapidly
oxidized. [83] Therefore, many techniques regarding etching of Sb-based
materials have been developed during the thesis work and will be explained
in detail in subsequent sections. In most cases, to enable any form of
complex processing, the bare GaSb require protection. To ensure minimized
oxidation and etch selectivity, the GaSb can only be exposed to air for a few
seconds prior to critical steps such as gate-oxide formation. Here, we use
our previous knowledge regarding formation of radial heterostructures in
MOVPE grown nanowires, in order to form a protective shell around the
GaSb [45,84]. We design and implement nanowires consisting of an InAs-
GaSb heterostructure core with a highly doped 5 nm InAs shell, see Figure 3.3.
By tuning the composition of metalorganic constituents (V/III ratio) within
the growth chamber different growth mechanisms can promote either radial
or axial growth. This effect is related to a difference in diffusion length of the
various atoms after adsorption on the substrate or nanowire surface, where
typically As has a comparably short diffusion length. Thus, increasing the
partial pressure of the As precursor, compared to In, (high V/III ratio) will
promote radial shell growth. This technique also allows for regrown contacts,
meaning abrupt material and dopant transitions, for the final devices (Figure
3.3).

Figure 3.3: InAs-GaSb nanowires grown in hexagonal arrays with 300 nm
inter-pitch, with and without InAs radial shell growth. Schematic of the cross-
sections of the various segments of the heterostructure nanowire.
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ALL-III-V CMOS FABRICATION

Detailed fabrication recipes can be found in Appendix A.

HSQ IMPLEMENTATION

The key to enable greater process control is the implementation of self-aligned
processing schemes. In other words, the presented processing schemes allow
for locally controlled placement of gate-position in the vertical direction with
different positions among devices on the same sample. This is partly enabled
by using hydrogen-silsesquioxane (HSQ) based spacers. HSQ is an electron-
sensitive resist which in its fully cured state turns into nanocrystalline-
5i/5i02, which leads to excellent thermal budget and mechanical stability.
The film thickness can be controlled by underexposing the HSQ using EBL,
see Figure 3.4. By using doses lower than those needed for full exposure,
allows us to locally define the thickness of a spacer or mask.

500 i !
. 4FOx-15 thickness L o
2400_ - Dose | | }‘/}/}/
2 ‘ /) g
2 300 o - transfer/ [/ ([ bev e
c o v vv v
S ] »° C v
£ 200 3 K - HSQ
g # :
T 100 3 .o' o

E C dose window F

() 4000086

150 200 250 300 350
EBL dose [1.C/cm?]

Figure 3.4: Measured contrast curve and schematic for FOx-15 (HSQ) when
locally controlling the film thickness by EBL dose. Highlighting a usable dose
window between 180 — 330 #C/cm?.

During this work an HSQ version called FOx-15, which is essentially H5Q
diluted with MIBK as carrier solvent, is used resulting in a thickness of about
400 nm after spin coating. [85] Typically tetramethylammonium hydroxide
(TMAH) based developers are used with FOx-15, to avoid leaving residual
charges prevalent when using e.g. salty developers (NaOH and NaCl). [86]
TMAH rapidly etches Sb-based materials, therefore an etch stop is required
when implementing GaSb in conjunction with HSQ. As described in section
3.2.3, we use a radial InAs shell to cover the heterostructure nanowire which
acts as an etch stop, and also enables extended fabrication capabilities. [87]
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TOP METAL DEFINITION & BOTTOM SPACER FORMATION

To minimize access-resistance and enable selective thinning of the channel
region, a self-aligned gate-last process is implemented to realize improved
performance for the all-IlI-V CMOS. The gate-last process is achieved by
defining a metal top contact as the first fabrication step. Using this method has
previously proven to enable optimization of extrinsic resistance originating
from the metal-semiconductor interface [88] as well as demonstrating excel-
lent current densities in vertical InAs/InGaAs n-type MOSFETs [44].

To be able to utilize a self-aligned fabrication scheme, all critical steps have
been considerably condensed in order to improve yield. We employ a method
where the same mask used for alignment of the top metal is later converted
to a bottom spacer, see Figure 3.5. Here, the position of the bottom edge of
the top metal is defined by the dose-transfer technique discussed in section
3.2.1 utilizing HSQ. This step allows us to define the position of the gate with
great precision (<10 nm), ultimately enabling parallel fabrication of nanowires
with varying InAs-GaSb length ratios (section 3.2.2). After the dose transfer,
the protruding nanowires are coated by a metal layer consisting of 20 nm
sputtered W and 50 cycles of TiN, resulting in a total thickness of 10 nm on
the nanowire sidewalls. The metal is selectively etched by an anisotropic
inductively coupled plasma reactive ion etch (ICP-RIE) process with C4Fg
and Ar chemistry, to finalize the top contact. The exposed HSQ mask is
then thinned down by HF 1:1000 and annealed in N2-environment, at 350°
C, finalizing the first spacer and revealing the channel-region. At this step,
only the III-V material constituting the channel region is exposed allowing
for straightforward selective etching and surface optimization of the gate
stack. Also, the alignment of both the bottom and top contact are defined
within these processing steps, thus relaxing the lithography conditions for
subsequent gate-alignment.

GATE-STACK FORMATION

Traditionally, the performance of III-V p-type MOSFETs have been greatly
limited by the gate-stacks. Many studies have shown that surface-effects serve
to reduce the mobility in thin GaSb nanowires. [38] Thus, new methods of
surface passivation techniques are required to balance the performance of the
II-V CMOS, typically bottle-necked by the p-type MOSFET counterpart. This
can be partly attributed to key fabrication techniques used in state-of-the-art
II-V n-type MOSFETs [44,89] not being compatible with Sb-based structures.
One key method is digital etching allowing for aggressive trimming of critical
channel dimensions. [83] This technique relies on selective etching of the
native oxides formed on the surface of the III-V nanowires. However, GaSb
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(a) Mask alignment (b) Metal deposition (c) Top metal definition (d) First spacer alignment
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Figure 3.5: InAs-GaSb nanowires grown in hexagonal arrays with 300 nm
inter-pitch, with and without InAs radial shell growth. Schematic of the cross-
sections of the various segments of the heterostructure nanowire.

based structures are known for their problematic oxidation properties, where
Sb-oxides account for poor interface and etch-sensitivity [90], where also
Sb,Os is insoluble in most acids or alkali. [83]

(a)Oxidation  (b)Pre-treatment (c)In-situ surf. clean. (d)High-k

UV ozone HCI:IPA TMAI pulsing —— AlL,O,4/HfO,
Citric acid
O, chamber HCI:H,O H,-plasma —— HfO,
(NH,),S:H,0

Figure 3.6: Demonstrating the various combinations for achieving optimal
surface conditions, considering both InAs and GaSb channel materials. All
gate-stacks where metallized by sputtered tungsten (W). (a) Formation of
native oxides were performed by oxidation in an O2 chamber or by UV ozone-
treatment. (b) Several pre-treatments and digital etches were performed by
wet etching, ranging from alcohol based or water based HCI (1:10), citric acid
or ammonium sulfide (1:100). (c) In-situ surface cleaning within the ALD
chamber was performed by TMAI pre-pulsing or H2 plasma. Note that the
H2 plasma was also followed by TMAI pre-pulsing. (d) Two different high-
x oxides were employed, consisting of a regular bi-layer AI203/HfO2 (6/36
cycles) and a single-layer HfO2 stack (40 cycles).

The critical steps within the gate-stack formation includes, stripping of
the InAs radial shell, digital etching of the channel region, pre-treatment
of the surface, ALD in-situ surface cleaning and finally high-k definition.
In other words, achieving optimal surface conditions is hugely complex
and dependent on many parameters. Therefore, many combinations were
explored in this thesis, see Figure 3.6. Certain combinations yielded successful
results and led to publications (marked in red). Ozone oxidation followed
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by citric acid allows for selective removal of the InAs shell (zincblende and
wurtzite) covering both GaSb and InAs channel material. However, further
recess etching must be carried out utilizing HCl based etching. To avoid
critical failure during pre-treatment digital etching is performed by alcohol-
based wet etching, in this case utilizing HCI diluted by isopropanol (1.25
M, 1:10). [83] To stress the importance of using water-deprived chemicals;
HCI:H20O diluted with isopropanol, namely HCL:H2O:IPA (1:2:30) were also
tested but would consistently lead to critical failure for a 30s acid dip.

The various combinations of surface preparation and high-x from Paper
I & II are summarized in Table 3.1. Here, improvements in digital etching
techniques, utilizing oxidation in an O, chamber, allowed for all-III-V CMOS
achieving 10-20 nm channel diameters. The use of in-situ hydrogen plasma
(see Appendix A for details) serves to greatly reduce the InAs diameter. The
results from the process of optimizing gate-stack parameters is displayed in
Figure 3.7, which serves to further highlight the versatility of the developed
HSQ based co-processing techniques. Note that the InAs shell is removed to
restore the un-intentionally doped (nid) channel-material.

Table 3.1: Summarizing various pre-treatment conditions and physical at-
tributes of the III-V CMOS device generations. The standout features are
highlighted, where improved surface preparation allows for diameters down

to 10 nm.
Paper I - Type I Paper I - Type II Paper 11

Oxidation UV ozone UV ozone O, chamber
Pre-treatment Citric acid HCL:IPA HCL:IPA
In-situ surf. clean. H; plasma + TMALI TMALI TMAI
High—K HfOz A1203 / Hf02 A1203 / Hf02

(40 cycles) (6/36 cycles) (6/36 cycles)
L / Diam. (GaSb) 100 / 38 nm 70 / 40 nm 60 /22 nm
L / Diam. (InAs) 40 / 12 nm 50 / 20 nm 150 / 10 nm
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p-type
(GaSb channel)

n-type
(InAs channel)

Figure 3.7: Demonstrating the results of co-processing techniques used in
Paper I (see Table 3.1) showing schematic associated with SEM images for n-
and p-type devices. SEM images representing nanowire diameter with added
high-k (4 nm) resulting in 20 and 40 nm diameter for n- and p-type devices,
respectively.

3.2.4 CIRCUIT REALIZATION

For vertical nanowire MOSFETs all the contact layers are inherently separated
and stacked. This enables simplified contact routing for circuits which can
be directly incorporated into the transistor front-end-of-line, without adding
fabrication steps. Functioning inverter and NAND gates were demonstrated
in this work, including new designs for realizing a ring-oscillator, see Figure
3.8. The front-end-of-line routing is represented here by patterning within the
epitaxial mesa (InAs buffer layer) and gate metal layer.
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(a) Inverter (b) NAND (c) Ring oscillator

Figure 3.8: Examples of circuits enabled by the developed technology plat-
form. SEM images of (a) Inverter, (b) NAND and (c) ring oscillator where
input voltage will be applied to the various gate-contacts. SEM images of
circuits are represented after the finalization of the gate electrode, therefore a
third metal layer is later added for operation. Observe that the ring-oscillator
never provided measurable results due to yield issues.

3.3 ALL-III-V CMOS CHARACTERIZATION

Two fabrication strategies, see Figure 3.9, were developed to enable co-
integration of InAs n-channel and GaSb p-channel devices. The first genera-
tion (Paper I) focused on n-channel MOSFET performance while introducing
a functional p-channel device on the same sample (Figure 3.9-a). In the second
generation (Paper II) of devices, balanced performance was achieved for the
[I-V CMOS by greatly optimizing the p-type GaSb MOSFET. This was facili-
tated by refined fabrication techniques, where the precision of gate-placement
was improved (due to process maturity) allowing the whole process to be
based around one type of nanowire (Figure 3.9-b). See Table 3.1 for detailed
description regarding physical differences between III-V CMOS generations.

The various leaps in performance is expressed by summarizing the DC
metrics of the device generations in Table 3.2. In Paper I, a self-aligned gate-
last process was developed to realize monolihically integrated III-V CMOS
based on vertical heterostructure InAs-GaSb nanowires. The new fabrication
technique enabled minimized gate access-regions leading to improved on-
state performance. Therefore, competitive values are demonstrated with
Sm,max up to 2600 uS/um. Processing conditions are although heavily biased
towards improved n-type InAs performance [46], which is reflected in limited
improvements for the GaSb based devices reaching a respectable g max up
to 74 uS/pym. However, by greatly improved surface pre-treatment routines
and scaled dimensions, in Paper II, the p-type GaSb MOSFET performance
reached a competitive value of 230 uS/um.

To summarize the impact of the presented work a survey of the III-V based
MOSFET field is performed to provide benchmarking of the individual n-
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Figure 3.9: SEM of bare nanowires and schematic of finished devices of
the III-V CMOS. (a) Generation 1 devices utilizing the gibbs-thomson effect
to facilitate suitable nanowires for p- and n-type devices respectively. (b)
Generation 2 implementing one type of nanowire, and down-scaling the
diameter of the GaSb to 49 nm.

Table 3.2: Summarizing various pre-treatment conditions and physical at-
tributes of the III-V CMOS device generations. The standout features are
further highlighted.

PaperI-Typel Paperl - Typell Paper I1

High-x HfO, Al,O3/HIO, Al,O3/HIO,
EOT 0.76 0.85 0.85

L¢ / Diam. (InAs) 40 /12 nm 50 / 20 nm 150 / 10 nm
G (INVAS) 2600 uS/um 1200 uS/pum 405uS/pum

SS1in (InAs) 191 mV/dec 74 mV /dec 74 mV/dec

Loy (InAs) = = 156 puA/um

Lg / Diam. (GaSb) 100 / 38 nm 70 / 40 nm 60 /22 nm

Sm,max (GaSb) 11 uS/pm 74 uS/um 230 uS/pym

5S};i, (GaSb) 622 mV /dec 273 mV /dec 175 mV/dec

and p-type devices, see Figure 3.10. The transistors developed in this thesis
demonstrate competitive values in relation to both p- and n-type devices,

40



3 All III-V CMOS

demonstrating record performance compared to other III-V p-type MOSFETs.
Furthermore, benchmarked with all n-type MOSFETs respectable values are
achieved which follows the expected scaling trend, with a mean free path
A=35%15 nm [42], established by vertical NW based devices (InAs-source)
using a similar gate-last process.
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Figure 3.10: Bechmarking of all-IlI-V CMOS compared to state-of-the-art n-
and p-type devices by gm,max vs Lg. Maximum transconductance from
Paper I & Paper II are derived using | VpS = 0.5 VI. All other technologies
are benchmarked using their specific drive voltage. (a) Other III-V p-type
MOSFET technologies are based solely on GaSb and InGaSb. The various
categories are vertical nanowire (V-NW) GaSb in III-V CMOS configuration
(Paper I, Paper II & [20]), V-NW GaSb MOSFETs (Paper VII) and InGaSb
FinFETs [83,91]. Dashed line represents expected trend considering drift-
diffusion based physics (¢m,max ~ 1/Lg). (b) Summarizing all types of n-type
MOSFET technologies within the categories of V-NW InAs in III-V CMOS
configuration (Paper I, Paper II & [20]), V-NW InAs-InGaAs heterostructure
channel devices [44], V-NW InGaAs [92,93], III-V on InP [59,92,94], III-V on
Si [565-58]. Dashed line represents expected trend considering a quasi-ballistic
channel (g, max ~ A/ (A4 Lg)). [95]
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3.3.1 Vy MATCHED liI-V INVERTER & CMOS BENCHMARKING

Designing an inverter requires balanced performance of the n- and p-type
MOSEFETs with respect to drive-currents, threshold voltage, and modulation.
Here we demonstrate a threshold voltage Vr matched III-V CMOS inverter
using our developed technology platform (Paper I), see Figure 3.11. Com-
bined transfer characteristics (Figure 3.11-a) display V1 ~ 0 V for both the
GaSb and InAs based devices. However, the p-type MOSFET require further
optimization to acquire balanced drive-current and modulation properties
(maximum Ion/Lorf = 10%) as compared to the n-type device. The MOSFET
discrepancy carries over to the voltage transfer characteristics (VTC) of the
inverter further limiting the gain to 2 V/V at supply voltage Vpp = 500mV
(Figure 3.11-b). However, compared to previous III-V CMOS attempts [20, 68]
the voltage operation window at Vpp = 0.5 V can be maintained within 0 <
Vin, Vour <05 V.

(az) GaSb channel  InAs channel ®) 1.y cMOS Inverter

102 3 L 4 . 10* L 3
I pMOSFET nMOSFET f I Gain 500 mv}
1V5p=500 mV Vpp=500 mV !-103 05 Gain 250 mV |

-/D [uA/pm]
Gain [V/V]

107 4 g max=74 pS/me:'ng;“=1.2 mS/pmE .

1SS,,=273 mV/dec: SS;,=76.mV/decf 10 0.1

1 Vi gass= -0.02 V Vr inas= 0.08 VE 1
71 r T r.T T T T T

-0.5 0 0.5 0.2 0.4
V] Vi,V

Figure 3.11: Vr matched III-V inverter realized using monolithically inte-
grated n- and p-type V-NW MOSFETs. (a) Combined transfer characteristics
of the n- and p-type devices at Vpp =50 and 500 mV, highlighting the matched
threshold voltage. (b) Inverter VIC and voltage gain for Vpp = 0.25 and 0.5
V.

The developed II-V CMOS on Si technology is further compared with
established Si CMOS by the digital metric on-current I,, vs Lg, see Figure
3.12. The comparison serves to highlight the relevancy of the work, where the
various improvements have balanced the on-currents and vastly improved
performance for the III-V based p-type MOSFET (Paper II). Comparable n-
type MOSFETs (InAs source) serves to highlight the potential improvements
by incorporating vertical nanowire based technology, where larger on-currents
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are achieved for longer gate-lengths. Also, for vertical geometries larger gate-
length does not correspond to diminished packing density due to constant
footprint.

CMOS benchmarking
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Figure 3.12: Benchmarking of on-currents I, at I, ff = 100 nA/um, versus
gate-length L, for established Si CMOS technology and representative vertical
nanowire (V-NW) III-V on Si based technology. Here I, is used as a baseline
digital metric that ultimately governs switching speed (propagation delay
tp ~ 1/Ion). Data points representing Si CMOS is accompanied by their
respective node numbering. The Si CMOS bias, from 130-nm to 32-nm node,
is scaled down to Vpp = 0.5 V by modelling, a supply voltage typically
recurring for III-V MOSFETs. [18] On-current for 14 nm node (finFET) is
experimentally determined at Vpp = 0.5, and is normalized by the fin
circumference (normalized by chip area yields on-current at ~ 0.65 mA/um).
[49] III-V CMOS on Si technology are represented by Paper II & [20]. Note
that on-current is defined at |Vpg| = 0.5 V for the p-type MOSFET in Paper
II due to limited current modulation. Further, n-type III-V on Si MOSFETs
using comparable fabrication methods are included to highlight possibilities
of II-V technology for digital applications. [95] Observe that all devices are
benchmarked using a supply voltage Vpp of 0.5 V.
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Table 3.3: State of the III-V CMOS on Si technologies [20,69-71]. Represented
devices are vertical nanowire based (Paper I, Paper II & [20]), nano-ribbons
using a material transfer technique, similar to wafer bonding [69, 70], and
planar thin InAs/GaSb layers selectively masked and etched [71]. Blank
spaces are due to undisclosed data.

n-type Pap.I Pap.II [20] [71] [70] [69]
Ion [,uA/ ﬂm]
(at Ioff = = 156 44 = 80 4
100 nA/pym)
8m,max
1200 405 95 - - -
[S/pm]
Lg [nm] 50 150 200 500 >500 >500
/Crit.Dim. /20 /10 /32 /20 /13 /2.5
Sssat
[mV/dec] 158 98 525 185 84 -
SSlin
[mV/dec] 76 2 ) ) ) )
p-type
Ton [VA/Vm]
(at |VD5| = 17 98 7 10 22 24
—0.5V)
Im,max
74 230 15 - - -
[uS/pm]
Lg [nm] 80 60 200 500 >500 >500
/Crit.Dim /40 /22 /48 /20 /7 /20
Sssat
[mV/dec] 355 305 300 - 156 -
SSlin 273 175 - - - -

[mV/dec]
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I1I-V p-type MOSFETSs

=y HE all-I[[-V CMOS technology platform, presented in Chapter 3, is
greatly bottlenecked by its p-type MOSFET counterpart. Therefore, a
; separate study regarding optimization of gate-stack as well as contacts
is necessary for greater understanding of the material properties. To fully
characterize the MOSFET devices, gate-length variation is a requirement.
Novel fabrication schemes have previously been developed for vertical n-type
MOSFETs, which has successfully implemented gate-length scaling and also
enabled selective thinning of the channel region. [44—46] However, implement-
ing these schemes for vertical III-V p-type MOSFETs has been challenging due
to III-Sb etch selectivity. In addition, the all III-V CMOS developed in this
thesis relies on a broken bandgap InAs-GaSb tunnel-junction, at the source,
which further complicates detailed analysis. Here we address all these issues
and present vertical as well as symmetrical p-type MOSFETs with varied gate-
length, from 40 nm up to 140 nm, on the same sample die.

FABRICATION

In accordance with Section 3.1.3, covering the all-III-V CMOS method, we
have established that Sb-based devices cannot be handled without various
protection layers. For this fabrication scheme the nanowire is first fully
encapsulated in metal and secondly various etch techniques are used to
expose the channel, simultaneously forming both source and drain contacts,
prior to high-k deposition, see Figure 4.1. Full fabrication recipe can be found
in Appendix A.
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(c) Gate-stack definition

(b) Source and drain
contact def.

(a) Growth

Figure 4.1: SEM images of the critical steps for realizing symmetrical p-
type GaSb MOSFETs. (a) Nanowire growth of InAs-GaSb heterostructure
nanowire. (b) Post source and drain metal contact definition of single
nanowire, showing channel region of 24 nm when considering high-k. (c)
Array of nanowires after gate-stack formation, demonstrating 100% yield.

4.1.1 SOURCE & DRAIN CONTACT DEFINITION

The p-type MOSFET fabrication is enabled by optimizing fluorine based
dry-etch techniques, essentially by tuning the bias conditions in an ICP-RIE
process. Here we utilize etch selectivity between tungsten (W) and TiN metals
to our advantage. Using fluorine dry etching in conjunction with W creates
volatile etch-products (WFg) at room temperature allowing a clean etch pro-
cess with no re-sputtering effects. [96] Etching of TiN using SFe¢-based plasma
instead produce low-volatility etch products such as TiF, (x < 4). Specifically,
TiF3 and TiF, have boiling points at 1400° C and 284° C respectively, making
them difficult to remove using plasma-based etching. However, evaporation
rates of the nonvolatile etch-products are heavily dependent on the density
and energy of ion bombardment. Therefore TiN can be used to accentuate the
anisotropy when dry etching, where non-volatile TiF, etch-products acts as
sidewall inhibitors. [97]

By using different metal layers (W and TiN) in conjunction with the InAs-
GaSb heterostructure nanowire the source and drain contacts can be realized
as shown in Figure 3.6), thus a comparably thin (GaSb diameter < 40 nm)
InAs-GaSb nanowire can be incorporated (Figure 4.2-a). The nanowire is
encapsulated in metal acting as an etch stop and protecting the III-Sb from
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further oxidation. To align the bottom edge of the top metal an organic ma-
N (negative resist) based mask is used. The ma-N can be locally aligned
by EBL dose transfer similar to HSQ (see Figure 3.4), using a dose-window
corresponding to 90-160 uC/cm?. However, the final thickness of the resist is
also heavily dependent on development time (Figure 4.2-b).

(a) Nanowire growth (b) Metal deposition (c) Top metal alignment

Dose
transfer& &

InAs(n+)

GaSb(nid)

GaSb(p+)

(d) Top metal (e) Top metal (f) Mask alignment (g) Bottom contact align.
depositioPVD depositf‘ep_RlE

//TiN \\. etchlngll

O, plasma .
etch-back Isotropic

dry-etch

Ma

Figure 4.2: (a) SEM image of the nanowire growth. (b) Sputtering of W. (c) EBL
dose transfer for locally controlled thickness of Ma-N mask. (d) Sputtering of
TiN. (e) Anisotropic dry etching of the planar metal layer. (f) Alignment of S18
polymer mask by O2-plasma. (f) Alignment of the bottom contact by isotropic
dry etch of the exposed W.

After aligning the mask, the TMAH (ma-D ~4% TMAH) based developer
will start etching the W ultimately removing the metal and continuing by
polishing protruding GaSb tip. From this point on the process share many
similarities with our other self-aligned fabrication methods (see Figure 3.5).
[46] Namely a TiN film is deposited by sputtering and subsequently the planar
surface is etched by a high-power (700W ICP and 30 W forward-RF) SF¢:Np
plasma at low pressures (< 10 mTorr) in an ICP-RIE process (Figure 4.2-d).
The etch mask is removed and replaced by a new polymer mask based on
518 resist aligned by O, plasma etching, exposing a small segment of the W
contact (Figure 4.2-f). Finally, the protruding W segment can be selectively

49



Vertical Heterostructure III-V MOSFETs for CMOS, RF and Memory Applications

etched revealing the semiconductor constituting the channel. The isotropic
etching is enabled using ICP-RIE with no forward-RF power (150 W ICP and
0 W forward-RE, 30 mTorr), thus the plasma is generated remotely and reaches
the substrate only by diffusion. No ion-bombardment is present during these
etch conditions, therefore the TiN will act as an etch stop with the help of TiF,
formation.

4.2 SYMMETRY AND TRANSPORT PROPERTIES IN GASB MOSFETS

We provide a method to realize gate-length scaling in vertical GaSb nanowire
p-type MOSFETS, see device schematic in Figure 4.3-a. In addition to gate-
length scaling down to 40 nm (Paper III), we also provide a symmetrical
structure with similar GaSb/metal contacts for both source and drain termi-
nals. Previous vertical attempts has typically featured an epitaxial InAs/GaSb
tunnel junction and a p-GaSb/metal as the source and drain contacts, respec-
tively. [20] To further quantify the symmetry of the components, the maximum
transconductance g, max can be compared for switched source and drain
positions at various gate-lengths, see Figure 4.3-b. Comparing the mean value
of gm,max for the full dataset between top and bottom drain electrode config-
urations results in 10% higher transconductance for top drain, which means
that assuming symmetrical contact resistance for the devices is a reasonable
approximation. The discrepancy is expected due to the bottom electrode
relying on background doping (acceptor concentration N4 ~ 10'® cm~3 [98])
to enable sufficiently low contact resistance (current density through Schottky
contact ~ exp (—v/Nya) [99]).

Gate-length scaling allows for extrapolation of the total contact resistance
(via on-resistance Ron metric) which yields a source and drain resistance
value Rg + Rp of 20 kQ) - um. Assuming symmetrical contacts and calculating
the inversion capacitance as Cj,; = 0.5 aF/nm (by coaxial capacitance), the
field-effect mobility of holes can be deduced as 70 cm?/Vs when considering
drift diffusion mechanisms. [67] Figure 4.4 summarizes reported data regard-
ing hole mobility vs diameter dependence for GaSb nanowires, including the
mobility yj deduced in Paper III. Comparing the hole mobility vs diameter
with previously published data for similar VLS-grown nanowires [98] as well
as other dedicated studies of GaSb nanowires (including InSb) [38, 100-102]
shows reasonable fit to expected trends. In other words, the methodology
of metal-encasing followed by dry etching of the channel region is not
detrimental to the nanowire transport properties.
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Figure 4.3: P-type GaSb MOSFET statistics, quantifying symmetry in the
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electrode position during measurement.
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from [100].
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5.1

5.1.1

I1I-V n-type MOSFETSs for RF and
Memory Selector Applications

-CHANNEL III-V transistors are known for their excellent transport
properties where InAs and InGaAs channel devices have proven

2 to be suitable for high-frequency applications. To achieve reduced
parasmc capacitance for vertical n-type MOSFETs, while maintaining low
access-resistance (Figure 2.7), various fabrication techniques need to be de-
veloped. [19] In this chapter, we explore different spacer technologies for
both sidewall and vertical configuration, developed during this thesis work.
Furthermore, the optimized sidewall spacer process module is also utilized
to fabricate vertical III-V based GAA selectors for 1-transistor-1-memristor
(1T1R) implementation.

RF MOSFET DESIGN

Many details regarding the fabrication methods for RF optimized vertical
nanowire MOSFETs will remain undisclosed.

NANOWIRE HETEROSTRUCTURE DESIGN

A benefit of incorporating III-V materials, in a vertical nanowire MOSFET
architecture, is the possibility of performing bandgap engineering by intro-
ducing various heterostructures. In this work, we incorporate nanowires with
InAs-InGaAs core, with increased Ga-content closer to the top, overgrown
with an InGaAs shell, see Figure 5.1. By utilizing VLS growth the nanowire
inherently adopts a shape consisting of a substantial foot region, at the
nanowire bottom segment. This occurs due to preferential nucleation at the
corner of the nanowire during epitaxial growth. [103] The geometry of the
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nanowire with a overgrown foot region can be used as a feature to mitigate
access-resistance originating from the nanowire bottom segment. [44] The
graded core segment, from InAs to Ing;Gagp3As, is designed to provide a
channel with high injection velocity at the source, facilitated by the InAs, and
larger bandgap closer to the drain, by employing InGaAs, to suppress band-
to-band-tunneling (BTBT) and impact ionization. By using InGaAs in the
channel, adjacent to the drain side, higher breakdown voltage Vpp (empirical
relation Vgp ~ Eg/ 2 [104]) can be achieved as well as improved off-state
leakage. Incorporating this type of heterostructure has demonstrated vertical
nanowire MOSFETs achieving off-currents I,s¢ at 1 nA/pm at Vps = 0.5V
and stable operation up until Vpg = 1.5 V (negligible onset of BTBT). [45]
Furthermore, the nanowires utilize a highly doped InGaAs overgrown shell
acting as J-doping at the source-side, providing low source-resistance Rg
(down to 75 Q) - ym [95]).

Core-shell Nanowire Growth

InGaAs
(n+)

InAs — InGaAs

Figure 5.1: Schematic representation (cross-section) and SEM image of core-
shell nanowires for optimized RF MOSFET implementation. All nanowires
are based on Si substrates.
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5.1.2 SIDEWALL SPACER DEVELOPMENT

Employing various techniques to limit access-resistance in a nanowire based
devices typically lead to unwanted parasitic capacitance (Figure 2.7). The
employed gate-last fabrication methods (section 3.2 & 4.1) achieve improved
DC metrics by using a wrap around metal drain contact at the source side.
However, this design is detrimental for RF-performance due to gate-drain
metal overlap, separated only by a high-x dielectric (Figure 3.9). [46] In
order to further reduce gate-drain overlap capacitance Csp, while avoiding
added access-resistance, various spacer technologies optimized for vertical
architectures need to be developed. Also, incorporating asymmetric gate-
stack design using a field-plate within the high-field region, at the drain,
is standard practice to achieve larger operating voltages. For instance Intel
extends the RF capabilities of their 22-nm node by incorporating a thicker
oxide at the drain (field-plate) in addition to threshold voltage engineering
with lower Vr (electrostatic field-plate) closer to the drain-side. [11] Figure 5.2
show the developed sidewall spacer technology enabled by SiO, deposited at
low temperature (plasma enhanced ALD) and anisotropic dry etching.

(a) Anisotropic etch
520 tilt

(b) Sidewall spacer formation
520 tilt

(c) Sidewall spacer alignment

Sio,

AN

Sio,

v
iyl

SiO2 and
Mo/TiN
edge

Figure 5.2: Development of gentle anisotropic dry-etch methods for clean
definition of sidewall spacer. (a) Showing the results of the clean etching,
where no resputtering has occurred from the polymer Ma-N mask. (b)
Sidewall spacer formation after stripping the ma-N mask. Clean edges are
realized for both SiO, as well as the top metal underneath. (c) To confirm the
edge of the 5iO2 the edge is characterized by SEM-imaging at a greater angle
(80° tilt).

5.1.3 VERTICAL SPACER DESIGN

For realizing circuit integration, robust and scalable manufacturing methods
are necessary. Our design employs an epitaxial highly doped, ~300 nm thick,
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InAs source-contact (Figure 5.1). Therefore device isolation (mesa isolation),
and routing, is performed by masking and etching the InAs layer leaving
significant height differences on the sample die. Here, we provide a method
of employing planarization layer in conjunction with MOSFET manufacturing,
see Figure 5.4. Traditionally the capacitance originating from the gate-pad are
mitigated by a finger release process, forming an air bridge underneath the
fingers at the mesa edge (Figure 5.4-a). However, this process requires wet
etching, and is difficult to reproduce. Therefore we propose a planarization
layer, here demonstrated using both 518 polymer and BCB spacer. By optimiz-
ing spin-conditions, resist viscosity and dry etching conditions a planarized
film can be achieved, where the length of the protruding nanowires can be
controlled with precision, see Figure 5.4-c.

(a) HSQ bottom spacer (b) S18 planarization layer (c) BCB planarization layer

Figure 5.3: Showing the various methods for MOSFET finger definition. (a)
Reduced capacitance realized by a finger-release process where the conduct-
ing path of the InAs between the pad and fingers (at the source) is released
by wet etching. (b) A technique using a planarization layer is developed
where the mesa can be completely buried for optimized Cgs. (c) Incorporation
of commercially used BCB as planarization layer, where new etch processes
allow for an extremely stable spacer with low capacitances.

Considering the finger design in Figure 5.4-b combined with the sidewall
spacer in Figure 5.2, the gate-drain capacitance can be reduced for RF n-type
V-NW MOSFETs, achieving gate-drain capacitance Cgp close to the limit of
~ 0.2 fF/pym established by HEMT technology [25,26,105].
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Figure 5.4: Total gate-drain capacitance C;p calculated by small signal anal-
ysis of frequency dependence of scattering parameters (S-parameters) of RF
optimized V-NW MOSFETs. The mean-value of all data points gives a Cgp of
0.24 fF/um (23 aF/wire).

5.2 MOSFET SELECTOR DESIGN & 1T1R INTEGRATION

Design requirements for large arrays of memory cells require low capacitance
to support high bandwidth and transfer speeds. Therefore, the developed
sidewall spacer techniques are applicable to vertical MOSFETs employed as
memory selectors. Also, vertical based memory selectors allow for simplified
contact routing and smaller device footprint, resulting in potentially improved
packing density. [42] For this reason, vertical based architectures are already
adopted broadly in modern memory technologies. These technologies encom-
pass NAND-Flash and traditional 6-transistor Static Random Access Memory
(SRAM), where Samsung and Imec has respectively reported >200 vertically
stacked NAND layers and SRAM using vertical Si nanowires with inter-pitch
of 50 nm (0.0205 mm? cell area). [106-109] Here, we provide 3d integration of
RRAM stacked on top of a vertical memory selector (InAs-based) forming
a 1TIR cell, with a minimum footprint of 4F? (minimum feature size F).
Furthermore, progress of in-situ plasma-based surface-treatment of InAs
allows for the formation of III-V interface layer oxide (IL-oxide) optimized
for stable filament formation, in the RRAM dielectric stack. The addition of
the IL-oxide enables a novel metal-oxide-semiconductor (MOS) based RRAM
stack where the memory cell is directly integrated on an InAs nanowire for
reduced complexity.

A complete device overview of the 1T1R cell is provided in Figure 5.5,
including the intermediate sidewall spacer fabrication step. By incorporating
a SiO; sidewall spacer, selective recess etching of the channel region is
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Figure 5.5: (a) Nanowire after high-k deposition where a sidewall spacer was
defined and recess etching was performed to trim the channel region. (b)
Final FIB-crossection of fully integrated 1T1R cell. Here consisting of a gate all
around (GAA) memory selector with a integrated RRAM memristor on top.
Device cell area is estimated to 0.01 um?2. (c) 10 cycles of RRAM switching,
where the selector is biased in its on-state (Vgg = 1 V). Inset represents
transfer characteristics, at Vpg = 0.5 V, of GAA selector when the RRAM is
biased in its LRS-state.

enabled, which is necessary for improved transistor modulation by removing
expected radial Sn-doped InAs growth and restoring the intrinsic channel
(Figure 5.5-a). [103] Finalizing the combined 1T1R stack including a gate-
all-around (GAA) selector and RRAM directly integrated on the nanowire
(MOS-stack) results in estimated footprint Ay of 0.01 yum? (Figure 5.5-b).
Furthermore, in Figure 5.5-c the RRAM switching behaviour and transistor
characteristics of the GAA selector is displayed. Prior to measuring RRAM
switching an initial forming cycle is needed to form the conductive filament,
consisting of oxygen vacancies, within the RRAM dielectric. The forming
process requires the selector to be biased at the on-state with a elevated bias
(~ 3 V) applied to the RRAM top electrode. During forming the IL-oxide
helps to prevent hard-breakdown of the InAs GAA selector. Namely, at the
instance of filament formation the voltage drop will be shared by the IL-oxide
and selector, thus the selector experience a lower bias (<3 V). The RRAM
exhibit normal switching behaviour where a positive voltage ~ 0.9 V applied
on the top electrode (TE) initialize a SET process where the RRAM maintains
a Low Resistive State (LRS ~ 30 k(2). Similairly the onset of RESET occurs at
~ —0.8 V where the memristor returns to its High Resistive State (HRS ~ 100
GQ). Utilizing a MOSFET in series with the RRAM is also an effective way
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to control the compliance level during switching, in addition to preventing
current sneak-paths in large array implementations. [43]

5.2.1 1T1R ARCHITECTURE BENCHMARKING

(a) Footprint [F?] (b) Time delay [s] (c) Switching energy [pJ/bit]
204F2
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Figure 5.6: (a) Considering 2-input NAND gate and a non-volatile NAND
flash element a area of 204F? can be deduced when excluding metal inter-
connects. Therefore the 1T1R cell provides a 51x reduction as compared
to traditional technology. (b) Considering propagation delay and Cu inter-
connect delay a 10000x reduction in delay is expected from a 1TIR cell due
to eliminating intermediate data transfer. [110] (c) By only considering the
NAND flash element as the major contribution to switching energy (>100
pJ/bit) [111] a 204x reduction is expected when explicitly comparing it to the
proposed RRAM structure, consuming 0.49 p]/bit. [112]

In a typical memory cross-point array the metal lines consist of two
planes (upper and lower) where every intersection between the planes can
potentially house a memory cell (Figure 1.2). If the distance between the
metal lines, center to center, is defined as twice the minimum feature size
2F, the theoretical limit of the footprint for a single bit per cell is calculated
as 2F-2F = 4F2. The proposed 1T1R cell thus enables a minimal footprint of
4F? (1 bit/intersection), which constitutes the ultimate benchmark. Figure 5.6
provides a comparison between in memory computation using a 1T1R cell
and traditional Si CMOS consisting of computations using NAND logic (2-
input) stored in a non-volatile memory element (NAND flash). In Si CMOS
the data has to be transferred between logic to a NAND flash unit via Cu
interconnects, thus interconnect delay needs to be considered in addition to
the MOSFET propagation delay. For instance, propagation delay and Cu
interconnect delay (longest metal line) in 60-nm node technology is >0.1 ns
and >1 ns, respectively. For more advanced nodes the transistor density
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is greatly increased, therefore interconnects need to be scaled accordingly
which adds resistance and further increase interconnect delay. In other
words, modern processors are typically memory bottlenecked. Considering
a traditional Si CMOS system paired with NAND flash, a 51x (Figure 5.6-
a), 10000x (Figure 5.6-b) and 204x (Figure 5.6-c) reduction in footprint, time
delay and switching energy, respectively, is expected from adopting a 1T1IR
architecture. [110,111,111,112]
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Summary, Conclusions & Outlook

This thesis has explored, and progressed, vertical nanowire based III-V
MOSEFET technologies within CMOS, RF and memory applications. A great
achievement are the developed co-integration techniques for monolithic inte-
gration of III-V CMOS, where strong performance for the individual devices
are demonstrated with gy max of 2.6 mS/um (Paper I) and 0.23 mS/um
(Paper 1), at |Vpg| = 0.5V, for the n-type (InAs channel) and p-type (GaSb
channel) MOSFET, respectively. The demonstrated gy max of 0.23 mS/um is
the highest reported transconductance among III-V based p-type devices. This
performance boost of the GaSb based devices has therefore helped to realize
balanced III-V CMOS drive currents in ultrathin devices (10-20 nm diameter).

Despite the improvements, many issues needed to be addressed when
optimizing for logic applications. The GaSb channel device still had limited
performance with respect to I, and off-state properties. By employing vari-
ous studies focusing on the GaSb gate-stack (Paper III, VI, VII & VIII) the off-
state properties could be addressed achieving record minimum subthreshold
swing SS of 107 mV/dec (at Vpg = 0.5 V) with ~ 6 - 10% current modulation
(Paper VIII). Instead focusing on the III-V based n-type MOSFETs a large
threshold voltage Vr spread is usually observed (MOCVD grown channel
devices). [64] The origin of the Vr-shift is studied in greater detail in Paper
V, where the Vr variation is shown to be mostly dependent on variation
with respect to in-situ doping and partly due to limited precision of vertical
lithography techniques (Paper V).

The research in this doctoral thesis is varied covering many applications
regarding III-V based MOSFETs. The employed studies serves to validate
vertical nanowire based III-V technologies by exploring various co-integration
strategies, where all manufacturing methods are based on Si substrates. Ob-
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serve that devices are manufactured on Si(111) substrates, which complicates
integration with 5i CMOS, traditionally based on Si(100) wafers. [113] How-
ever, the low temperature manufacturing (<350° C) involved with narrow-gap
III-Vs provide a path to realize wafer agnostic processes where, for instance,
application specific III-V transistors (or selectors) can be stacked on top of
fully realized Si CMOS back-end-of-line. [18]

All modern technology nodes are essentially memory bottlenecked, in other
words reduced overall delay of the system is attained by addressing the
memory architechture. [110,111] In this thesis we take the first steps towards
building an efficient 1T1R cross-point array for reduced delay and footprint
when performing computations (Paper IV). The initial work can be easily
expanded upon by further optimizing the selector design to support larger
currents and greater modulation.

The natural continuation of the III-V CMOS is to build more application
specific circuits. Using the lessons learned from Paper III, VI, VII & VIII the
yield can be greatly improved. Also, the nanowires for the III-V CMOS can
be modified to, due to similarities [114], to realize complementary TFETs, or
TFET integrated with logic/amplifier circuits.

6.1 SUMMARY OF PAPERS

Here the paper topics are summarized to provide a coherent storyline and
vision.

ALL lll-v CMOS

Paper I: A Self-Aligned Gate-Last Process Applied to All-III-V CMOS on
Si

The first demonstration of a self-aligned process used to realize monolithic
co-integration of vertical p- and n-type III-V MOSFETs. This work focuses
on optimizing n-type performance introducing a functional p-type MOSFET
alongside. Transconductance levels up to 2.6 mS/uym (Vps = 0.5 V) are
realized for the n-type MOSFETs. The growth scheme utilized is developed
by others in the group, where different gold dot sizes are used to selectively
suppress GaSb growth for certain devices.

Paper II: Balanced Drive Currents in 10-20 nm Diameter Nanowire All-III-
V CMOS on Si

Building on the work presented in Paper I, greatly improving p-type per-

formance with improved transconductance at 230 yA/pym (Vpg = 0.5 V) as
compared to previous work demonstrating 74 uS/um. Here, the fabrication
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methods are greatly improved which serves to scale down the channel di-
mensions (10 nm diameter for InAs channel device) and further simplify all
processing. Also, the n-type MOSFET is adjusted to achieve the necessary
off-state (I,rs = 100 nA/pum) performance for digital applications.

GASB CHARACTERIZATION & VERTICAL P-TYPE lll-V MOSFETS

Paper III: Gate-Length Dependence of Vertical GaSb Nanowire p-MOSFETs
on Si

Gate-length scaling is achieved (Lg = 40 to 140 nm) for vertical and symmet-
rical GaSb MOSFETs. Here, a novel new fabrication method is developed to
enable systematic gate-length scaling. This enables extrapolation of extrinsic
source and drain resistances and estimation of the field-effect mobility ()
within the GaSb nanowire (y; ~ 80 cm?/Vs). Other performance metrics,
such as gm,max, V1, SSmin, Ion scales as expected according to Lg which further
validates the fabrication scheme.

Paper VI: Characterization of GaSb surfaces and nanowires during oxide
removal

The GaSb nanowire surface and oxidation properties are studied by XPS,
enabled by high intensity x-rays from synchrotron radiation. The removal of
oxides using an in-situ Hy-plasma cleaning can be tracked in real time by XPS
measurement. In contrast to other studies all native oxide could be removed
by Hj-plasma treatments, including the Ga-based oxides.

Paper VII: Improvement of GaSb Vertical Nanowire p-type MOSFETs on Si
by Using Rapid Thermal Annealing

Building on the previous GaSb-based work in Paper I, II and III, where
the effects of rapid thermal annealing vertical GaSb p-type MOSFETs are
studied in detail. Two different fabrication schemes are studied closely, using
a gate-first and a self-aligned gate-last process achieving transconductance
up to gmmax = 149uS/um at Vpg = —0.5 V. with L = 80 nm. The
various fabrication methods are modified, eliminating organic spacers, to
support temperatures >350° C to enable an annealing study with respect
to MOSFET performance metrics. An optimum annealing temperature of
300° C is discovered which provides an 50% improvement in on-currents and
transconductance for the devices produced using a gate-first process.

Paper VIII: Improved Electrostatics in GaSb vertical nanowire p-MOSFETs by
Employing Controllable Digital Etch Schemes
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A study of surface treatment conditions comparing the use of alcohol based
HCLIPA and water based BOE 1:30 (pH neutralized) for native oxide removal
and passivation of the channel material in vertical GaSb p-type MOSFETs.
Implementing improved and controllable digital etch schemes (~ 1 nm/cycle)
achieves the lowest reported minimum subthreshold swing of 107 mV/dec
with excellent modulation properties (Ion/ILff = 6-10%). Using HCLIPA
provides the best results which is reflected in XPS measurements mapping
the various oxides.

VERTICAL N-TYPE Ill-V NANOWIRE MOSFETS

Paper V: Doping Profiles in Ultrathin Vertical VLS-Grown InAs Nanowire
MOSFETs with High Performance

By using TEM holography and a novel sweeping gate-method the doping
profiles for Sn-doped VLS-grown InAs nanowires can be characterized. This
is enabled by fabricating high performance (in-situ doped) InAs nanowire
MOSFETs with systematically varied position of the gate-length (Ly = 50 nm).
The varying doping profile along the nanowire gives rise to a Vr-shift. This
shift is correlated and modelled to calculate the core dopant concentration
with respect to nanowire position. Frequency vs transconductance measure-
ments are also incorporated to probe the boarder traps density Nj;, where
the Ny; is found to not contribute to the Vr-shifts. This study is based on
high performance nanowire MOSFETs demonstrating transconductance up to
2.6 mS/pum, which increases the validity of the study. Other performance
metrics such as minimum subthreshold swing SS,,;,, on-resistance R, and
maximum transconductance gm, max also follow the expected trend according
to systematically varied gate-position.

Paper IV: High Density Logic-in-Memory using Vertical III-V Nanowires on
Silicon

A 3D integrated stack consisting of an RRAM memory cell and selector is
synthesized using vertical InAs nanowires. The RRAM behaviour is realized
using an MOS-stack enabled by tuned in-situ plasma oxidation prior to high-
k deposition and metallization. In other words, the RRAM memory could be
integrated directly on top of the InAs semiconductor. The memory selector
consists of an InAs nanowire MOSFET, where the III-V-based devices enable
sufficient drive current (40 yA/nanowire) and tunable compliance level for
RRAM switching. To realize the co-integration of transistor and RRAM (1T1R
cell), a new fabrication method utilizing a SiO;, sidewall spacer facilitates
selective recess etching of the channel region as well as reduced parasitic
capacitances for the final device. Notably different high-x are used to realize
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the RRAM and transistor gate-stack, respectively. Where the RRAM MOS-
stack is designed to incorporate a III-V/High-x interface oxide (consisting of
native InAs-oxides) tuned by in-situ plasma oxidation, further confirmed by
XPS measurements. The transistor gate-stack is instead optimized for reduced
Dj; using a bilayer Al,O3/HfO; high-x. Excellent endurance and retention is
also demonstrated for the RRAM by performing 10° switching cycles where
the ratio between low-resistive (LRS) and high-resistive (HRS) states remains.
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Fabrication Recipes

N this appendix, the fabrication methods are fully disclosed. All
nanowire growth is accredited to Dr. Johannes Svensson who de-
signed and executed the recipes for MOCVD gold seeded VLS-based
growth MOCVD growth is performed using Aixtron CCS 18313 reactor,
with showerhead configuration. Devices are fabricated on 1 cm? p-type
Si(111) substrates with a 260-nm-thick epitaxially grown n**-InAs layer. To
enable VLS-based growth a substrate is patterned by 15 nm thick gold seed
particles with varying diameters from 16-44 nm depending on the application.
In this work various nanowires where incorporated including: InAs-GaSb
heterostructure with/without doped InAs overgrown shell, InAs-Ing 7Gag 3As
heterostructure with doped InGaAs overgrowth, and InAs with InAs doped
overgrowth.

A.1 CMOS GATE-LAST PROCESS

A.1.1 TOP METAL DEFINITION & FIRST SPACER

e Spin on HSQ (60s at 3000 RPM)

e 2 min bake 200° C hotplate

EBL exposure (dose 195:5:215 #C/cm?)

15 nm W sputtering

3 nm PEALD TiN deposition at 250 degree

Anisotropic W/TiN dry etch (SF4, C4Fg, and Ar at 20 mTorr)
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e BOE 1:10 to remove the HSQ

e HF 1:1000 HSQ thinning 60 — 120s

A.1.2 DIGITAL ETCHING AND HIGH-K DEPOSITION

e Oxidation in O, chamber or 2 min O? oxidation at RT
e 30s HCLIPA 1:10 dip

e High-k deposition
- Surface cleaning with 5 cycles of TMAI
- 6 cyclesAl,O3 deposition at 300 degrees
- 0 36 cycles HfO, deposition at 120 degrees

A.1.3 GATE DEFINITION & GATE PAD
e 60 nm thick W sputtering with 16 sccm Ar flow
e Spin on 51813 resist (60s at 4000 rpm)
o Bake at 120 degrees for 10 min
e Thinning the 51813 resist using O, plasma (O, RIE at 300 mTorr)
e Gate-metal etch (SFg:Ar RIE at 185 mTorr)
e 51813 resist removal in acetone
e Spin on 51813 resist (60s at 4000 rpm)
o Bake at 115 degrees for 90 s

e Soft UV to define gate-pad pattern (hard contact)
- MF319 development

- 30 s O2 plasma descum
A.1.4 MESA DEFINITION (OPTIONAL)
e Spin on 495 PMMA A8 (60 s at 3000 rpm)
e Bake at 180° C 300 s

o Definition of puncture holes at isolation MESA edge in EBL (560
uC/ cm?)

86



A Fabrication Recipes

Spin on 51813 resist (60s at 4000 rpm)
Bake at 115° C for 90 s

Soft UV to define isolation MESA pattern (hard contact)
- MF319 development 90s
- 30 s O2 plasma descum

InAs etch by H3PO4:HyO,:H,O (1:1:25)

Remove S1813 in acetone

A.1.5 SPACER 2 AND VIA HOLES

Spin on 51813 resist (60s at 4000 rpm)

Bake at 200° C for 40 min

Thinning the S1813 resist using O plasma (O? RIE at 300 mTorr)
Confirm 51813 thickness using SEM inspection

HF 1:100 high-k etching 2 min alt. BOE 1:10 4 min

Spin on 51813 resist (60s at 4000 rpm)

Bake at 115 degrees for 90 s

Soft UV to define source and via hole mask (hard contact)
- MF319 development 90s
- 30 s O2 plasma descum

Resist ashing 51813 resist using O2 plasma (O2 RIE at 300 mTorr)
High-k etching using BOE (1:10) for 4 min

51813 resist removal in acetone

A.1.6 TOP CONTACT
e Metal sputtering of Ni/W/Au, thickness 5/15/200 nm at Ar flows

9/15/9 sccm
Spin on S1813 resist (60s at 4000 rpm)

Bake at 115 degrees for 90 s
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Soft UV to define source and via hole mask (hard contact)
- MF319 development 90s

- 30 s O2 plasma descum
Gold wet etch 35 s using Kl-based Au etch
W etch (SFg:Ar RIE at 185 mTorr)
51813 resist removal in acetone

Ni etch using H,O:H»5S04:HNO3:CH3COOH (10:5:5:2) for 50s

A.2 P-TYPE MOSFET GATE-LAST PROCESS

A.2.1 METAL ENCASING

30 nm thick W sputtering with 16 sccm Ar flow
Spin on ma-N 2405 (60s at 3000 rpm)
Bake at 95 degrees C for 3 min

EBL exposure (dose 90:5:170 uC/cm?2)
- o ma-D 432S development for 60 s

10 nm TiN sputtering with 90 sccm Ar flow
Anisotropic TiN dry etch (SFg, and Ny at 10 mTorr)
45s O, plasma cleaning

Remove ma-N in acetone

A.2.2 SOURCE AND DRAIN DEFINITION
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Spin on 51813 resist (60s at 4000 rpm)

Bake at 120° C for 10 min

Thinning the S1813 resist using O2 plasma (O2 RIE at 300 mTorr)
Confirm 51813 thickness using SEM inspection (exposed gate-region)
Isotropic W dry etch (SF¢, and N; at 10 mTorr)

45s O; plasma cleaning

Remove S1813 in acetone
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A.2.3 FIRST SPACER & GATE DEFINITION
e High-k deposition
- Surface cleaning with 5 cycles of TMAI
— 40 cycles Al,O3 deposition at 300° C

e Spin on 51813 resist (60s at 4000 rpm)

e Bake at 200 degrees for 40 min

e Thinning the 51813 resist using O2 plasma (O2 RIE at 300 mTorr)
o Confirm 51813 thickness using SEM inspection (exposed gate-region)
e 30 nm thick W sputtering with 16 sccm Ar flow

e Spin on 51813 resist (60s at 4000 rpm)

e Bake at 120 degrees for 10 min

e Thinning the S1813 resist using O2 plasma (O RIE at 300 mTorr)
e Confirm 51813 thickness using SEM inspection

e Gate-metal etch (SF4:Ar RIE at 185 mTorr)

e 51813 resist removal in acetone

e Spin on 51813 resist (60s at 4000 rpm)

e Bake at 115 degrees for 90 s

e Soft UV to define gate-pad pattern (hard contact)
— MF319 development

- 30s O, plasma descum
e Gate-metal etch (SF4:Ar RIE at 185 mTorr)

e 51813 resist removal in acetone
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A.2.4 SECOND SPACER & VIA HOLES
e Spin on 51813 resist (60s at 4000 rpm)

o Bake at 200 degrees for 40 min

o Thinning the S1813 resist using O2 plasma (O2 RIE at 300 mTorr)
o Confirm 51813 thickness using SEM inspection

e HF 1:100 high-k etching 2 min alt. BOE 1:10 4 min

e Spin on 51813 resist (60s at 4000 rpm)

o Bake at 115 degrees for 90 s

e Soft UV to define source and via hole mask (hard contact)
- MF319 development 90s

- 30 s O2 plasma descum
o Resist ashing 51813 resist using O2 plasma (O2 RIE at 300 mTorr)
e High-k etching using HF 1:100 for 2 min
e 51813 resist removal in acetone

A.2.5 TOP CONTACT

e Metal sputtering of Ni/W/Au, thickness 5/15/200 nm at Ar flows
9/15/9 sccm

e Spin on 51813 resist (60s at 4000 rpm)
o Bake at 115 degrees for 90 s

e Soft UV to define source and drain pads (hard contact)
- MF319 development 90s

- 30 s O2 plasma descum
e Gold wet etch 35 s using Kl-based Au etch
o W etch (SF6:Ar RIE at 185 mTorr)
e 51813 resist removal in acetone

e Ni etch using H,O:H,SO4:HNO5;:CH3COOH (10:5:5:2) for 50s
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A.2.6 HYDROGEN PLASMA RECIPE

Ex-situ HCL:IPA 1:10
O—

HCI 30 s, IPA rinse
In-situ C H2:Ar 1:7 (20:140 sccm)
H, plasma Power 50 W, 200° C

)—
In-situ O— 5 cycles of TMAI
)

TMA (15 ms exposure)
Thermal C 300° C 20 cycles of
ALD Al,O, TMAI (15 ms)/H20 (15 ms)

Figure A.1: Hj-plasma recipe designed for optimal pre-treatment of GaSb.
Used in Fiji - Plasma Enhanced ALD tool.

91






PAPERS

93









Paper |
Reproduced, with permission, from
A.JONssON, J. SVENSSON, AND L.-E. WERNERssON, “A Self-Aligned Gate-

Last Process Applied to All-III-V CMOS on Si,” IEEE Electron Devices Letters,
vol. 39, pp. 935-938, June 2018, DOI: 10.1109/LED.2018.2837676.

(© 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE

permission.



935

@ IEEE ELECTRON DEVICE LETTERS, VOL. 39, NO. 7, JULY 2018
S

A Self-Aligned Gate-Last Process Applied to
All-1lI-V CMQOS on Si

Adam Jénsson

Abstract— Vertical nanowire n-type (InAs) and p-type
(GaSb) transistors are co-processed and co-integrated
using a gate-last process, enabling short gate-lengths
(Lg = 40 nm) and allowing selective digital etching of
the channel. Two different common gate-stacks, includ-
ing various pre-treatments, were compared and evaluated.
The process was optimized to achieve high n-type per-
formance while demonstrating p-type operation. The best
n-type device is scaled down to 12-nm diameter and has
a peak transconductance of 2.6 mS/um combined with a
low Ron of 317 @ - um, while the p-type exhibits 74 uS/pm.
In spite of increased complexity due to co-integration, our
n-type InAs transistors demonstrate increased drive cur-
rent, 1.8 mA/um, compared with earlier publications.

Index Terms— Vertical, nanowire, IlI-V, MOSFET, CMOS,
InAs, GaSh.

. INTRODUCTION
OMPLEMENTARY metal-oxide-semiconductor (CMOS)
circuits based on all-III-V channel materials require

further development to achieve competitive p-type perfor-
mance [1], [2]. Although antimonide-based materials such as
GaSb have demonstrated high hole mobility [3], transistor
performance is, in part, limited by the gate-stacks [4]-[6].
It has been suggested that combinations of a more conventional
p-type SiGe channel combined with n-type III-V InGaAs
channel is a viable alternative to current CMOS technol-
ogy [7], [8]. This type of material integration is, however,
not straightforward, mainly due to strong material selectivity
during processing.

With continued transistor scaling, deteriorated electrostatics
leads to various short channel effects [9]. Vertical nanowires
with a gate-all-around (GAA) geometry is one alternative with
beneficial performance at the 5 nm node [10]. The vertical
nanowire geometry in particular decouples the gate length and
contact geometry from the footprint area [11].

In this letter, GaSb p-type and InAs n-type MOSFETSs are
co-integrated in a vertical nanowire gate-all-around structure,
utilizing a common gate-stack. The process uses hydrogen

Manuscript received April 9, 2018; revised April 26, 2018;
accepted May 14, 2018. Date of publication May 17, 2018; date of current
version June 26, 2018. This work was supported in part by the Swedish
Research Council, in part by the Swedish Foundation for Strategic
Research, and in part by the European Union H2020 Program INSIGHT
under Grant 688784. The review of this letter was arranged by Editor
D. Kim. (Corresponding author: Adam Jénsson.)

The authors are with the Department of Electrical and Informa-
tion Technology, Lund University, SE-221 00 Lund, Sweden (e-mail:
adam.jonsson @eit.Ith.se).

Color versions of one or more of the figures in this letter are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/LED.2018.2837676

, Johannes Svensson, and Lars-Erik Wernersson

Wiras [l Gash(p) @w.,,,o

Wirg

W inAs (nid) [l GaSb (nid) . /Y%o‘g, Qr%ﬁ
)

3 InAs &) i Oy, Mo,
e, (208
shell E[C)g, .}00
i q 122 g iy

o,

25

Fig. 1.
flow attached with an overview of fabrication. The illustrations show
nid-channel devices, notice that the process allows for varying gate
placement along the nanowire. * Post metal anneal (PMA) is performed
only on specific samples.

Schematic illustration of crucial steps in the full process

silsequioxane (HSQ) spacers with adjustable thickness for
development of a self-aligned, gate-last, process compatible
with vertical antimonide-based structures.

Presented devices are scaled to sub-100 nm gate lengths and,
for the n-type devices, nanowire diameters down to 12 nm
are demonstrated. Drive-currents are improved compared to
previous iterations of InAs transistors, namely a 400% (gate-
last) [12] and 150% (doped channel) [13] increase is shown
with Ips = 1.8 mA/um (Vg5 and Vg = 0.7 V).

Il. DEVICE FABRICATION

Fig. 1 schematically illustrates the process flow for co-
integration of p-type GaSb and n-type InAs MOSFETs. The
devices are fabricated on 1 cm? p-type silicon (111) substrates
with a 260 nm epitaxially grown InAs layer [14].

InAs-GaSb nanowires are subsequently grown from
15-nm-thick Au seed particles defined by electron beam
lithography (EBL). Sections of the InAs segment is n-doped
by Sn and the top of the GaSb segment is p-doped by
Zn, see Fig. 1. In the case of GaSb growth, background
doping is present attributed to point defects (~10'0) [15].
By utilizing the Gibbs-Thomson effect during VLS growth,

0741-3106 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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TABLE |

SAMPLE DESCRIPTION

Sample

Sample A

Sample B

Top contact

Ozone oxidation + citric

Ozone oxidation + citric

formation' acid 60 s + W/TiN acid 60 s + 1:500 +
(NH,),S:H,0 3 min
Gate-stack HCL:IPA + 5x TMAI Citric acid + 8x {TMAI
Pre-treatment  pulses pulse and H; plasma}
High-k %6/36 cycles ALOy/HfO, 40 cycles HfO2 (+PMA)
EOT = 0.85nm EOT = 0.76 nm
n-type
doping nid-channel n-channel
50 nm 40 nm
diameter 20 nm 12 nm
8Empeak 1.2 mS/pm 2.6 mS/pm
SSiin 74 mV/dec 191 mV/dec
Ry 1039 Q-um 317 Q-pm
p-type
L, 70 nm 100 nm
diameter 40 nm 38 nm
Zonpeak 74 uS/um 11 pS/um
SSiin 273 mV/dec 622 mV/dec
Ron 5.9 kQum 20 kQ-pm

Description of processing variations for two different samples
highlighting the critical steps involved. An overview is given for the
important performance metrics. gmpea is extracted at drain bias |V4=0.5 V
and SSy, at |[V,|=0.05 V.

!Contact annealing, post top metal definition, has been performed at 350
degrees C for 60 minutes (Fig. 1). *AL,O; (TMAI) and HfO, (TDMAHY) is
deposited at 300 °C and 120°C respectively. In situ remote plasma treatment
of the surface is carried out inside the ALD chamber and HfO, (TDMAHY) is
deposited at 250°C. Additional post metal anneal (PMA) at 350°C is also
performed after gate-definition on sample B.

the GaSb growth rate can be reduced for smaller gold par-
ticle sizes [16] (diameter <30 nm) which enables length
control of the two separate materials in the heterojunction
nanowires [17]. Therefore, 24 nm and 28 nm diameter Au dots
are used for growing n-type wires and 44 nm for p-type
wires. The Au dots are patterned in structures with a pitch of
about 300 nm.

In the first step, the top contact is defined with an HSQ
mask, whose thickness is determined by the dose in an
EBL process [9]. The thicknesses of the HSQ is gradu-
ally varied from 60 to 300 nm to define gate position in
separate devices. The InAs shell on the protruding part of
the nanowires, that will later constitute the top contact,
is digitally etched by oxidation and citric acid treatment.
An ammonium sulfide treatment is also used for some of
the samples, to passivate the III-V surface [18], processing
differences are outlined in Table I. Subsequently, 20 nm tung-
sten (W) is sputtered followed by a 3 nm TiN atomic-layer-
deposited (ALD) film. The metal is removed from all planar
surfaces by an ICP-RIE SFs:C4Fg based dry-etch process
leaving metal on the nanowire sidewalls defining the top metal
contact.

The same HSQ mask is also used as a bottom spacer by
thinning it with a diluted HF (1:1000) wet etch so that the
nanowire part that constitutes the channel protrudes. This
method allows for sub-100 nm gate-length definition. The
exposed semiconductor surface is digitally etched by oxidation
followed by either citric acid or an HCL:IPA (1:30) treatment.
The number of digital etch cycles are adjusted to remove
the overgrown doped InAs shell, restoring the core channel
material for the p- and n-type wires, that finishes the gate
recess.

P-type (GaSb channel)

Ideta

N-type (InAs channel)

organic

spacer

1 0,.—5910 Qum 0n-1039 Dum E:
254 Vgs =02 n-type InAs Ves =-0.2 [ 600
1 t0 -0.7 V, , {—sotomgoumdea 0 0.7V, F
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Fig. 2. Falsely colored SEM-images depicting single nanowires inside
a p-type and n-type structure for Sample A (Table 1), highlighting the
different HSQ thickness. Combined transfer and output characteristics is
presented for a selected p- and n-type device. The n-type (nid-channel)
device consists of 184 nanowire array with a pitch of 300 nm, diameter
of 20 nm, and Lg = 50 nm. The p-type consists of 144 nanowires with
a pitch of 350 nm, diameter of 40 nm, and Lg = 70 nm. Increased
resistance is shown in Ron by switching drain and source to realize a
top grounded configuration.

To optimize the processing conditions, two types of high-k
are compared, a conventional bi-layer Al;O3/HfO, [19] and a
pure HfO, dielectric. The HfO, only gate-stack is preferred
for aggressive EOT scaling [20]. High temperature (>250 °C)
is necessary when forming the interface layers for more
effective self-cleaning [19], [21]. The different high-k with
corresponding pre-treatments are described further in Table I,
representing the best optimization for GaSb p-type (Sample A)
and InAs n-type (Sample B) device performance.

The gate metal is deposited by sputtering 60 nm W.
A thinned S1813 spacer is used as mask for an SFe dry-
etch process to vertically align the gate to the top contact.
An organic spacer is then applied followed by sputtering of
the top metal electrode consisting of Ni/W/Au.
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Fig. 3. Comparison between 184 nanowire arrays with Lg = 40 and Lg = 50 nm from sample B (Table I). Output characteristics of the p-type device
in Sample B is also included. The SEM image is showing a 12 nm diameter nanowire, with doped channel (n-channel) after in-situ hydrogen plasma
and high-k ALD comprised of 40 cycles HfO5 corresponding to 4 nm thickness,. The lower curve of each curve-pair (n-type InAs) corresponds to a,
not intentionally doped, nid-channel. The HSQ spacer thicknesses for n- and nid-channel devices are 10 and 50 nm, respectively. Contact resistance
behaves symmetrically with closely matched Ron values for switched bias conditions, due to improved contact processing.

The implemented InAs-Gasb combination introduces a tun-
neling source contacts with broken bandgap, for the p-type
device, where reported values suggest that it may have suffi-
ciently low resistivity (Esaki diodes: ~260 Q - um) [22], [23].
Thus the InAs-GaSb structure, due to resemblance with state-
of-the-art Tunnel-FETs [24], [25], lends itself for future
CMOS Tunnel-FET implementations including co-integration
of MOSFETs and Tunnel-FETs.

I1l. DEVICE CHARACTERIZATION

Transfer and output characteristics for sample A with a
bi-layer gate-stack is presented in Fig. 2. Transconductance
8m,peak Values of 1.2 mS/um for n-type and 74 uS/pum for
p-type was achieved with minimum subthreshold slope SSiin
of 74 and 271 mV/dec. Both devices exhibit enhancement
mode operation with Vr = 0.08 and —0.02 V. The limited
n-type off-state performance is partly caused by drain tunnel-
ing due to the narrow bandgap of InAs [26]. However, for the
p-type GaSb device the large diameter of the gate-segment in
conjunction with a non-optimal high-k interface degrades the
off-state. The 24 times higher drive current for the n-type as
compared to the p-type MOSFET is expected due to the large
difference in charge carrier mobility [2]. Further, significant
gate-length scaling and strained GaSb channels are needed to
enable the p-type MOSFET semi-ballistic operation [27], [28].

The resistance originating from the top contact is reduced
for the n-type device in sample B (Table I) by adding a
sulfur passivation step during the top contact definition, which
increases the on-state performance, gm,peak = 2.6 mS/um
(n-channel), Fig. 3. This is further quantified by switching the
source and drain electrodes during measurement that displays
a symmetrical behavior with low Ry, values of 317 and
338 Q- um, in contrast to the n-type device in sample A
(Fig. 2 inset). This device also utilizes a pure HfO, gate-
stack with low EOT of 0.76 nm, see Table I. The off-state
and electrostatics are limited, which can be attributed to a
doped channel and a high-temperature deposition of HfO,
at 250 °C [29]. The hysteresis window corresponding to the
gate-stack is evaluated to 20 mV, on a representative device,
at the minimum SS point (Vgs = —0.2 to 0.7 V). An additional
device with nid-channel, based on the same type of nanowire

that has a gate shifted upwards along the nanowire, is also
available on the same sample and is presented in Fig. 3.
Here, improved electrostatics is shown with SSji, decreased
from 191 (n-channel) to 80 mV/dec (nid channel). Even
though Ha-plasma on InAs may result in increased surface
roughness we find that high transconductance values still can
be obtained. The n-type devices, on sample B, with peak
transconductance gm,peak Of 2.6 (n-channel) and 1.7 mS/um
(nid-channel), at Vgs = 0.5 V, indicate added source resistance
due to varied HSQ spacer thickness. The spacer is varied
from 10 (n-channel) up to 50 nm (nid-channel), see Fig. 3.
Notably the saturation current for the device with doped n-
channel is 1.8 mA/um at Vg = 0.7 V. The improved drive
current, compared to previous InAs transistor iterations, can
be attributed to the addition of doping at the bottom nanowire-
segment [12] and n-doped shell growth [13]. The p-type
device is demonstrated although with reduced performance
and electrostatics as compared to the n-type device quantified
by gmpeak = 11 uS/um (Vgs = —0.5 V) and SSin =
622 mV/dec, see Table I.
IV. CONCLUSIONS

A new process for n-type (InAs) and p-type (GaSb)
MOSFET co-integration compatible with highly sensitive
antimonide-based materials has been developed. Aggressively
scaled devices with sub-100 nm gate-lengths and n-type diam-
eters down to 12 nm have been demonstrated using gate-stack
variation, giving a highest gm peak of 2.6 mS/um, see Table I.
P-type devices, demonstrating gm,peak Of 74 and 11 uS/um, are
also co-integrated on the same samples. Further optimization
of the GaSb gate-stacks combined with aggressive diameter
scaling will increase the balance for the III-V CMOS. The
HSQ-spacer utilization allows for future integration of p-
and n-type on the same nanowire, ultimately reducing the
diameter difference between the devices. The process also
enables possibilities for co-integrating MOSFETs with state-
of-the-art Tunnel-FETs.
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Abstract—We use a self-aligned, gate-last process providing
n-type (InAs) and p-type (GaSb) MOSFET co-integration with
a common gate-stack and demonstrate balanced drive current
capability at about 100 pA/pm. By utilizing HSQ-spacers,
control of gate-alignment allows to fabricate both n- and p-type
devices based on the same type of vertical heterostructure
InAs/GaSb nanowire with short gate-lengths down to 60 nm.
Refined digital etch techniques, compatible with both sensitive
antimonide structures and InAs, enable channel region
diameters down to 16 nm for GaSb and 10 nm for InAs.
Balanced performance is showcased for both n- and p-type
MOSFETSs with Ion = 156 pA/pum, at Ioi= 100 nA/um, and 98
WA/um, at [Vps| = 0.5, respectively.

L INTRODUCTION

High mobility materials such as narrow band gap III-V
compounds offer a possibility to increase the MOSFET
performance for both logic and high-frequency devices.
Specifically InAs and GaSb material options present high bulk
mobility for electrons and holes, respectively, which makes the
combination attractive for CMOS implementation. GaSb based
transistor performance is currently limited by the gate-stacks
and the reactive nature of the antimony-compounds imposes
challenges in both material growth as well as device
fabrication. [1]

The continuation of the traditional down-scaling of
MOSFETs for digital circuits has led to short channel effects
due to deteriorated electrostatics [2]. 3D gate architectures are
therefore proposed, and implemented, with gate-all-around
(GAA) structures utilizing vertical nanowires as a strong
candidate. Fundamentally, vertical nanowire MOSFETs
presents a seamless way to decouple gate-length and contact
geometry from the device footprint area. The small footprint
also allows larger lattice mismatch without propagating
defects, which simplifies integration of high mobility materials
on top of Si substrates. [3]

In this work, we demonstrate a streamlined co-integration
process for p- and n-type MOSFETs, with a common gate-
stack, using a self-aligned, gate-last process. State-of-the-art
vertical p-type GaSb MOSFET performance is demonstrated,
with gm =230 pS/um, co-integrated with a strong InAs n-type
device showcasing good off-state with /o,=156 pA/pm at Iofr =
100 nA/um, all at [Vps| = 0.5 V (Table 1). The data includes
5x drive current improvement for the GaSb MOSFET
combined with a 3x increase in gm as well as a decreased
SSmin as compared to previous results [4]. The improvement is
attributed to adjustment in the aspect ratio (Diameter:L,) for
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the n-type and p-type devices, from 2:5 and 2:4 to 2:30 and 2:6,
respectively, in order to achieve balanced drive currents. For
the n-type device this has resulted in improved off-state
characteristics reaching the Il = 100 nA/um limit and
simultaneously the p-type current has been improved with a 5
times higher I, of 98 pA/um (Table 2).

II. DEVICE FABRICATION

The processed MOSFETs are based on vapor-liquid-solid
(VLS) grown InAs-GaSb heterostructure nanowires
overgrown with, a highly n-doped InAs shell. The
implementation of an overgrown shell protects the GaSb,
which circumvents issues regarding etch selectivity and
enables processing with hydrogen silsesquioxane (HSQ)
allowing development of a self-aligned, gate-last process.
Optimization of alcohol based digital etching, in conjunction
with the gate last implementation, has enabled scaled
diameters and selective digital etch of the channel region.
Therefore, GaSb devices with diameters down to 16 nm have
been achieved, which has proven crucial for improved
performance.

Fig. 1 represents the critical fabrication steps for the co-
integration process. The devices are based on 260 nm epitaxial
InAs layer grown on p-type silicon (111) substrates.
Subsequently, InAs-GaSb nanowires are grown by VLS from
EBL defined 32 nm diameter Au discs. The top of the InAs
segment and GaSb segment is doped by Sn and Zn,
respectively. The nanowires are also overgrown with an InAs
shell for improved etch selectivity (Fig 1-a).

After nanowire growth, an HSQ mask is applied whose
thickness is controlled by the EBL exposure dose. The
thickness control allows for varied gate-position along the
nanowire, enabling p- and n-type devices to be fabricated from
the same type of nanowires. The spacer is used as a template to
align the top metal, which is applied by 200 nm sputtered W
and 3 nm ALD TiN (Fig. 1-b). Prior to metal deposition, a citric
acid dip is performed followed by HCL:IPA to remove the
protruding InAs shell and restore the core-material. The applied
metal is selectively removed from the planar surfaces by
reactive ion etching leaving the finished top contact.

The HSQ mask, previously used for top contact alignment,
is thinned by diluted HF 1:400 to form the bottom spacer and
to expose the nanowire channel-region. The channel region is
selectively digitally etched by 4 cycles of short ozone exposure
followed by HCL:IPA 1:30 wet etch. The digital etch removes
the InAs shell and further serves to trim the channel down to
sub 25 nm diameters. A bilayer high-k is applied consisting of
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6 cycles of Al,O3 and 36 cycles of HfO,, corresponding to an
EOT of 0.85 nm (Fig. 1-¢). The result after high-k deposition is
shown in Fig 2, presenting before and after SEM images of a
single nanowire p-type device.

Finally, 60 nm sputtered tungsten is used as gate metal and
the top edge aligned vertically by a back etched S1813 resist as
etch mask for an SFsdry etch. Afterwards an organic top spacer
is defined followed by sputtering of the top contact consisting
of Ni/Au (15/200 nm), see Fig. 1-d.

III. MEASUREMENTS

Fig. 3 and Fig. 4 represent combined output and transfer
characteristics for InAs (Lg = 150 nm, diameter = 10 nm) and
GaSb (Lg = 60 nm, diameter 22 nm) channel devices, co-
integrated on the same Si substrate. The data are showcasing
well behaved characteristics with maximum gn, = 405 and 230
pnS/um, respectively, normalized to the total circumference, see
Table 1. A high /o, = 156 pA/um (at ;= 100 nA/pum) is also
achieved for the n-type device, representing a  14%
improvement compared to previous vertical InAs MOSFETs
[5]. Both the n- and p-type devices showcase good electrostatics
with SSiin = 72 and 175 mV/dec, attributed to the aggressive
diameter scaling (Fig. 5 and Fig. 6) and high-quality
semiconductor/high-k  interfaces.  Also, the minimum
subthreshold slope is maintained over a wide bias range for the
n-type device (Fig. 6), demonstrated that the co-integration
process does not introduce a drastic increase in Dj for InAs.
Notice that the InAs transistor is fabricated from a 200 nm long
InAs segment, which introduces significant constraint on
contact formation contributing to a comparably high Ro, = 1.4
kQ-um for the n-type MOSFET. For the p-type device,
contributions to the contact resistance from rapid re-oxidation
of GaSb and injection via a, not optimized, broken bandgap
source serves to further limit the on-state performance. The
limited off-state can be attributed to background doping in the
GaSb channel (Fig. 7). [6]

To demonstrate the improved digital etch technique and
technology scalability, a p-type device with diameter down to
16 nm, although with longer gate-length of 150 nm is shown in
Fig. 8. Alcohol based digital etch techniques enable the
aggressive diameter scaling. Notice the large difference
between top contact diameter with respect to the channel
region, which improves resistance originating from the drain
contact. The device transfer characteristics is presented in Fig.
9, showing that a high transconductance of 87 pS/pum can be
maintained also when the diameter is scaled. Notably, the
performance of GaSb p-MOSFETs strongly depends on the
gate length. Also the off-state performance is improved,
quantified by SSa = 257 mV/dec (Fig. 10). The output
characteristics for this device (Fig. 11) showcase an exponential
behavior that indicates the presence of a potential barrier (Fig.
12) which can be resolved by further contact optimization.

To visualize the performance improvements as compared to
previous GaSb, as well as InGaSb, devices a gm versus SSs: plot
is presented in Fig 12. Here, importance of scaling the gate-
length and diameter is clearly emphasized. With a balance
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between SS and gm metrics also at scaled gate lengths, this work
shows improved performance over state-of the-art GaSb
MOSFETs, including InGaSb fin-FETs. [1]

IV. CMOS IMPLEMENTATIONS

Many alternative co-integration strategies have been
proposed and implemented utilizing the same material
combination, namely InAs and GaSb, see Table 2. One
approach is to use nano-ribbons with a two-step transfer
technique. [7] The same technique, utilizing nano-ribbons,
with a single transfer step has also been developed and
demonstrated. [8] Another method is to use grown periodic
InAs-GaSb planar structure with selectively etched segments
enabling fabrication of separate lateral GAA InAs and GaSb
devices. [9] The CMOS implementation presented in this work,
based on vertical InAs-GaSb heterostructure nanowires, on top
of Si, [10] has the potential to include heterostructure InAs-
InGaAs segments [11] to reduce the off-state leakage and to
further increase the transconductance. [4] In fact, we show a
technology that can merge high transconductance n-type
MOSFETs [11] with balanced CMOS implementation for high-
speed logic and mixed applications.

From the benchmarking of various all-IlI-V CMOS
implementations in Table 2, we note that the implementation
presented in this work, represents the best set of combined
metrics including g, vs SSs. We show that competitive device
performance can be achieved within a co-integrated process,
challenging other state-of-the-art ITI-V devices.

V. CONCLUSIONS

We present an all-III-V co-integration process aggressively
scaled to gate-lengths (Lg = 60 nm) and diameters (Dias = 10
nm, Dgasp = 16 nm). This has served to reach balanced drive-
currents for the III-V CMOS at 156 and 98 pA/um for the n-
and p-type devices respectively (Table 1) as well as
demonstration of competitive transistor performance.
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[This EDL [9] 71 [8] [5] [This EDL 9] 171 [8] InGaSb
work] [4] work] [4] 1
Ion 156 80 4 140 98 17 10 22 2.4 ~100
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[nS/pm]
Lc [nm] 150 50 500 50 60 80 500 20/10
/Crit.Dim /10 /20 /20 /13 /2.5 /28 /22 /40 /20 i /20
SSsat 98 158 185 84 158 305 355 156
[mV/dec]
SSiin 72 76 175 273 260
[mV/dec]

Table 2. Benchmarking table with devices from other ITII-V CMOS processes as well as key p- and n-type
standalone processes. lon for InAs devices defined at /o= 100 nA/um limit and for GaSb/InGaSb p-type
devices is defined at V'ps =-0.5 V. Blank spaces are due to incomplete data.
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Gate-Length Dependence of Vertical GaSb
Nanowire p-MOSFETs on Si

Adam Jénsson
Erik Lind

Abstract—The effect of gate-length variation on key
transistor metrics for vertical nanowire p-type GaSb metal—
oxide-semiconductor field-effect transistors (MOSFETS)
are demonstrated using a gate-last process. The new fab-
rication method enables short gate-lengths (Lg = 40 nm)
and allows for selective digital etching of the channel
region. Extraction of material properties as well as contact
resistance are obtained by systematically varying the gate-
length. The fabricated transistors show excellent modula-
tion properties with a maximum lon/lorr =700 (Vgs = —0.5 V)
as well as peak transconductance of 50 xS/um with a linear
subthreshold swing of 224 mV/dec.

Index Terms—III-V, GaSb, metal-oxide—semiconductor
field-effect transistor (MOSFET), nanowire, scaling, vertical.

. INTRODUCTION

ETAL-OXIDE-SEMICONDUCTOR field-effect tran-

sistors (MOSFETs) based on III-V channel materials
integrated on Si have proven to be viable technology booster
for n-type digital and radio frequency (RF) devices [1]-[3].
Antimonide (Sb) compounds, such as GaSb and InGaSb, are
promising alternatives for III-V p-channel MOSFETS, due to
high bulk hole mobility [4]. The material is also an essential
part of InAs/InGaAsSb tunnel-FETs [5]. However, certain
process modules, like gate-stacks and ohmic contacts, for the
GaSb MOSFETs are not as optimized as for corresponding
n-type MOSFETSs, which limits the transistor performance
[6]-[8]. Strong p-type MOSFETs based on III-V material is
essential for future logic implementation and their integration
with state-of-the-art n-type RF transistors. Combinations of
more conventional p-type SiGe channel devices integrated
with n-type III-V InGaAs-based devices has been proposed
[9], [10]. However, material selectivity during processing may
limit this type of material integration, which motivates further
studies and development of III-V-based p-type transistors.
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TABLE |
BENCHMARKING

This [6] 11 [17] [18]

work  finFET Sb-sheet Sb-O1 Sb-OI
Ly [nm] 60 20 500 * *
Crit.dim.[nm] 24 10 20 7 20
Lo/ Lo 700 50 3000 100 10
Zm,max [1S/um] 50 160 - - -
8Siin [mV/dec] 224 260 217 156 -
Ion [pA/um] 20 100 12 - 10
[Vos| [V] 0.5 0.5 0.5 1.0 1.0
Vas| [V] 1.0 0.5 1.5 1.0 4.0
Benchmarking comparable and symmetric GaSb [1], [17], [18] and

InGaSb [6] p-type MOSFETs on Si. I/l defined as the maximum current

modulation for stated bias-conditions. MOSFETs within this work showcases

good overall performance with the best /o,/Ioir for sub-100 nm L, devices.
*Long-channel devices (>500 nm), therefore gate-length not disclosed.

To circumvent issues, such as various short-channel
effects (SCEs) due to deteriorated electrostatics, concerning
continued transistor scaling alternative geometries are crit-
ical [11]. Gate-all-around (GAA) geometry using vertical
nanowires is one option with a projected benefit at the
5-nm node [12].

A vertical nanowire geometry also provides decoupled gate
length and contact geometry with regard to footprint area [13].
However, vertical geometries require novel lithography meth-
ods to substitute conventional fabrication techniques [14].

In this article, we introduce for the first time a gate-last
process [15], [16] for vertical GaSb nanowire MOSFETs that
enable gate-length variation. The process is compatible with
highly sensitive Sb-based materials [6] that enables a systemat-
ical study of scaled p-type MOSFETs in a GAA configuration.
The process uses a novel method where the nanowires are fully
encapsulated in metal that is selective removed from the side-
walls revealing the channel region. Thus, the sensitive GaSb
will remain protected during fabrication and only be exposed
prior to the final gate-deposition step. The gate length is varied
from 140 to 40 nm at a constant 24-nm channel diameter.

Generally, GaSb transistors exhibit weak modulation prop-
erties, with maximum current modulation, at Vgs = —0.5 V,
of barely two order of magnitude considering OFF-state current
[11, [6], [17], [18]. Here, we provide substantially improved
current modulation when compared with state-of-the-art GaSb-
based MOSFETSs with a maximum ON/OFF-state current ratio
Iox/logr = 700 (Vgs = —0.5 V). Complete benchmark-
ing of GaSb p-type MOSFETs on Si is summarized in
Table 1.

0018-9383 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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(h)

£,y W source [@]Nanowire growth
W sputtering
[b]Ma-N definition (EBL)

TiN sputtering (10 nm)
[c]icP-RIE etch (top contact)
$18 mask alignment
[d]icP-RIE etch (channel)
Digital etching
@ [e]High-k ALD
Polymer spacer def

W sputtering

Polymer spacer def
Via hole formation

Top metal deposition

Fig. 1. Schematics for key processing steps realizing gate-length scaling
for vertical GaSb p-type MOSFETSs. (a) VLS grown heterostructure GaSb
nanowire integrated on an InAs buffer layer on Si. (b) Sputtered tungsten
encapsulation aligned by ma-N mask with thickness controlled by EBL.
(c) TiN sputtered and removed from planar surfaces by anisotropic
etching. (d) S18 spacer aligned by plasma etching and channel region
exposed by selective dry etching of W. (e) Cycled oxygen exposure
and HCL-IPA Dips for recess (digital) etching. (f) S18 polymer spacer
aligned by plasma followed by sputtered W with vertical length defined
by S18 back-etched mask. (g) Finalized devices after aligning polymer
spacer followed by sputtering of drain metal. (h) ltemized overview of the
full process-flow.

Il. DEVICE FABRICATION

Fig. 1 illustrates the critical fabrication steps for the vertical
p-type GaSb MOSFETs. The devices are fabricated on 1 cm?
p-type silicon (111) substrates with a 260-nm-thick epitaxi-
ally grown n**-InAs layer [9], [19]. InAs-GaSb nanowires
are subsequently grown from 15-nm-thick Au seed parti-
cles, with a diameter of 24 nm, defined by Electron Beam
Lithography (EBL). The GaSb top segment (~250 nm) is
p-doped by Zn (DEZn/TMGa = 0.36) [see Fig. 1(a)]. For
GaSb growth, significant background doping (~10'® cm™) is
present attributed to point defects [20]. Nanowires for each
device are ordered in double-row arrays with 300-nm separa-
tion, large enough to avoid capillary coalescence during wet
processing [21].

In the first process step, following epitaxial growth, the
nanowires are etched in an HCL-IPA oxide etch and then
encapsulated in 30-nm sputtered tungsten (W) protecting the
GaSb surface from subsequent processing steps. An Ma-N
polymer layer (spin-on negative resist, ~500 nm at
2500 r/min) is successively applied to protect the bottom
part of the nanowires [9]. Developing the Ma-N with a
TMAH-based developer gradually etches both the metal and
semiconductor leaving an exposed GaSb tapered, top-segment
structure [see Fig. 1(b)]. The thicknesses of the Ma-N is
systematically varied from 200 to 350 nm, by varying the
dose in EBL, to define the position of the upper edge of

the channel region and thus allow for devices with different
gate-lengths. In our previous work, hydrogen silsesquioxane
(HSQ) has instead been used to enable gate-length scaling
for vertical InAs nanowire MOSFETs [13]. Substituting
HSQ (fluidic oxide) with Ma-N (organic spacer) leads to a
trade-off, sacrificing thermal and mechanical stability in order
to gain etch selectivity with respect to Sb-based materials.
Subsequent to Ma-N definition, 10 nm of TiN is sputtered and
anisotropically dry-etched from planar surfaces by SFg:N,
finalizing the top contact [Fig. 1(c)]. TiN-based metals allow
for greater anisotropy due to the formation of TiF-based
inhibitors on the nanowire sidewalls [22]. The Ma-N mask is
stripped by acetone and replaced by an S1813 polymer mask.
The polymer mask is thinned in an oxygen plasma to the extent
that a segment of the nanowire sidewall, covered with W,
protrudes underneath the TiN top contact. An SF6:N2 plasma
[inductively coupled plasma (ICP)-reactive ion etcher (RIE)]
is used to selectively etch the exposed W, covering the
channel region, in between the upper TiN/W layer and the
lower S1813 mask [see Fig. 1(d)]. The plasma is generated
without any forward RF-bias to enable isotropic etching.
W forms volatile etch-products in conjunction with SF6
plasma allowing increased etch selectivity between W and
TiN when simulating a remote plasma [22]. This etch process
step also defines the bottom contact length [see Fig. 1(d)],
where the InAs—GaSb heterojunction is circumvented by a
W socket contact. By only introducing Zn doping (in situ)
at the top of the GaSb segment, excess dopants within the
channel region can be avoided [23]. Therefore, the bottom
contact relies on the comparably high background doping
(~10'° cm~3) present in the GaSb [20].

The S1813 mask is stripped by acetone leaving the finished
top and bottom metal contacts. This allows for selective digital
etching of the channel by oxidation inside an O,-chamber
followed by an HCL:IPA (1:10) oxide etch. The digital etch
cycles are repeated until the nanowire diameter is reduced
from 36 down to 24 nm, as confirmed by SEM inspections.
Using O, environment for oxidizing of the GaSb stabilizes the
digital etch rate [6], thus we believe that diameter variation
between nanowires originate mainly from variation during
epitaxial growth (£2 nm) [24]. A 50 cycle atomic layer
deposition (ALD) film of Al,O3, deposited at 300 °C, high-
k (50 A, equivalent oxide thickness (EOT) = 1.9 nm) [25]
is applied [see Fig. 1(e)] followed by a 100-nm-thick back-
etched S1813 resist acting as a bottom spacer. The gate metal
is formed by sputtering of 60-nm W followed by a thinned
S1813 mask for an SF6 dry-etch process to vertically define
the gate overlap rerevealing the top contact [see Fig. 1(f)].
A final polymer spacer is defined followed by a top metal
electrode consisting of Ni/Au finishing and capping the device,
see schematic in Fig. 1(g).

The results at separate process steps are verified by SEM
inspections shown in Fig. 2. Postgrowth inspections show
a 500-nm-long heterostructure InAs—-GaSb nanowire [see
Fig. 2(a)]. After the critical stage of contact formation, recess
etching, and high-k (5-nm Al,03) deposition, a 34-nm neck
region is exposed that is corresponding to a 24-nm diameter
channel-region [see Fig. 2(b)]. Even after aligning the gate
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Fig.2. (a) SEMimage of a nanowire implemented in the p-type MOSFET.
(b) Device after top and bottom electrode definition. (c) Showcasing a
nanowire array contacted by a defined gate-electrode.
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Fig. 3. Transfer and output characteristics for a MOSFET with 60-nm

gate-length demonstrating a maximum transconductance of 50 uS/um
at Vps = —0.5V.

and rerevealing the top contact, an excellent yield for the full
nanowire array is realized [see Fig. 2(c)].

I1l. DEVICE CHARACTERIZATION

Transfer and output characteristics for a vertical GaSb
nanowire MOSFET, with L, = 60 nm, is presented in Fig. 3.
A peak transconductance gm peak Value of 50 uS/um with
minimum subthreshold slope SSji, of 224 mV/dec is achieved.
A large current modulation, over several decades, with max-
imum Ion/lorr = 700 (Vgs = —0.5 V) is also realized.
The device demonstrates well behaved output characteristics,
although a large ON-resistance Ron of 18.4 kQ - um is
present.

Fig. 4 presents transfer characteristics and also statistics for
key performance metrics with respect to gate-length scaling
for 49 devices. Transfer characteristics for transistors with
varying gate-lengths is presented in Fig. 4(a). For shorter Lg,
the ON-state improves while the OFF-state performance is
sacrificed due to degraded electrostatics, considering a fairly
large diameter of 24 nm and EOT at 1.9 nm (calculated based
on cylindrical oxide capacitance). los (at Vps = 0.2 V) and
saturation subthreshold swing SS¢ (at Vps = —0.5 V) vary
from 3.8 to 297 nA/um and 216 to 393 mV/dec, respectively.
Statistics with respect to maximum transconductance gm max
versus Ly is presented in Fig. 4(b). A clear correlation between
Ly and gm max is evident where shorter gate-lengths lead to
improved ON-state performance. Performance variation can be
mainly attributed to varied contact resistance, originating from
the reactive nature of GaSb surfaces [26]. Therefore, varied

access-resistance is naturally more detrimental to the short
gate-length devices (Ly < 100 nm) which exhibit greater
ON-state performance. Fig. 4(c) demonstrates Vr and SSjj
(point slope) behavior with respect to L,. A clear Vr roll-off
is seen at shorter gate-length as well as degraded electrostatics
described by SSji, attributed to the unfavorable channel/gate
aspect ratio (2:1) at shorter L, as well as relatively large
EOT leading to SCEs [11]. According to scaling theory for
cylindrical GAA MOSFET, a five-times larger gate-length
is required with respect to field penetration A, (calculated
to 15 nm) to retain electrostatic control [14], [27], in this
case corresponding to a channel/gate aspect ratio of 3:1.
Despite SCE, the VT roll-off of 200 mV, for L, = 40-100 nm,
is significantly reduced due to the GAA geometry when
compared to finFET structures demonstrating a 600-mV shift
for fin-widths of 26 nm [6]. Fig. 4(d) presents ON-current
Ion and modulation properties Ion/Iop With respect to L, for
the devices. Smaller Ly grants increased Ioy attributed to a
decrease in channel-resistance. The L, scaling is more preva-
lent for the transistors modulation, demonstrating Ion/log Up
to four orders of magnitude (Iox and lor at —1 and 0.2V,
respectively).

The systematic gate-length variation also enables determi-
nation of contact resistance from Roy versus L for 18 similar
devices [see Fig. 5(a)]. A linear increase in ON-resistance is
observed when increasing the gate-length, which enables an
extrapolation to 20 kQ - um of the total contact resistance
Rga. Inset shows the g versus Lg for the specific p-type
devices, increasing for shorter L,. Transconductance is in
fact comparable (within 10%) when reversing the source and
drain electrodes indicating symmetrical device with respect to
contact resistance, namely providing similar source and drain
resistance. By studying the behavior of the output characteris-
tics with respect to L, [see Fig. 5(b)], a model can be applied
in the linear region (see inset). The model is based on drift
diffusion considering contact resistances as Ip = kV,, Vps/
(Lg + kVoyRsq) with overdrive voltage Vo = Vos — Vr
and physical parameters contained in k = W unCiny With
effective gate width Weg, hole mobility u,, and inversion
capacitance Cipy. With Ryg = 20 kQ- #m and Cj,y = 0.5 aF/nm
(calculated considering a coaxial capacitance), the effec-
tive hole mobility is determined to uy = 70 cm?/Vs [28].
Earlier work based on vapor-liquid—solid (VLS) grown GaSb
nanowires reported a field-effect mobility varying between
50 and 100 cm?/Vs [20] well in line with our reported values
considering that surface effects dominate transport in thin
nanowires (<24 nm diameter) [4], [29].

The EOT, at 1.97 nm, of the devices can be considered
large in comparison to previous vertical NW MOSFET tech-
nology where an EOT below 1 nm have been demonstrated
[30]. This implies that a 2x increase in performance can be
expected by simply high-k optimization. Further, the large
contact resistances (Rygq = 20 kQ - um) can be addressed
by passivation techniques [4], [31] and heterostructure growth
using core—shell structures [6], [32]. The intrinsic channel
properties can also be improved by growth and strain engineer-
ing [33], [34]. Nonetheless, our novel fabrication techniques
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Fig. 4. Statistic for the vertical p-type GaSb MOSFETSs based on 42 separate devices. (a) Full transfer characteristics for representative devices at
varied Lg. (b) Maximum transconductance versus Lg at Vps = —0.5 V, dashed line representing expected trend with respect to drift diffusion (1/Lg).
(c) Threshold voltage behavior at varying Lg with an inset representing linear subthreshold swing SSi. (d) lon for 42 individual devices with respect
to Lg and modulation lon/loFr at Vps = —0.5 V as a function of Lq with Ioy defined at Vgs = —1 V and /oy at Vgs = 0.5 V.
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Fig. 5. Statistics and output characteristics for 18 similar devices (same
chip location). (a) Extrapolation of contact resistance from Rgy versus
Lg. (b) Output characteristics for Ly at 40, 60, and 110 nm. Inset shows
fitted model for the linear region considering source and drain resistance
resulting in a hole-mobility of 70 cm?/Vs.

pave the way for the next generation of p-type MOSFETs
and grant extended design freedom with respect to Sb-based
materials.

IV. CONCLUSION

A new process scheme for vertical p-type (GaSb) MOSFETs
has been developed to enable systematic gate-length varia-
tion, from 40 up to 140 nm. Fabricated devices demonstrate
excellent modulation properties and improved electrostatic
control, which are further enforced by a comparably small
Vr roll-off. Improved yield enables a significant data set
for analysis of both contact and transport properties. Strong
modulation properties Ion/Ior= up to four orders of magnitude
are also realized. To further elevate performance of the GaSb
p-type MOSFET, various passivation techniques and core—
shell contacts can be implemented.
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In-memory computing can be used to overcome the von Neumann bottleneck—the need to shuffle data between separate mem-
ory and computational units—and help improve ¢ ting perfor e. Co-integrated vertical transistor selectors (1T) and
resistive memory elements (1R) in a 1T1R configuration offer advantages of scalability, speed and energy efficiency in current
mass storage applications, and such 1T1R cells could also be potentially used for in y p ‘—-ﬂ---- architectures. Here
we show that a vertical transistor and resistive memory can be integrated onto a single vertical i arsenid

on silicon. The approach relies on an interface between the 11I-V semiconductor nanowire and a high-x dielectric (hafnlum
oxide), which provides an oxide layer that can operate either as a vertical transistor selector or a high-performance resistive
memory. The resulting 1T1R cells allow Boolean logic operations to be implemented in a single vertical nanowire with a minimal

area footprint.

tional units. For machine-learning applications, massive

volumes of data need to be continuously exchanged back
and forth between these units using connections with limited band-
width and capacity. The performance of such conventional von
Neumann architectures is, thus, limited by the rate at which the data
is exchanged, a problem commonly known as the memory wall. It is
also not area efficient to keep the memory and computational units
side by side. In-memory computing—where memory and compu-
tational units are co-integrated—has been proposed as a solution to
the memory wall, and could save energy and reduce latency'~.

Resistive random-access memories (RRAMs) are an ideal can-
didate for in-memory computation as they consume low power
and are scalable, energy efficient and fast. These memory elements
integrated in large one-transistor-one-RRAM (1T1R) cross-point
arrays are expected to enable both cost- and energy-efficient han-
dling of massive datasets’. A memory cross-point array consists
of two planes (upper and lower) where intersections have closely
spaced wires with the possibility that every intersection can house
one memory element. The minimal footprint of such a memory cell
is 4F7, if half the minimal distance between the centre of two metal
lines is taken as the minimum feature size (F). A 4F* architecture
can, therefore, achieve the theoretical limit for single bit per cell, the
cell area being 2F X 2F (refs. *°).

The International Roadmap for Devices and Systems 2020
(IRDS 2020) has identified the vertical gate-all-around (GAA)
metal-oxide-semiconductor field-effect transistor (MOSFET) as
a target selector/driver device over the fin field-effect transistor
for dense three-dimensional cross-point arrays due to its minimal
footprint’. IRDS 2020 also highlighted that developing high-density
three-dimensional cross-point arrays is challenging due to the lack
of highly scaled vertical MOSFET selector/driver devices that offer
high-performance memory control. There are only a small number
of reports on RRAMs integrated with vertical MOSFET selectors,
and these suffer from limited RRAM switching-cycle endurance®”.
For integration and operation, it is crucial that the vertical transistor

( omputers currently have separate memory and computa-

selector and RRAM are compatible with one another. Furthermore,
developing vertical transistor selectors and RRAM as isolated ele-
ments does not give a direct understanding of the integration
challenges or electrical characteristics that a co-integrated 1T1R
memory cell might offer.

In this Article, we report the integration of RRAM and vertical
MOSEFET selectors using a single ITI-V nanowire. We first create a
vertical GAA III-V nanowire—field-effect transistor (FET) selector
that has a conventional high-x/TiN+W gate on a vertical indium
arsenide (InAs) nanowire on silicon. We then create a 1T1R cell on
the same vertical III-V nanowire by integrating a low-power RRAM
stack using an interlayer and high-x dielectric (hafnium oxide
(HfO,)) oxide layer device above the FET selector. Our approach
provides a highly scalable and high-performance 1T1R cell with a
minimum footprint of 4F?, and the architecture exhibits an RRAM
switching endurance of 10°cycles.

Vertical transistor selectors integrated with RRAMs
Undesirable short-channel effects in aggressively scaled MOSFETs
are a result of diminished electrostatic control. As the transistors
are scaled down, the use of double or triple gates (similar to fin
field-effect transistors) can improve the gate electrostatic control.

The GAA MOSFET is even better, in which the gate is wrapped
around the channel region, leading to strong volume inversion in
the channel. GAA MOSFETSs with a vertical orientation offer more
room for ohmic contacts and spacers, as well as reducing the power
consumption by 10-15% in the 7nm technology node'’. With
increased power saving and better electrostatics, vertical (GAA)
MOSFETs are ideal candidates for use in cross-point memory
arrays. The vertical geometry allows the cell footprint to remain at a
theoretical minimum of 4F* even after RRAM integration.

The first reports of a Si-based vertical GAA MOSFET integrated
with an RRAM appeared in 2013 (ref. *) and 2014 (ref. °). Although
encouraging, a maximum RRAM endurance of only 200 cycles was
demonstrated. For real-world usability, such as machine-learning
applications, a switching endurance of at least 10° cycles is needed''.

'Department of Electrical and Information Technology, Lund University, Lund, Sweden. 2Division of Synchrotron Radiation Research, Department of Physics,
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Table 1| Benchmarking of Ill-V RRAMs

ARTICLES

Stack Endurance Retention hing wind. G try Active area (um?)
InGaAs-AlLO,-Ti (ref. **) <40 Not shown <50 Planar 110,000
InGaAs-InP-HfO,-Ti (ref. %) Not shown Not shown 7.2 Planar 40

InAs-HfO,-W (This work) 10° 10*s at 85°C >100 VNW 0.01

Also, contemporary RRAM research has considerably evolved, with
planar RRAM switching endurance reaching 10'cycles'.

To provide robust current compliance during oxygen-vacancy-
filament FORMING or SET processes needed for high endurance,
the GAA MOSFET should preferably operate in the saturation
region such that when the oxygen vacancy filament is formed in
each cycle, the delivered current is constant, protecting it from
variability between the cycles. Moreover, it is beneficial for the
MOSEFET to operate in its saturation region during the RRAM SET
operation to minimize power fluctuations with differences in volt-
age drop across devices in a cross-point array due to parasitic ele-
ments. If current (I) through a device is also dependent on voltage
(V), as when the MOSFET operates in its linear region, the power
will instead be quadratically dependent (Ix V), making it more sen-
sitive to fluctuations throughout the RRAM array". For the vertical
Si nanopillar MOSFET selector reported earlier, the current satura-
tion occurs at drain-source voltage (Vy,s) =1.5V with a relatively
low channel electron mobility. On the other hand, IRDS 2020 proj-
ects that the supply voltage for GAA selector/driver Si MOSFETs
will level off at a voltage not less than 0.95V (refs. ). However,
having a low operational voltage and maintaining a high current
density is crucial to enable highly dense, low-power cross-point
memory arrays.

Vertical nanowire (VNW) III-V MOSFETs are a promising
candidate as selectors for dense cross-point array integration due
to their excellent performance. As the programming and eras-
ing speed are crucial for current memory devices, the simulated
potential of the III-V vertical MOSFET architecture has been previ-
ously examined, where the cutoff frequency (f,) was estimated to be
1.7 THz at the 12nm node'’. Moreover, the radio-frequency prop-
erties of a fabricated not fully optimized vertical III-V MOSFET
similar to the selector used in this work has been reported, where
;=122 GHz and the maximum oscillating frequency f,,., =131 GHz
(ref. *). The advantageous intrinsic properties of III-V materi-
als combined with the knowledge of designing vertical MOSFETs
enables the performance required for high-speed RRAM opera-
tion in cross-point memory arrays. Furthermore, a VNW III-V
MOSEFET has been demonstrated with an OFF-state leakage current
(Iope) below 1nApm=', whereas the ON-state current (Iyy) satu-
rates at a low supply voltage of only 0.5V (ref. ). A scaled III-V
VNW FET with high transconductance (g,,>3mSpm™) and an
extremely low ON-state resistance (Roy=190Qpum) at Vj=0.5V
has also been reported, making III-V vertical MOSFETs a prom-
ising selector technology that could be used in dense cross-point
RRAM arrays'*"*.

Although ITI-V MOSFETs have demonstrated higher transcon-
ductances and superior drive currents at lower supply voltages than
Si MOSFETs, gate oxide traps and oxide/III-V interface traps can
considerably degrade the performance of III-V MOSFETs where
border traps play a crucial role”. An important metric to determine
the technology readiness at the device level is the low-frequency
noise. It has been previously reported that the border trap density
(N, in IIT-V nanowire MOSFETSs reaches levels almost comparable
to planar Si MOSFETs with HfO, gate oxides'. Further gate stack
optimization to reduce N, would, nevertheless, be instrumental in
improving the variability of III-V MOSFETs. This will also enable
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wider demonstrated applications such as III-V-MOSFET-based
capacitor-less dynamic random-access memories and a platform
where ITI-V MOSFETs are integrated with III-V tunnel field-effect
transistors™”.

However, to break the von Neumann bottleneck, a technology
is needed in which both memory and processor are integrated into
a single unit and the need to transfer information between these
two units using buses is eliminated. New data-processing schemes
based on in-memory computing could achieve this, and we envi-
sion parallel operation similar to that observed in multicore pro-
cessors that are increasingly used in parallel computing®. We have,
thus, explored the vertical integration of a III-V RRAM and a ITI-V/
GAA MOSFET on a single nanowire (on a silicon substrate) in an
approach that is compatible with silicon CMOS multicore processor
technology.

111-V/high-x-based resistive memory

The III-V/high-« interface has been extensively investigated and
optimized for CMOS devices to reduce the amount of interface
oxide using the self-cleaning effect that limits the number of trap
states at and in the vicinity of the semiconductor/dielectric inter-
face’””. We have now developed a method that uses plasma oxi-
dation during plasma-enhanced atomic layer deposition (PEALD)
to replace the III-V native oxide with a III-V thermal oxide of
controlled thickness and composition. The detailed compositional
properties of the IIT-V/high-k interface that enable high-endurance
resistive switching have been obtained from X-ray photoelectron
spectroscopy (XPS). With optimized memory performance, we also
integrate a (GAA) MOSFET selector on the same VNW and dem-
onstrate NAND functionality for in-memory computing.

The 1T1R configuration for possible future monolithic integra-
tion has recently been demonstrated using two-dimensional mate-
rials in a planar configuration, showcasing a way to exploit the
same material system for the selector and RRAM™. So far, resistive
switching has been reported at the InGaAs/InP/HfO, and InGaAs/
AlLO, interfaces, respectively, but with a demonstrated memory
endurance of only 30 cycles (Table 1).

1lI-V VNW as both RRAM and selector

To address the shortcomings in vertical selector integration with
RRAM and to simplify the integration scheme, we have developed a
process to fabricate an all-ITI-V 1T1R cell. Figure 1a shows an illus-
tration of a dense cross-point array made using the all-III-V 1T1R
cell. The same figure also shows a cross-sectional scanning electron
microscopy (SEM) image of the fabricated memory cell. Figure 1b
shows the corresponding cross-sectional schematic of the all-III-V
1T1R cell illustrating the two different ITI-V/high-« interfaces inte-
grated on the same VNW.

Importantly, we have observed that by varying the pulse length of
plasma oxidation during PEALD, one can control the transformation
of the ITI-V/high-« interface to be suitable for high-performance
resistive switching. The VNW MOSFET was fabricated using the
gate-last process for VNW MOSFETs”. The exact fabrication details
are listed in Methods.

Selector functionality was measured by first setting the RRAM
to its low resistive state (LRS), after which the applied voltage is

915

Paper IV (© Springer Nature



ICLE NATURE ELECTRONICS

RRAM top electrode
—

GAA selector

100 nm

—> |-V RRAM

Second spacer

11I-V gate stack

G

Fig. 1| Vertical I11-V 1T1R structure. a, Cross-sectional SEM image of an all-1lI-V 1T1R cell with cell area (A,,;) = 0.01Tpm? placed in an illustrative, dense
cross-point array. b, Cross-sectional schematic of the all-IlI-V 1T1R cell showing the I1I-V/high-« interface used as an RRAM element as well as in

the gate stack.

divided between the RRAM LRS and the selector channel. Figure 2a
shows the output and transfer characteristics of the III-V-integrated
VNW MOSEFET selector with good electrostatic gate control over
the channel. As III-V MOSFETs have not reached the same tech-
nological maturity as Si MOSFETS yet, the current saturation in this
work could be further improved by scaling the nanowire diameter
and introducing Ga in the drain region. Due to the large nanowire
diameter of 55nm used in this work, the volume inversion may not
be fully reached with non-optimal electrostatics for efficient volume
inversion. Notably, the current saturation at V;,;=0.5V in VNW
III-V MOSFETSs has been experimentally demonstrated to improve
with a reduction in the nanowire diameter”-.

The I-V d.c. switching characteristics for five cycles for the InAs/
HfO,/W RRAM are shown in Fig. 2b. With a SET voltage of less than
250mV, a RESET voltage of less than 1V and a switching window
of ~10%, the InAs/HfO,/W RRAM shows excellent d.c. performance.
The stack-forming voltage is measured to be ~3.0 V. The retention
for the same stack was also measured where the LRS and high resis-
tive state (HRS) were measured for 10*s at an elevated temperature
of 85°C (Fig. 2c), demonstrating the non-volatile stability of the
RRAM oxide and interfaces. Figure 2d shows the pulsed endurance
measurement of the vertical III-V 1T1R cell, where 10° switching
cycles were measured. The performance of the integrated MOSFET
selector does not degrade after RRAM forming and pulsed cycling
(Supplementary Fig. 5).

A conventional indium tin oxide/HfO,/TiN RRAM stack
with a cell area of 7um? was scaled down to 0.06 um? (refs. *'*2).
Supplementary Table 1 lists the impact of area scaling of an RRAM
cell. The scaling has no negative impact on the switching perfor-
mance or energy consumption. A previous study has shown that a

substantial increase in RRAM switching voltages is observed only
when scaled beyond a cell size of 10nm? (ref. ).

All-llI-V VNW 1T1R NAND-gate implementation
Two-terminal resistive switching elements have been demonstrated
to not only store data but also perform logical operations®. The
vertical III-V 1T1R structure is highly beneficial for high-density
storage, but we also show that the same can be used for computa-
tion and not just storage. An important step in this direction is to
demonstrate the so-called ‘universal gate, the NAND gate, which
when used in a combinational circuit, any logic operation can be
performed. The universal NAND gate has been shown in other
studies to demonstrate logic capabilities™.

In-memory computation using a resistive element (Fig. 3a)
would not only address the von Neumann bottleneck by drastically
reducing the latency by 10,000 times and lowering the energy con-
sumption by 200times but the computation scheme also substan-
tially reduces the area footprint by 51 times (Supplementary Fig. 4).
For comparison, a conventional CMOS NAND gate comprises a
multiple transistor network (Fig. 3b), and the output is stored in a
separate memory element connected by metal lines adding undesir-
able parasitic losses. It is also well known that scaling interconnect
metal lines increases the associated latency™.

The integrated vertical transistor in the ITIR configuration
enables the possibility to fabricate large cross-point arrays by block-
ing sneak-path currents and cross-talk between two adjacent cells.

Boolean logic can be implemented in a 1T1R configuration based
on a two-step (initialization and programming) scheme followed
by one READ operation™. In the initial implementation, however,
the logic was carried out using a 1T1R configuration where the
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85°C. d, Pulsed endurance measurement of the integrated IlI-V RRAM with t,,.. =100 ps.

integrated transistor was a conventional planar Si MOSFET.
Although the scheme seems to be compact, a major drawback is
the cell area consumed by the planar MOSFET. Here we demon-
strate that 4F> NAND Boolean logic can be realized with a VNW
MOSEFET as the selector device. Moreover, the choice of a III-V
channel material for the 1TIR cell provides low-voltage operation
as well as yielding high current capability for stable RRAM perfor-
mance. The two-step operation of the NAND gate is described in
the following sections.

During the first initialization step, the III-V RRAM is SET to its
LRS (~30k€). Second, programming pulses A and B are sent to the
two inputs for each NAND gate. The two inputs for the all-III-V
VNW NAND gate are the RRAM top electrode (A) and the inte-
grated VNW MOSFET gate (B), whereas source terminal T2 is
grounded (Fig. 3a). Third, the resistive state of the NAND gate is
read out with a READ pulse. The logic operation result is also stored
in situ in the III-V RRAM element until the next initialization.

Electrical measurements were performed on the all-III-V
VNW NAND gate to verify its functionality (Fig. 3c). A tri-
angular pulse instead of a rectangular pulse on the RRAM top
electrode (input A) has been used by increasing the pulse rise
time, and the current overshoot caused by parasitic capacitances
is minimized™”.

When input AB=00, there is no bias applied to the RRAM top
electrode (Vyyg=0V) and the MOSFET gate is biased to be in the
OFF state (V;=—0.4V); hence, the RRAM remains in its LRS. When
input AB=01, even though the MOSFET gate is biased to be in the
ON state (V;=1.0V), with no programming voltage applied on the
RRAM (Vg =0V), the LRS is retained. With input AB=10, a
programming voltage on the RRAM top electrode (Vi =1.5V)
is applied but with V;=-0.4V, the MOSFET restricts the current

needed for the RRAM to RESET, and therefore, the RRAM still
remains in its LRS. Finally, when input AB=11, the MOSFET gate
is biased to be fully open to allow sufficient current (40 uA) required
to rupture the filament and RESET the RRAM to its HRS. Notably,
only when input AB=11 (Viypz =1.5V, V;=1.0V), the RRAM will
invert its resistance state from LRS to HRS, functioning as an effec-
tive NAND gate. The logic can be performed again by initializing
the RRAM back to its LRS. This dataset demonstrates the feasibility
of using an individual nanowire as a NAND gate for in-memory
computation. Moreover, cycle-to-cycle and device-to-device uni-
formity of the vertical III-V 1T1R cell (Fig. 3d-f) as well as an
endurance of 10° cycles of the 1T1R cell shows the practicality of the
demonstrated process to perform and store stable logic operations.

To better understand the potential of the demonstrated tech-
nology for very-large-scale integration, modelling and simulations
were performed using the integrated III-V RRAM characteristics
along with the metrics of demonstrated III-V VNW MOSFETs and
F=16nm (Supplementary Fig. 2)"*. By estimating the worst-case
write voltage and read current, the maximum sub-array size was
determined to be 10 Mbit, allowing for area-efficient very-large-scale
integration with a bit density of 0.98 Gbitmm™ (omitting the
peripheral circuitry). The simulations show that Gbit NAND-gate
arrays can be densely integrated using an all-III-V VNW IT1R
configuration. The cell size of an individual vertical NAND gate
would only be 4F? in contrast to a cell size of ~200F* when a con-
ventional MOSFET network is used as a two-input NAND gate
(Fig. 3). Moreover, the RRAM, being non-volatile, will reduce the
static/standby power dissipation that is the main component in
scaled technologies today. Implementing all-III-V VNWs for both
transistor selector and resistive memory will enable the scaling of
both area and supply voltage for in-memory computing.
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111-V/high-x interface oxide control

The key to a successful 1T1R integration is tailoring the atomic layer
deposition (ALD) process to meet the distinct performance demands
of the gate stack and RRAM element (that is, the ability to modify
functionality via processing conditions). Unlike III-V MOSFETs
where it is highly important to eliminate interface oxides, we find
that critical RRAM switching properties are actually enhanced by
oxidizing the III-V/high-x interface. Oxygen-plasma-enhanced
ALD forms a thin, interfacial III-V oxide resistive layer during
HfO, growth. The result is a dual oxide layer configuration (III-V/
interface oxide resistive layer and HfO, switching layer).

Although the current RRAM stack is demonstrated with
ALD-deposited HfO,, the 1T1R structure would also be operation-
ally compatible with other ALD oxides. The III-V/high-«-based
ITIR can accommodate the switching voltages and switching
currents demonstrated using other commonly used ALD oxides
(Supplementary Table 2). The III-V/high-k-based 1TIR system
opens up the possibility of integrating these RRAMs in dense
cross-point arrays as well as utilizing the benefits of a vertical III-V
MOSEFET selector.

The system necessary for stable III-V operation is shown in
Fig. 4a. To demonstrate that the interfacial oxide attained during
the PEALD of HfO, is controlled by the pulse length of oxygen
plasma (fy),q,), dedicated planar samples with increasing exposure
t0 £yjum, Were fabricated.
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Since oxidation is initiated from the interface, £,,,,, was adjusted
(10, 30 and 80s) only during the first ten ALD cycles; the remain-
ing 28 cycles were fixed at 80s for a total of 2nm HfO,. Therefore,
we study the effect of £,,,,,,, only at the ITI-V/high-k interface rather
than changes in the bulk.

Interlayer oxide thickness and detailed compositional changes
were extracted from the photoelectron spectra. Synchrotron-based
XPS was performed at the FlexPES beamline of MAX IV in Lund,
Sweden, where the soft X-ray excitation allowed for the near-surface
depth-dependent characterization of the Ols, In3d, Cls, As3d and
Hf4f core levels. Spectral deconvolution and quantification enabled
the thorough modelling of the interlayer (Supplementary Fig. 3).

Increasing t,,,,, produced two key changes that are highlighted
in Fig. 4c. First, 80s of oxygen plasma was sufficient to double
(15—30A) the thickness of the III-V/high-« interfacial oxide,
despite the HfO, overlayer. This is understood as diffusive thermal
reoxidation, since the metal-organic precursors of ALD (for exam-
ple, tetrakisdimethylamido (TDMA)-Hf) are known to remove
III-V native oxides**". Secondly, we observe that the oxidation is
not uniform. Indeed, the initially inhomogeneous In,O,-rich inter-
layer concomitant with short plasma exposure gives way to a more
stoichiometric interlayer as t,,,, is increased. Consistent with previ-
ous studies and reported Gibbs energies of formation®, this suggests
a preferential oxidation process, where In,0,> As,O,. Within the
interlayer, a more subtle gradient manifests itself (Supplementary
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obtained using the shallow and deep spectra and the error bars represent the range of measured data.

Table 3). Reducing t,,,,, resulted in inhomogeneity, with a more
As,0;- and As,-rich region nearest to the HfO, interface, whereas a
balanced oxide interlayer was obtained via increased plasma expo-
sure. From a device perspective, this thicker, stoichiometric oxide
serves three roles: to aid the one-time FORMING process by pre-
venting a hard breakdown; to act as a resistive layer between the
III-V material and HfO,, which helps assert current compliance
needed for stable and high-endurance switching; and to act as an
oxygen reservoir that enhances the resistive switching properties®.
The one-time FORMING current-voltage (I-V) characteristics for
five different vertical III-V 1T1R cells are shown in Supplementary
Fig. 6. In previous reports, a resistive layer (TaO,) used in pla-
nar RRAMs resulted in high switching endurance values of up to
10" switching cycles'”.

In our investigations, before the actual all-III-V 1TIR integra-
tion, III-V RRAMs without an integrated III-V selector were fab-
ricated on single VNWs to better understand the role of interlayer
oxide in RRAM switching properties (Supplementary Fig. 7). Three
different samples on InAs and InGaAs nanowires were fabricated,
where the pulse length of oxygen plasma was varied (10, 30 and
80s). It was found that the RRAM performance was enhanced for
tama =808, which resulted in an increased interlayer thickness.
For planar InAs samples, the thickness of the interlayer increases
from 15 to 30A as tasma iNCreases from 10 to 80s. The qualitative
trend of interlayer growth is expected to be the same on the nanow-
ires*. Supplementary Fig. 7a shows that the RRAM performance
has a degraded memory window when ¢,,,,,,=10s. The memory
window improves with a larger interlayer thickness at t,,,,=80s.
There is also a reduced spread in switching voltages (Vg and
Vigser) required for high-endurance switching when £, is
increased from 30s (Vg =0.74+0.52V, Vipr =-1.00+£0.33V) to
80s (Vsgr=0.90+0.27V, Vyper=-1.30+£0.14V). We demonstrate
that the III-V/high-x material system using InAs or InGaAs can
be used as both MOSFET and high-performance RRAM by care-
fully controlling the interface oxide layer. The use of the same mate-
rial system for the vertical selector and integrated RRAM reduces
process complexity and—more importantly—maintains opera-
tional compatibility.

Conclusions

The integration of selector and memory onto a single VNW capable
of performing Boolean operations will enable dense cross-point
arrays for in-memory computation in the future. Our work is a step
towards implementing the 1T1R configuration with a footprint of
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4F using the all-III-V technology on silicon, and could help reig-
nite efforts to develop vertical MOSFET selectors for RRAMs, as
projected by IRDS 2020.

Methods

AII-III-V 1T1R cell fabrication. The process flow showcasing the major process
steps is shown in Supplementary Fig. 1. The InAs nanowires were grown using
metal-organic vapour-phase epitaxy. First, a 300-nm-thick InAs buffer layer was
grown on a p-type Si(111) substrate. To facilitate vapour-liquid-solid growth

of VNWs, Au seed particles were patterned using electron-beam lithography®.
The grown VNW acts as the top electrode of the RRAM as well as the active
channel material for the selector MOSFET. To selectively etch out the doped shell
around the channel segment, SiO, using ALD is deposited to cap the top segment
of the nanowire. This was done by thinning down the organic S1813 resist to
mask the nanowire foot and channel segment. The horizontal SiO, layer is then
anisotropically etched away by reactive-ion etching using SF+N, chemistry

so that it remains only on the nanowire sidewalls. The highly doped shell is
etched away using a digital etch process'. The 7-nm-thick gate dielectric (ALO,/
HfO, bilayer) was then deposited using thermal ALD. The gate metal consisting
of 2-nm-thick TiN and 60-nm-thick W was then deposited using ALD and
sputtering. The gate length was finally defined by resist thinning and reactive-ion
etching of the gate metal, which resulted in a gate length (L) of 200 nm.

The gate dielectric covering the top segment of the nanowire is selectively
etched away to define the active area of the RRAM.

Once the RRAM area is defined, 2.8-nm-thick HfO, at 200 °C using a
tetrakis-ethylmethylaminohafnium precursor is deposited using PEALD at
tiasma = 80, which is required to oxidize the InAs/high-« interface. A resist spacer
(S1813) is used to isolate the III-V RRAM from the III-V gate stack. The resist
is thinned down using an oxygen plasma till 100 nm of the InAs nanowire is
exposed. The electrical bottom contact (W) for the III-V RRAM is deposited using
sputtering and patterned using photolithography.

Data availability
The datasets analysed in this study are available from the corresponding authors
upon reasonable request.

Received: 11 February 2021; Accepted: 9 November 2021;
Published online: 21 December 2021
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ABSTRACT: Thin vertical nanowires based on III—V compound semiconductors are viable candidates as channel material in metal
oxide semiconductor field effect transistors (MOSFETs) due to attractive carrier transport properties. However, for improved
performance in terms of current density as well as contact resistance, adequate characterization techniques for resolving doping
distribution within thin vertical nanowires are required. We present a novel method of axially probing the doping profile by
systematically changing the gate position, at a constant gate length L, of 50 nm and a channel diameter of 12 nm, along a vertical
nanowire MOSFET and utilizing the variations in threshold voltage V7 shift (~100 mV). The method is further validated using the
well-established technique of electron holography to verify the presence of the doping profile. Combined, device and material
characterizations allow us to in-depth study the origin of the threshold voltage variability typically present for metal organic chemical
vapor deposition (MOCVD)-grown III—V nanowire devices.

KEYWORDS: III-V, doping, electron holography, MOSFET, nanowire, InAs, VLS growth

Bl INTRODUCTION Vapor—liquid—solid (VLS) epitaxial growth from Au
particles enables the formation of high-aspect-ratio nanowires
suitable for device implementation. Nanowire doping is
typically introduced in situ during nanowire growth, and
incorporation can occur both axially through the catalyst
particle and radially on the nanowire sidewalls."' The amount
of axial doping within the nanowires is highly affected by
dopant species accumulating in the metal catalyst, typically
creating a reservoir effect. Namely, dopants species remain
within the gold particle independent of growth chamber
conditions. The formation of an abrupt doping profile is
therefore challenging, and the optimal conditions will depend

Vertical III—-V nanowires (NWs) provide new capabilities in
many semiconductor device technologies such as light-emitting
diodes," solar cells,””’ and improved complementary metal-
oxide semiconductor (CMOS) transistor architectures attrac-
tive beyond the scaling limit for the conventional Si
technology.*™® Thin nanowires allow for greater flexibility in
material integration due to their smaller footprint, which
enables a larger lattice mismatch by radial strain relaxation.
The possibility of accommodating larger lattice mismatch is a
key benefit for bottom-up integration of nanowires on various
substrates as well as for forming heterostructures within the
nanowire to an extent not possible in planar technologies.”'’

However, adequate control of doping levels and gradients Received: August 10, 2021
within the nanowire is essential for both low contact and access Accepted: November 7, 2021
resistances and also for enabling good electrostatics at scaled Published: November 19, 2021

dimensions. Therefore, new and device-specific character-
ization methods are critical to support further development of
thin vertical III—V nanowire devices.

© 2021 The Authors. Published b
Ameen(in %Eemﬁ'(aissg(ie& https://doi.org/10.1021/acsaelm.1c00729

v ACS Publications 5240 ACS Appl. Electron. Mater. 2021, 3, 52405247

Paper V © 2021 American Chemical Society 127



ACS Applied Electronic Materials pubs.acs.org/acsaelm
() (b) (c)
W High-k [l Metal

. Top metal
[l nAs (nid) (D in)

Q>

\8
AOQG&Q(\
o ® Poly

Length
-mer

[nm]

300 nm

Cross-section;

5nm n-shell

Figure 1. (a) TEM image of the implemented InAs nanowires, highlighting the expected doping gradient induced by in situ Sn doping during
metal-seeded VLS growth. (b) Schematic representation of the doping profile as estimated from growth conditions and geometry (Nanowire
Growth section) (c) Schematic representation of the finalized vertical nanowire MOSFET with varied gate position retaining a constant L, of 50
nm.

on dopant solubility in the particle, particle size, and growth vertical 11—V nanowire-based MOSFETSs with thin diameters
rate. However, using VLS enables relatively low temperature (12 nm) and state-of-the art performance. Particularly, we
during epitaxial growth (<460° for InAs), which serves to systematically study the correlation between the threshold
suppress diffusion of dopant species already incorporated voltage and the varying doping distribution in the axial
within the crystal.'” Particularly, Sn is often used to achieve direction of the incorporated nanowires. The Vr-based
high n-type carrier concentration in InGaAs, up to 5 X 10" characterization method is verified by employing well-
cm™>. However, Sn is an amphoteric dopant resulting in established electron holography measurements to independ-
compensational doping at high concentrations.'” VLS growth ently characterize the axial doping gradient along the nanowire
of GeSn nanowires has demonstrated Sn incorporation well in by electrostatic potential. Electron holography thus allows us
excess of equilibrium solubility in bulk Ge. For InAs nanowires to evaluate the extent of the reservoir effect prevalent for VLS
specifically, the Sn doping is typically below the detection limit growth by characterizing the doping distribution gradient; see
of energy-dispersive X-ray (EDX) analysis-based methods, Figure la. The growth results are further characterized by
indicating incorporation under equilibrium solubility."* transmission electron microscopy (TEM) imaging, which

Efficient characterization with spatial resolution of the derives the nanowire crystal structure. The fabricated n-type
doping within a nanowire remains challenging due to its III-V (InAs channel) transistors exhibit very high trans-
small geometry. For Au-catalyzed VLS growth, the reservoir conductance (up to 2.6 mS/um) and low access resistance
effect reportedly leads to a doping grading length on the order (down to 300  pm) attributed to the introduction of a doped
of the nanowire diameter.'® Traditional methods, used for segment in the bottom of the nanowire as well as
planar films, such as Hall measurements have been applied to implementing core—shell nanowires (radial shell growth).
large nanowires (diameter >100 nm), but are not applicable to Furthermore, the doping profile is correlated with actual
thin nanowires required for transistor applications."*™"* In transistor performance metrics for method validation.”®
addition, capacitance-based measurements have typically been Previous studies of Vr shifts in III—V MOSFETs have typically
applied to gated nanowires in large nanowire arrays for the been attributed to %uantum size effects for homogeneously
evaluation of the doping level, although geometrical limitations doped FinFETs.”*7>° Here, we characterize the axial doping
such as large surface-to-volume ratio and parasitic capacitances, gradient byV.; shift for ultrathin vertical gate-all-around (GAA)
as well as dynamic carrier interaction at oxide traps present nanowire MOSFETs by a novel method enabled by advanced,
within the gate-stack restrict the measurement accuracy.' high-precision, fabrication techniques. Furthermore, this study
Approaches that allow sufficient spatial resolution are limited concludes that the doping gradient within the nanowire
to atom probe tomography and electron holography. provides the main contribution to the V7 shift.

Specifically, electron holography offers sensitivity to active

doping via the built-in potential they generate, while also B EXPERIMENTAL SECTION

maintaining a spatial resolution in the nanoscale range.”’”* The implemented InAs nanowires are grown from Au dots (32 nm

However, these methods require separately prepared samples diameter), defined by electron beam lithography (EBL).””” The

for characterization of thin nanowires used within devices. nanow'ire YLS growth is performed on a substrate consisting Of_ 2260
In this paper, we present a novel characterization method nm epitaxially grown n-doped InAs layer on top o‘f.a p-type Si(111)

used to probe the axial doping distribution in high-perform- substrate. The highly conductive InAs layer facilitates low access

. . resistance and provides an easy path for device isolation by mesa
ance and scaled (gate length = SO nm) metal—oxide—semi- etching of the layer, which are benefits compared to other growth

Cond“Ct?l" field-effect tra.nsistors (MOSI‘j ETs) by varying the approaches where the nanowires are directly integrated on the Si
gate position along a vertical InAs nanowire and evaluating the substrate.”*” Sn is used for doping the top and bottom part of the
resulting threshold voltage (Vi) shift. We apply this method to InAs to reduce access resistance, while the intermediate section of the

5241 https://doi.org/10.1021/acsaelm.1c00729
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Figure 2. (a) Schematic representation of the nanowire prior to gate deposition, where the thickness of the HSQ spacer defines the position of the
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oscillations are caused by diameter variation. The simulated potential is calculated using a 1D zero-current model to determine the self-consistent
electrostatic potential. The observed potential variation is significantly larger than the measurement error of +0.092 V. (b) High-resolution TEM
image of the heterostructure nanowire showing (c) stacking faults at regions with higher Sn doping incorporation and (d) WZ crystal structure of

the InAs segment.

nanowire is not intentionally doped; see Figure 1b. The expected
doping profile can be predicted based on geometry and growth
conditions, where the gradient from the Sn-doped bottom segment is
estimated to be in the order of the gold particle size, in our case about
30 nm (see the Methods section for detailed growth parameters)."
The nanowires are also radially overgrown with a 5 nm n-doped InAs
shell (Figure 1b), which contributes to improved contact resistance
for the final devices.” Vertical GAA MOSFET devices are formed by
following a self-aligned gate last process. This allows selective recess
etching of the gate region, which enables nanowire diameters of only
12 nm and further minimizes the drain resistance using a wrap-around
drain contact with a gate overlap (detailed description is found in the
Device Fabrication section), as illustrated in Figure lc. We observe
that the recess etching leaves a highly doped InAs shell as well as a
metal contact adjacent to the source and drain, respectively, which
serves to mitigate access resistance further. The fabrication method
allows for varied gate positions while retaining a constant gate length

5242

Paper V © 2021 American Chemical Society

of 50 nm. A hexagonal double-row array structure consisting of 184
nanowires is used for each MOSFET, where an internanowire pitch of
300 nm is implemented to minimize proximity effects during VLS
growth such as material diffusion.’’ The double-row layout with
multiple nanowires provides sufficient absolute current and trans-
conductance for the fabricated devices, which enables high-frequency
measurements. The use of multiple nanowires in each device also
provides beneficial averaging with respect to process conditions within
the array, which serves to suppress unwanted variations of electrical
properties for similar devices.

B RESULTS

Device schematics and representative transfer characteristics
for MOSFETSs with varying gate position along the vertical
nanowire are presented in Figure 2 (see expanded dataset in
the Supporting Information). The selective etching of the

https://doi.org/10.1021/acsaelm.1c00729
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Figure 4. (a) Doping gradient achieved by electron holography varying from 6 x 10'® down to 6 X 10'7 cm~

3 with an exponential decay of 44 nm/

decade. (b) Measured threshold voltage Vi dependence of gate position Lysq and a theoretical model considering the calculated doping gradient
from electron holography. Vy is extracted at the linear mode of operation (Vg = S0 mV) to suppress short channel effects. Five devices are
measured for each gate Position at Lygq < 90 nm and two devices for Lygq = 100 nm. The theoretical simulation considers fully doped cylindrical
6
o (

junctionless transistors.

c) Frequency behavior of maximum transconductance gy, ., and oxide trap density derived from g,, .., vs frequency

dispersion for varying gate position. Ny, is estimated by considering boarder traps responding within a region of 10°~10° Hz corresponding to an

oxide depth of about 0.1—0.3 nm when assuming elastic tunneling.*®

channel region enables the formation of a thin nanowire
channel diameter of 12 nm, which is necessary to suppress
short channel effects at short gate lengths (Lg = 50 nm); see
Figure 2a.”> A key process step in our method is that we
systematically vary the thickness of the bottom hydrogen
silsesquioxane (HSQ) spacer (Lysq) between the MOSFETS,
which translates to a shifted gate position along the nanowires.
Therefore, based on the HSQ_thickness Lyq, different parts of
the nanowires are covered by the gate and, in effect, this
realizes MOSFETs with different doping profiles. Thus, when
moving the gate position upwards along the nanowires, the
doping within the channel will gradually shift from high doping
level (n*) close to the bottom segment toward nonintentional
doping (nid), a change that profoundly influences the
transistor metrics. This behavior is evident from the transfer
characteristics at Vg = S00 mV (Figure 2b), which exhibit
improved drive current when the gate is placed within the
highly doped region, thus leaving no ungated resistive regions
at the source side.” In addition, the transfer characteristics at
the lower drain bias, at Vpg = S0 mV (Figure 2c), demonstrate
a systematic shift from depletion (Vy < 0 V) toward
enhancement mode (Vi > 0 V) operation between the
devices, as well as improved modulation for elevated gate
position. Both effects can be attributed to the variation in the
channel carrier concentration. Notably, these devices are
processed in parallel on the same sample, removing potential
variation due to, for instance, processing and deposition
conditions.

By applying electron holography and TEM imaging to a
nanowire with the same growth conditions (albeit 44 nm
diameter Au dot) the axial doping distribution and crystal
structure of the InAs nanowires can be evaluated; see Figure 3.
Here, separate samples are prepared where the InAs radial shell
is etched after growth to analyze the properties of the core
InAs segment (Figure 1b); see the TEM Analysis section.
Using electron holography, a phase map is constructed and
translated to electrostatic potential (details in the TEM
Analysis section) (Figure 3a).>* The technique is here used
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to assess the built-in potentials (Vj;) and the active doping in
the radial and axial directions of the nanowires. The axial
potential is calculated as the mean value of S nm wide and 15
nm wide volumes, respectively, along the center of the
nanowire phase map, to further validate the elevated potential
(0 to ~25 nm) at the beginning of the InAs nanowire section.
Electron holography techniques are also highly diameter-
dependent, which contribute to the observed oscillations
within the data, where many of the oscillations can be
attributed to zincblende stacking faults along the nanowire.
Fitting a modeled electrostatic potential, based on a 1D zero-
current model (1D Poisson-solver) to the measured potential
demonstrates the highest doping concentration Ny, from 6 X
10" em™3° at the bottom of the nanowire down to about 6 X
10”7 cm™ in the intrinsic segment. Here, an exponentially
decaying gradient corresponding to the nanowire Au dot
diameter is assumed, which corresponds to a decay of the
doping concentration of 44 nm/decade.”” High-resolution
TEM imaging is also performed on the same type of nanowire,
visualizing the wurtzite crystal structure with zincblende
stacking faults. As expected, the zincblende stacking faults
are prevalent for the InAs segment with a higher level of Sn
doping incorporation.”

Threshold voltage Vy was calculated from the measured
transfer characteristics, and frequency-dependent measure-
ments were carried out to verify the negligible influence of
gate oxide defects Nj, for varying gate position along the
vertical nanowire MOSFET. The results are presented in
Figure 4, where a schematic image is also provided that
represents the axial doping distribution of the nanowire
determined via electron holography (Figure 4a). Figure 4b
presents Vp versus Lysq, where Vp is calculated by
extrapolating from maximum transconductance at Vpg = 50
mV. Here, five devices are measured for each gate position at
Lysq < 90 nm as well as two devices atLygq = 100 nm. The Vr
shifts by a total of about 100 mV as the gate position is
systematically moved from the bottom to the upper part of the
nanowire. The threshold voltage can be described (dashed

https://doi.org/10.1021/acsaelm.1c00729
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Figure S. (a) SS,;, behavior vs gate position Lysq, with the inset correlating the gate position to expected channel doping Ny, according to electron
holography (Figure 3a). (b) On-resistance R, vs Lygq demonstrating added series resistance with raised gate positions. (c) Maximum
transconductance g,, .« dependence of gate position indicating degraded performance for larger Lysq.

line) by an analytical model for doped junctionless GAA drain metal overlap, leading to a capacitance contribution of
nanowires MOSFETs as Vi = Vg, — gNpK, where Vg, and Ny, about Cyy ~ 60 fF (calculated via small-signal modeling),
represent the flatband voltage and channel doping concen- sufficiently low to enable high-frequency measurements.
tration, respectively. Furthermore, K = r*(4&,) ' In(1 + t,,/r) Optimal bias conditions are obtained from DC measurements
r*(64¢,)™" summarizes different scaling parameters, where t,, is as Vpg = 0.5 V and Vg corresponding to g mae (Vs — Vo &
the thickness of the gate oxide, r is the nanowire radius, and & 0.25 V). For the MOSFETs with the lowest access resistance,
and &, represent the relative permittivities of the semi- i.e,, the devices with the shortest HSQ thickness, we observe a
conductor and gate oxide, respectively.’® This theoretical very high transconductance reaching values close to 2 mS/um,
model is applied by considering the electron holography which is a competitive value considering the thin nanowire
results, including a difference of an order of magnitude (6 X geometry. In agreement with planar III-V MOSFETs, the
10" to 6 X 10'” cm™) and a 44 nm/decade decay in doping devices demonstrate the expected behavior of gradually
concentration along the axial direction (Figure 3a). The model increasing g, m. With higher frequencies, up until parasitic
describes well the transition in Vy both in magnitude and capacitances (in conjunction with extrinsic resistance)
position as we move along the doping gradient. Variability in dominate (>3 GHz). From these measurements, Ny, is
Vy between devices at fixed gate position with the same calculated from the slope in the frequency range of 10°~10°
diameter (see Figure 4a) can be mostly attributed to Hz, which yields similar border trap densities for all devices
processing variations leading to deteriorated precision in (~10" cm™®) independent of gate positions (see the
placement of the gate. Particularly, for thinner HSQ_spacers, Supporting Information for details). The results indicate that
fluctuations in HSQ thickness constitute a larger absolute error the oxide defects are not the main influence of the Vi shifts.
of £10 nm, attributed to the spacer fabrication method using Finally, we evaluate the influence of the obtained doping
underexposure of an electron beam resist. The HSQ_thickness profile (Figure 4a,b) of the InAs nanowire segment on relevant
is evaluated by scanning electron microscopy (SEM) of the MOSFET performance metrics, such as minimum subthres-
protruding nanowire during device fabrication; in addition, the hold swing SS,;;,, on-resistance Ry, and gy, . With respect to
thickness variation is determined by measuring the HSQ gate position Lygq in Figure 5. Figure Sa provides off-state
contrast curve using a profilometer (see the Device Fabrication characteristics, quantified by SS,;, (point slope) with respect
section for details).*”*” Within the transitional region of the to Lygq, where increased channel doping leads to deteriorated
n*-/nid-segment, at Lygq = 50 nm, the spacer variation off-state performance (figure inset). Improved SS,;, for lower
expectedly manifests as a larger variation due to steep change background doping is well in line with previously reported
in Vy (Figure 3b). Notably, a doping concentration of 1 X 10'7 results for GAA InAs MOSFET devices.”” When moving the
cm™ corresponds to only a few active Sn impurities within the gate position up along the nanowire, the length of the epitaxial
channel region; thus, a variation in the Sn doping contact at the nanowire source (bottom) extends, resulting in
concentration due to the Au particle size and InAs nanowire an increased on-resistance R,; see Figure 5b.*" R,, represents
diameter will have a large relative effect. Finally, we evaluate the combined resistance contribution of the transistor, namely,
the charge density within the dielectric layer of the MOSFET the sum of source and drain resistance (access resistance) as
gate-stack, corresponding to border traps N, by measuring the well as channel resistance. The maximum transconductance
frequency dependence of maximum transconductance g, ., in 8mmax Of the devices shows state-of-the-art performance, with
Figure 3c.”* Measurements are performed for radio frequency the best values exceeding 2.5 mS/um, although they reduce
(RF)-optimized devices’” with gate-position Lygq at S0, 70, with respect to raised gate position (Figure Sc). The DC
and 100 nm. Devices with thinner bottom spacer (Lysq = 10) performance of these 12 nm channel diameter devices, with L,
nm are dominated by large gate-source overlap capacitance C = 50 nm, compare well with previously reported vertical GAA
> 150 fF and are therefore unsuitable for RF analysis. The MOSFETS, that demonstrated gy, . > 3 mS/um and R,, =
proposed gate-last fabrication method introduces direct gate- 190 Q-um for devices scaled to Ly = 25 nm (17 nm channel
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diameter), albeit these devices provided less favorable off-state
characteristics with reported SS,,, = 440 mV/dec.*' The &inymax
vs R,, trends (Figure Sb) confirm the presence of an added
ungated resistive regions at the source side for increased spacer
thickness LHSQ.33 The added access resistance, at the source,
also serves to reduce the effective voltage drop between the
gate and source. This effect is predominantly observed at Lysq
= 100 nm, as evidenced by increased transconductance values
when switching the biasing of source and drain electrodes from
bottom ground to top ground (Figure Sc). The presence of the
axial doping distribution of the InAs nanowire core segment is
therefore further validated by the trends measured for SS,,
R, and g, 0 VS gate position Lygq.

B CONCLUSIONS

In conclusion, we have characterized the doping incorporation
of Sn in ultrathin (12 nm channel diameter) vertical VLS-
grown nanowires utilizing a novel method of axial threshold
voltage probing validated by the well-established technique of
high-resolution electron holography. The Vi probing method
is performed by systematically moving the gate position along a
vertical nanowire MOSFET and utilizing the measured shift in
the threshold voltage to model and evaluate the encapsulated
charge due to doping. By also measuring the transconduc-
tance—frequency dispersion, we further ruled out gate oxide
defects as the main contribution for threshold voltage shift.
The MOSFETs used in this study exhibited excellent
performance, with highest maximum transconductance of 2.6
mS/um. The obtained results are further substantiated by
other transistor metrics, such as SS;,, Ry and gy, oy which all
scale according to gate position. This study also provided
insights regarding the Vi variation typically found in III-V
MOSFETs based on metal organic chemical vapor deposition
(MOCVD)-grown materials, which has proven to be
detrimental for further circuit implementation such as for
CMOS applications. To address these issues related to in situ
doping, the axial gradients could be mitigated by selective area
epitaxy’” and further circumvented by employing regrown
contacts.”* On a closing note, our proposed, Vy-based,
sweeping gate method allows characterization with sufficient
resolution to discern various doping gradients present within
thin nanowire channels employed in MOSFETs. The
presented method, which requires no separately prepared
samples, is therefore a welcome addition in the ever-growing
library of application-specific devices employing advanced
channel engineering.

B METHODS

Nanowire Growth. Arrays of Au disks with a thickness of 10 nm
and diameters from 20 to 44 nm were patterned by EBL on substrates
consisting of 250 nm highly doped InAs layers grown on high
resistivity Si(111) substrates. The nanowires were grown using
metal—organic vapor-phase epitaxy (MOVPE) in an Aixtron CCS
18313 reactor at a pressure of 100 mbar and a total flow of 8000 sccm.
After annealing in arsine (AsH;) at S50 °C, an InAs segment was
grown at 460 °C using trimethylindium (TMIn) and arsine with a
molar fraction of Xy, = 6.1 X 107° and XasH, 1.3 x 1074

respectively. The bottom and top parts of the InAs segment were n-
doped by tetraethyltin (TESn) (Xpgg, = 1.2 X 107). The growth was
paused in an arsine flow for 3 min to reduce the In concentration in
the Au particle. A S s pulse of TMIn and another 5 s pulse of
trimethylantimony (TMSb) were supplied before a GaSb segment
was grown using (TMGa) (Xpyg, = 4.9 X 107°) and trimethylanti-
mony (TMSb) (Xpys, = 6.2 X 107°) while heating to 515 °C. The
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top half of the GaSb segment was p-doped using diethylzinc (DEZn)
(Xpeza = 1.9 X 107°). The temperature was then lowered to 460 °C at
which a Sn-doped InAs shell was grown using the same molar fraction
as for the InAs bottom segment.

Electrical Measurements. DC measurements are realized with
Cascade 1100B probe station connected to a Keithley 4200A-SCS
parameter, where low-frequency RF probes are used to minimize
access resistance originating from the probe-pad contact. RF
measurements were carried out with an Agilent E8361A vector
network analyzer. The measurement was calibrated off-chip with an
LRRM method, and the effect of contact pads was deembedded by
measuring dedicated on-chip open and short structures. S-parameters
were measured from 10 MHz to 67 GHz and transformed to y-
parameters. A small-signal model was fitted to the y-parameters, and
the frequency dependence of the transconductance g, . as well as
the defect density Ny, was calculated from Re(y,,).

TEM Analysis. Postgrowth nanowires are prepared by ozone
oxidation followed by a 30 s HCI/H,O 1:10 dip (one digital etch
cycle) to remove homogeneously doped radial shell growth. NWs
were broken off from the growth substrate and transferred onto a
TEM Cu grid with a carbon membrane. Electron holograms were
recorded using an FEI Titan 80-300ST field emission gun
transmission electron microscope, operating at 120 kV and equipped
with a rotatable Mollenstedt biprism. This TEM technique of electron
holography acquires a spatially resolved phase difference, ¢, by
interference between electrons that pass through the specimen (object
wave) and vacuum (reference wave). The ¢ value is related to the
crystal potential V(x, y, z) according to ¢ = Cy _/0‘ V(x, y, z) dz,
where Cg is a constant that depends on the microscope acceleration
voltage (8.64 X 107° rad/(m V) at 120 kV) and t is the specimen
thickness. Holograms with 10 s exposure time were acquired using a 2
X 2-k charge-coupled device (CCD) camera (Gatan Ultrascan
US1000 CCD) at a biprism voltage of 122 V. They were then
processed through a removal of dead and hot pixels by an iterative
local threshold algorithm, as well as a masking out of Fresnel fringes.
In addition, to increase the signal-to-noise ratio of the holograms, a
modest Wiener filtering in Fourier space was employed. Upon the
holographic Fourier reconstruction method, one side band was
masked with a circular 10th-order Butterworth filter. Finally, the
phase of the reconstructed wave was subtracted by the phase
reconstructed from an additionally recorded and equally processed
object-free empty hologram. The mean counts per hologram pixel
were 60 000, the phase resolution was ~0.2 rad, and the error in the
potential was ~0.09 V.

Device Fabrication. The sample was first spin-coated with
hydrogen silsesquioxane (HSQ) thin film and patterned via e-beam
lithography (EBL), where the local spacer thickness is controlled by
the dose of electrons. After development of the HSQ_film by a 25%
tetramethylammonium hydroxide (TMAH) solution, the sample was
dipped in citric acid followed by 20 nm sputtered W and 3 nm atomic
layer deposited (ALD) TiN. A C4F8:Ar anisotropic dry etch was
performed, which leaves only the metal on the nanowire sidewalls,
forming the top contact.

The exposed HSQ was then thinned by diluted HF 1:1000 to form
the first spacer, exposing the channel region, forming a recess gate.
This allows for selective etching of the gate by digital etching, namely,
repeated oxidization with O3 and etching by citric acid until the highly
doped InAs shell is removed. In situ hydrogen-plasma cleaning is
performed prior to high-k deposition, at 250 degrees, consisting of 40
cycles of HfO,. The gate was then finalized by sputtering 60 nm of W,
which is vertically aligned by a back-etched polymer spacer, by O,-
plasma, followed by an SF6 dry etch for W removal. Postmetal
annealing at 250 °C is performed after gate deposition. The MOSFET
is then finished by aligning an S1813 top spacer, forming via holes,
and sputtering of Ni/W/Au, 15/30/180 nm, as the final top metal.
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ABSTRACT

The high hole-mobility of GaSh makes GaSbh nanowires a promising candidate for high-speed
p-channels in electronic devices. However, GaSh-based nanostructure devices suffer from a
high interface defect density due to a comparably thick native oxide, which has been proven
difficult to remove. Using synchrotron X-ray photoelectron spectroscopy, we present here a
characterization of the native oxides on the GaSb surface, both for planar substrates and
nanowires, during subsequent steps of H-plasma cleaning. The native oxide is found to have a
different chemical composition on the nanowires as compared to the planar substrate. Sh-
oxides are successfully removed already during initial cleaning, while the amount of Ga.O
increases at the same time. During continuous cleaning, Ga>O3 gets removed from the surface,
until finally the amount of Ga.O gets reduced as well. The cleaning procedure is observed to
be most effective for the nanowires, where all native oxides get successfully removed except
of a small amount of Ga20, which has been reported to be less detrimental than Ga in a higher
oxidation state. We suggest to implement this H-plasma cleaning step as a pre-treatment in

plasma-enhanced atomic layer deposition of high-k oxides on GaSh nanowire devices.

Paper VI © R. Timm 137



I. INTRODUCTION

Electronic devices based on I11-V semiconducting nanowires have stirred a lot of attention
during the last decades [1,2]. The much higher electron mobility in I11-V materials such as
InAs compared to Si promotes superior device performance. Devices such as gate-all-around
nanowire metal-oxide-semiconductor capacitors and field effect transistors have been realized
for InAs and InGaAs nanowires [3,4,5]. The high hole mobility of GaSb makes this the
material of choice for p-channel conductivity [6], which is needed in order to realize
complementary metal-oxide-semiconductor (CMOS) geometry. Indeed, fully nanowire-based
CMOS transistors have been realized using InAs and GaSb nanowires monolithically
integrated on Si [7]. Another highly promising approach towards novel nanowire-based
devices consists of InAs-GaSb nanowire tunneling field effect transistors (TFET) [8], which
recently have demonstrated steep slope behavior and high current densities for 10 nm thin

nanowires [9].

The main challenge with implementing GaShb into devices is its unideal surface with an excess
of surface states partly originating from a high density of defects and a continuously growing
native oxide that is not self-limiting [10]. The Ga- and Sh-oxides are also more difficult to
remove compared to e.g. In- and As-oxides, especially prior or during atomic layer deposition
(ALD) of high-k oxides, which is the standard processing approach for almost all electrical
devices. While ALD of e.g. HfO2 or Al203 on InAs has been found to remove almost all
native oxide through the so-called self-cleaning effect [11,12], GaSb suffers from only
incomplete reduction of native oxides upon high-k ALD [13]. Recently, promising attempts to
remove these oxides by N2 and Hz plasma pre-treatment prior to ALD have been reported,

resulting in an improved quality of the GaSb-high-k interface [14,15].
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X-ray photoelectron spectroscopy (XPS) and especially synchrotron based XPS is ideal for
investigating semiconductor-oxide interfaces and surfaces [16,17,18,19]. We have previously
used XPS for studying the self-cleaning effect during ALD on InAs substrates [12,20,21] and
nanowires [22] and for evaluating surface cleaning of InSh [23]. McDonnell et al. [24] and
Zhernokletov et al. [13] investigated the surface of GaSb after subsequent ALD half-cycles of
HfO2 with XPS and observed a reduction of the amount of Sh-oxides while at the same time
the amount of Ga-oxides was increased. A similar behavior was also observed during the
annealing of GaSh substrates in ultrahigh vacuum (UHV) [10]. However, surface cleaning
and oxide removal of GaSh nanowires has, to our knowledge, not been investigated by XPS

yet.

Here, we have used synchrotron based XPS to study the chemical composition of GaSh
surfaces, both for planar substrates as well as for nanowires, with native oxide and during H-
plasma cleaning performed in UHV. We find a complete removal of Sh-oxides and a strong
reduction of the amount of Ga-oxides upon cleaning, accompanied with a transition from
Gaz03 to Ga20. Remarkably, the oxide removal is even more profound for the nanowires,
where the native oxide contained an additional Ga-oxide component, as compared to the
planar substrate. The oxide removal was reached with a sample temperature during cleaning
of only 200 - 250°C, and without any wet chemical treatment. We suggest to implement a
similar H plasma treatment prior to high-k ALD during the processing of GaSb nanowire

based devices.

Il. EXPERIMENT

The growth of the nanowires will now be described. Arrays of Au discs, used as seed particles
for nanowire growth, with a thickness of 10 nm and diameters from 22 nm to 42 nm were

patterned by electron beam lithography on Si(111) substrates with a 250 nm highly doped
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InAs layer on top. InAs-GaSb nanowires were grown from the Au seeds using metalorganic
vapor phase epitaxy (MOVPE) in an Aixtron CCS 18313 reactor at a pressure of 100 mbar
and a total flow of 8000 sccm as follows: After annealing at 550°C in arsine (AsHs), a short
InAs segment was grown at 460°C using trimethylindium (TMIn) and arsine with a molar
fraction of X(TMIn) = 6.1-10° and X(AsHs) = 1.25-10"%, respectively. This InAs stem is
required since nucleation of GaSh directly on the substrate surface is challenging [16]. The
GaSh segment was grown on top of the InAs stem using trimethylgallium (TMGa) and
trimethylantimony (TMSb) with molar fractions of X(TMGa) = 4.9-10° and X(TMSb) =
8.9-10°°, respectively, while diethylzinc (X(DEZn) = 3.0-107) was added for p-doping. GaSh
growth was initiated at 460°C, thereafter the temperature was increased to 515°C for a growth
time of 30 min. This resulted in nanowires with a thickness of 50 nm and a length of around

1.55 pm shown in FIG. 1 (a).
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Figure 1 — (a) SEM image of the nanowire growth sample. (b) Overview of XPS with the inset
showing the nanowire footprint, acquired at a photon energy of 650 eV.

The XPS samples were prepared by mechanically transfering the nanowires from their growth
substrate onto a clean Si wafer (rinsed in ethanol). The transfer was done by gently pushing
the growth sample against the Si substrate [22], resulting in a nanowire coverage of the Si

sample of less than 5%, according to inspection by scanning electron microscopy. Such a
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relatively low nanowire coverage is needed to ensure that the distributed nanowires have good
electrical contact to the Si substrate and thus to avoid possible charging effects in nanowire
piles, but it also results in a relatively weak XPS signal from the nanowires, requiring the
superior brightness of a synchrotron source. Figure 1 (b) shows an XPS overview spectrum of
the nanowire sample: It is dominated by the O and Si signals and some C contamination from
the substrate, but Ga and Sh peaks can be seen as well. Please note that due to the deposition
method, the nanowire coverage is varying locally on the sample and also between different
samples, and hence no comparison of absolute XPS signals is possible. GaSh films,
epitaxially grown on Si(111) substrates with a 250 nm highly doped InAs layer, were used as

planar reference samples.

XPS experiments were performed at the high resolution, soft X-ray beamline SUPERESCA at
the Elettra synchrotron facility (Trieste, Italy). The samples were cleaned from their native
oxide using a hydrogen plasma generated by a Tectra gen 2 plasma source. The H-plasma
source was mounted on a preparation chamber separated from the analysis chamber by a
valve, allowing cleaning and subsequent XPS measurements without breaking UHV
conditions. The sample was cleaned for a total of 20 minutes at a sample temperature of
200°C and a H pressure of about 3 x 10 mbar. XPS measurements were taken before any

cleaning as well as after 2, 10, and 20 minutes of cleaning.

Core level spectra were recorded for Ga 3d, Ga 3p, Sb 3d, Sb 4d, As 3d, In 3d and Au 4f
using photon energies between 120 eV and 1140 eV. For each core level, spectra of several
different photon energies were acquired in order to probe a wide range of surface sensitivity.
Spectra of the experimental data were fitted using IGORPro, assuming a Voigt line form and
subtracting a linear or polynomic background from each spectrum. In agreement with

literature values [ref], the Ga 3d (Sb 4d) spectra were fitted as doublets with a spin-orbit
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splitting of 0.44 eV (1.25 eV), a branching ratio of 0.67 (0.67), and a Lorentzian full with at

half maximum of 0.18 eV (0.22 eV).

111. RESULTS AND DISCUSSION

We start by turning to the Sh 4d spectra from the GaSb substrate presented in FIG. 2 (a-e).
Prior to cleaning (Fig. 2 (b)), the spectrum is dominated by a doublet at a binding energy of
34.4 eV (green), which disappears upon cleaning while another doublet at 32 eV (blue)
increases in height. We therefore attribute the doublet at lower binding energy to Sb bound to
Ga, and the one at 2.4 eV higher binding energy to Sh-oxides, in agreement with our previous
study of InSb [23]. Different oxidation states of Sb have been mentioned in literature,
including Sb*® (as in Sb203), Sb** (as in Sb204), and Sb*® (as in Sb20s) [10,25], with Sb203
being the abundant oxide component. We do however not see evidence for several distinct
oxide components in our data, and expect our Sh-oxide to consist of ShO3. At the chosen
photon energy of 340 eV, resulting in a kinetic energy of the Sh 4d core level electrons of
about 300 eV, the electron inelastic mean free path is 1 nm. This and the fact that the Sh-Ga
bulk signal is strongly attenuated by the native oxide, as can be seen in Fig. 2 (b), indicates a

native oxide thickness of several nm, much thicker than for typical InAs wafers [12].

H-plasma cleaning of the sample was performed during a total of 20 minutes at a sample
temperature of 200°C during the first 10 minutes and 250°C thereafter, and XPS spectra were
recorded after 2 minutes of cleaning (Fig. 2 (c)), after 10 minutes (Fig. 2 (d)), and finally after
20 minutes (Fig. 2 (e)). The removal of the native oxides is profound already after 2 minutes

of cleaning, and no Sh-oxide can be detected anymore after 10 minutes of cleaning.
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Figure 2 — XPS spectra of the Sb 4d core level of (a-e) a flat GaSh substrate and (f-j)
nanowires, taken at a photon energy of 340 eV. (a,f) Comparison of spectra acquired at
different steps of H-plasma cleaning. (b-e and g-j) Individual spectra after subtraction of a
polynomic background, fitted with a doublet corresponding to Sb bound to Ga (blue) and a
doublet corresponding to Sb-oxide (green), for (b,g) samples with native oxide prior to
cleaning, after (c,h) 2 min and (d,i) 10 min of cleaning at 200°C, and (e,j) after additional 10

minutes of cleaning at a sample temperature of 250°C.
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Turning to the Sb 4d spectra from the GaSh nanowires presented in Fig. 2 (f-j), it is apparent
that the nanowire XPS signal is lower as compared to the substrate, due to the low coverage
of nanowires. In addition, the background signal is more corrugated, which makes thorough
peak-fitting challenging. Still, it is possible to use the parameters obtained from the GaSh
substrate and fit also the nanowire data with one doublet for Sb bound to Ga (blue) and one
for Sh-oxides (green), even though a quantitative comparison of the different components
becomes difficult. Interestingly, the relative amount of native oxide on the nanowire sample
prior to cleaning is smaller as compared to the substrate, as can be seen in Fig. 2 (g), where
also the Sh-Ga doublet is well resolved due to the lower attenuation of the oxide layer on top.
It has to be noted that due to geometric effects the same oxide thickness would for the
nanowires lead to stronger attenuation of the underlying signal as compared to the substrate
[22], inversely to what we observe, meaning that the actual thickness of the native oxide is
significantly smaller on the nanowires than on the substrate. The H-plasma cleaning process is
very efficient also for the nanowire sample, where a complete removal of Sh-oxides is
observed already after 2 minutes. This result is very promising regarding future native oxide
removal from GaSb nanowires prior to device processing, and it could not necessarily be
expected, as in the InAs and GaAs material system cleaning of the nanowires takes
significantly longer time than cleaning of flat substrates, due to the large surface area and
many surface steps of the nanowires [22,26]. We also want to point out that we find no trace
of metallic Sb before or after the cleaning, which has been reported to be especially

detrimental for device performance [14,27,28].
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Figure 3 — XPS spectra of the Ga 3d core level of (a-e) a flat GaSb substrate and (f-j)
nanowires, taken at a photon energy of 320 eV. (a,f) Comparison of spectra acquired at
different steps of H-plasma cleaning. (b-e and g-j) Individual spectra after subtraction of a
linear background, fitted with a doublet corresponding to Ga-Sb (blue) and three doublets
corresponding to different Ga-oxides (green, yellow, and red), for (b,g) samples with native
oxide prior to cleaning, after (c,h) 2 min and (d,i) 10 min of cleaning at 200°C, and (e,j) after

additional 10 minutes of cleaning at a sample temperature of 250°C.
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In Fig. 3 we show Ga 3d core level spectra from (a-€) the substrate and (f-j) the nanowire
sample. These Ga 3d spectra are taken at the same sample position as the Sh 4d spectra shown
in Fig. 2, and they are acquired with a photon energy of 320 eV, which results in the same
kinetic energy of about 300 eV. Four separate doublets are needed in order to fit the Ga 3d
spectra before and after H-plasma cleaning. The bulk peak of Ga bound to Sb is expected to
dominate the spectrum at the end of the cleaning procedure, shown in Fig. 3 (e). Therefore,
we attribute the doublet with a binding energy of about 19.2 eV to Ga-Sb (blue). All other
three doublets are obtained at higher binding energies, with chemical shifts relative to the Ga-
Sb peak of +0.31 eV (green), +1.41 eV (yellow) and +2.1 eV (red). According to literature,
we attribute the peak at +0.31 eV to Ga in a +1 oxidation state (as in Gaz20) and the peak at
+1.41 eV to Ga*® (as in Gaz0s) [18,29,30]. The peak at +2.1 eV is probably due to a mixed
oxide component such as GaShO4 [30]. The native oxide (Fig. 3(b)) is dominated by Ga2Os,
with a small additional contribution of Ga.O. The bulk peak is hardly visible due to the
attenuation of the oxide, similar as for the Sh 4d case (Fig. 2 (b)), underlining the existence of
a relatively thick native oxide layer, consisting of Sh-oxides (probably Sh,03), Ga,03, and a

small amount of Ga20.

Upon cleaning, the amount of the Ga20s component is nearly the same after 2 minutes, but
significantly reduced after 10 minutes, and it is almost gone after 20 minutes. Here it has to be
noted that the last cleaning step was performed at 250°C instead of 200°C, which seems to be
essential for the almost complete removal of this oxide component. Interestingly, the Ga20O
component gets significantly increased upon initial cleaning (after 2 min, Fig. 3(c)), only after
the last cleaning step its amount is reduced again. This trend may be explained by a reduction
of Ga from a +3 to a +1 oxidation state. However, we also need to consider the Sb 4d results
upon cleaning, where most of the Sh-oxides were removed already after 2 minutes. This does

not only demonstrate that the Sbh-oxides are easier to remove than Gaz0Os, in agreement with
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the larger negative Gibbs energy of formation of Ga»03 [10], but it also indicates the
possibility that the increase in Ga,O might be connected with the removal of Sb-oxides due to
a Ga-Sbh-O redox reaction. Indeed, the increase of the amount of Ga-oxide connected to the

removal of Sh-oxides during annealing of GaSh has been reported previously [10,13].

We now turn to the Ga 3d spectra acquired on the nanowire sample, presented in Fig. 3 (f-)).
Again, the intensity of the nanowire XPS signal is substantially lower than that of the flat
substrates, and the large background makes fitting of the data more challenging. Furthermore,
as the GaSb nanowires were grown on InAs nanowire stems, a small In 4d signal is
overlapping at the low binding energy side of the Ga 3d spectra, and the O 2s signal of the
oxidized Si substrate is overlapping at the high binding energy side. In order to reduce the
influence of these signals, fitting of the Ga 3d data was performed in a narrow binding energy
interval between 19 and 22.5 eV. There are two interesting observations regarding the native
oxide on the nanowires: First, the amount of Ga-oxides on the nanowires is lower than that on
the flat substrate, as can be seen in Fig. 3 (g), where the Ga-Sb doublet becomes clearly
visible. The size of the blue and green doublets in Fig. 3 (g) might, however, be slightly
overestimated due to the restrictive background subtraction mentioned above. Compared to
the Sb 3d spectra of the nanowires (Fig. 2 (g)), the ratio between oxide peaks and bulk peak is
larger for the Ga 3d data, indicating that the native oxide on the nanowires is more Ga-rich
than on the flat substrate. Second, the oxide peak with the highest binding energy, attributed
to GaShOs, which was very small for the substrate, is much more substantial in the nanowire
spectra, where it reaches nearly the same height as that of Ga>O3 (Fig. 2(g)). This significantly
different composition of the native oxide on the nanowires might be due to the different
surface orientation — the nanowires are terminated by (110) facets, while the surface
orientation of the substrate is (001) — and to the morphology of the nanowire surfaces, which

typically contains far more surface steps than the flat substrate.
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Upon H-plasma cleaning, the mixed GaShO4 oxide component follows the same dynamics as
the Sb-oxides studied before, as it is strongly decreased in size already after 2 minutes
(Fig. 2(h)) and completely removed after 10 minutes of cleaning (Fig. 2(i)). The Ga203
component, in contrast, shows the same behavior as for the flat substrate, it is strongly
reduced in size only after 10 minutes of cleaning, and is removed below the detection limit
after additional 10 minutes of cleaning at higher annealing temperature (Fig. 2(j)). The Ga20
peak, which is the smallest component of the Ga-oxides for the native nanowires, gets
strongly increased upon the first 2 minutes of cleaning, its relative size compared to that of the
Gaz03 peak is significantly larger than in the case of the flat substrate. This could be
connected to the strong decrease of the nanowire-specific mixed GaSbO4 oxide component
over the same period, indicating that the Ga atoms get reduced from a +3 to a +1 oxidation
state. The amount of Ga.O is found to be strongly reduced after 10 minutes of cleaning, and
even further after 20 minutes. Interestingly, the relative size of the Ga,O nanowire peak is
towards the end of the cleaning procedure significantly smaller than in the case of the flat
substrate, highlighting that the H-plasma cleaning is even more efficient for the nanowires

also regarding Ga-oxides.

While the removal of Sh-oxides upon cleaning of GaSb has been observed before, the almost
complete removal of Ga-oxides observed here has to be emphasized. McDonnell et al.
reported a UHV annealing study of planar GaSb [10], where the Sh-oxides were removed at a
temperature of about 350°C, but the amount of Ga-oxides got reduced only at temperatures
above 550°C, while in our case of H-plasma cleaning a sample temperature of 250°C was
sufficient, which is important for implementing the cleaning step in 111-V semiconductor
device processing. Barth et al. also used a H-plasma source for cleaning of GaSb prior to
ALD of AlO3 [15], where they observed a complete removal of Sb-oxides, while a

substantial amount of Ga-oxides was left on the GaSb surface, unless the cleaning process
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was supported by wet chemical etching. Ruppalt et al. even observed an increase of the
amount of Ga-oxides about H-plasma cleaning of GaSb [14]. In addition to the reduction of
the total amount of Ga-oxides, also the type of oxide left on the sample is relevant. For the
GaAs material system, it has been found that interfacial Ga>Os is detrimental for device
performance, while Ga,O is less harmful [31]. This was correlated to Ga* states in the GaAs
band gap, close to the valence band edge [32]. For GaSb, these states would be expected to be
positioned within the valence band, where they might act as border traps, restricting Fermi
level movement in GaSh-based transistors. Therefore it is important to note that only Ga.O

was found left on our GaSh nanowires after H-plasma cleaning.

IV. CONCLUSIONS

We have shown the successful cleaning of GaSb surfaces by H-plasma treatment. In
agreement with previous reports, we observed a removal of the Sh-oxides combined with an
increase of Ga-oxides during initial cleaning. However, in our study continued cleaning
resulted in an almost complete removal of Ga-oxides as well. The cleaning was found to be
especially effective for GaSh nanowires, where a small amount of Ga,O was the only oxide to
be left on the surface. A further optimization of the nanowire surface topography, reducing
the number of surface steps, and of cleaning temperature and duration might even lead to a
complete oxide removal. Already now, the cleaned GaSb nanowires are free of Sh-oxides,
metallic Sh, and Ga in a higher oxidation state, and therewith free of the major sources of

interface defects.

We suggest to implement this H-plasma cleaning step as a standard pre-treatment in plasma-
enhanced ALD of high-k oxides for GaSb-based device processing, especially for GaSb
nanowires. Cleaning was performed here at a maximum sample temperature of 250°C, which

is compatible with most ALD procedures. No wet chemistry was involved, resulting in a
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simple, fast, and cost-effective method. Therefore, the results of this work show great promise

for effective cleaning and improved performance of GaSb nanowire devices.
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Abstract

CrossMark

GaSb is considered as an attractive p-type channel material for future III-V metal-oxide-
semiconductor (MOS) technologies, but the processing conditions to utilize the full device

potential such as low power logic applications and RF applications still need attention. In this
work, applying rapid thermal annealing (RTA) to nanoscale GaSb vertical nanowire p-type MOS
field-effect transistors, we have improved the average peak transconductance (gm peax) by 50%
among 28 devices and achieved 70 ;S um ™" at Vpg = —0.5V in a device with 200 nm gate
length. In addition, a low subthreshold swing down to 144 mV dec ™' as well as an off-current
below 5 nA pm ™' which refers to the off-current specification in low-operation-power condition
has been obtained. Based on the statistical analysis, the results show a great enhancement in both
on- and off-state performance with respect to previous work mainly due to the improved
electrostatics and contacts after RTA, leading to a potential in low-power logic applications. We
have also examined a short channel device with L, = 80 nm in RTA, which shows an increased
&m,peak UP to 149 1S pum ™! at Vpg = —0.5V as well as a low on-resistance of 4.7 kQ-pum. The

potential of further enhancement in g, via RTA offers a good alternative to obtain high-
performance devices for RF applications which have less stringent requirement for off-state
performance. Our results indicate that post-fabrication annealing provides a great option to
improve the performance of GaSb-based p-type devices with different structures for various

applications.

Supplementary material for this article is available online

Keywords: GaSb, vertical nanowire, p-type MOSFET, performance enhancement, RTA

(Some figures may appear in colour only in the online journal)

1. Introduction

II-V compound semiconductors are a promising channel mat-
erial for the next generation high speed complementary-metal-
oxide-semiconductor (CMOS) circuits thanks to their high carrier
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mobilities and injection velocities [1, 2]. High performance
n-type metal-oxide-semiconductor field-effect transistors (MOS-
FETSs) based on III-As materials, such as In(Ga)As [3, 4], have
successfully demonstrated competitive on-state performance with
respect to current Si-based n-MOSFETs. For their p-type coun-
terpart, in spite of the high hole mobility in antimonides such as
GaSb and InGaSb [2, 5], fabrication of GaSb-based p-MOSFETs
with competitive performance is still challenging. III-V
p-MOSFETs are mainly limited by gate-stack properties [6] and
high-resistive, non-ohmic contacts [7] resulting in unbalanced

© 2021 The Author(s). Published by IOP Publishing Ltd Printed in the UK
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performance in all-Ill-V. CMOS technology [8-10]. Although
one alternative with co-integration of conventional SiGe p-type
and InGaAs n-type MOSFETS has been proposed [11, 12], the
difficulty in material chemistry during processing may limit this
type of device integration. Moreover, p-type GaSb play an
essential role in heterostructure tunneling FETS [13] for emerging
low power application. Thus, the motivation of further invest-
igation and development of III-V p-type transistors still remains.
Earlier studies based on (In)\GaSb MOSFETS with various device
structures [5, 14-17] have shown the challenge to retain the off-
state performance when scaling from a long channel device to a
short channel device (L, < 500 nm). Thus, the trade-off between
on- and off-state performance during gate length scaling therefore
needs to be solved.

Recently, in a vertical nanowire (VNW) architecture
using a gate-all-around (GAA) geometry, we have demon-
strated GaSb VNW p-MOSFETs with improved electrostatic
control and high transconductance [18, 19], as compared to
other reported GaSb-related MOSFETs. Although an on/off
current ratio of about 700 was demonstrated within 1.5 V gate
voltage modulation in a 60 nm channel VNW devices [18], a
further enhancement is doubtlessly required to approach low
power logic applications. Rapid thermal annealing (RTA) is
an important technique widely used in semiconductor device
fabrication to improve the performance by influencing the
material properties, such as dopant activation and defect
passivation, as well as contacts improvement [20]. By
annealing in a forming gas (N,/H,), the electrical properties
at the interface between the semiconductor and gate oxides
can be improved by the RTA process thanks to the passiva-
tion of interface defects (D), as reported for InGaAs
n-channel devices [21]. Several investigations regarding
contact improvement using RTA in n-MOSFETSs have been
also demonstrated, applied on both conventional planar
devices [22] and nanoscale VNW MOSFETs [23]. In terms of
GaSb-based technologies, it has been proven that the sheet
resistance of Ni-GaSb can be lowered by RTA [24, 25] which
may offer a possibility to improve the contact. However, for
using RTA on the device level, only planar GaSb long
channel (gate length L, ~ 5 zm) MOSFETSs were reported by
comparing individual device performance before and after
annealing [17, 26], and it is not clear how the annealing
affects the electrostatics and the contacts in short L, devices.

In this work, we for the first time apply post fabrication
RTA to nanoscale GaSb VNW transistors with two different
device structures (sample 1:200nm L, with Ni top contact;
sample 2:80 nm L, with W top contact) and achieve substantial
improvements in transistor performance in both samples.
Section 3.1 mainly discusses the on-state performance in the
different samples with varying RTA temperatures. Section 3.2
focuses on the influence of RTA on the on-resistance (R,,)
while section 3.3 discusses the annealing effects on the elec-
trostatics and off-state performance. Finally, a further discussion
and the corresponding benchmark will be shown in section 3.4
Our statistical results in this study reveal that RTA can be used
as a device performance booster for GaSb p-type transistors in
order to reach a specific application.

Paper VII (© 2021 IOP Publishing Ltd

2. Experimental methods

InAs-GaSb NWs were grown on a prepatterned Si substrate with
a 260nm n*-InAs buffer layer by metal-organic vapor-phase
epitaxy (MOVPE) via vapor-liquid—solid process. InAs buffer
layer was used for the integration of III-V materials on Si sub-
strates. The NW growth started with a short n-type InAs stem
doped with Sn to not only enable nucleation of GaSb NW
growth, but also form the source of the device, which has
an InAs/GaSb broken band tunneling junction to assist the car-
rier transport [27]. Subsequently, undoped GaSb with an
estimated background doping of ~10'®cm™ and p-type GaSb
NWs doped with Zn (molar fractions: yrmc. = 4.9 X 1075,
Xrtmsp = 5.6 X 107, DEZn/TMGa = 0.39) were grown for
the channel and the drain, respectively. Here, two samples with
different structures as well as process schemes were fabricated
and compared. Sample 1 (S1) was grown as the above structure
and fabricated with a gate-first process starting from the NW
bottom. In contrast, a gate-last process starting from the top
contact of the NW transistors was employed for sample 2 (52)
which has a 2nm thick Sn-doped InAs shell as an interfacial
layer for the top (drain) contact.

The device fabrication for S1 was initialized by the
digital etching while the first step for S2 was the drain contact
which requires several additional steps discussed below.
Firstly, a 20 nm thick Al,O3 was deposited by atomic layer
deposition (ALD) as the first spacer which was then removed
in the drain region of the NW MOSFET. The length of the
drain was defined by a back-etch process with S1813 (pho-
toresist). Next, the drain contact was formed by sputtering
20 nm W which was dry etched anisotropically leaving metal
only on the NW sidewalls. The S1813 was further thinned
down to define the gate length. Then the Al,O3 on the channel
region was wet etched and S1813 removed. Next, the dia-
meter of the GaSb channel was reduced by ~10nm and
~20nm in S1 and S2, respectively, using repeated digital
etching with oxidation inside an oxygen chamber followed by
an oxide etch in HCL:IPA (1:10) for 30 s. In the case of S2, the
oxidation for the first cycle of digital etch was carried out in
an ozone ambient for 30 s at 50 °C to fully oxidize the InAs
shell. A bilayer high-k film with 1nm Al,O3/3 nm HfO,
(EOT ~ 1 nm) was deposited using ALD. For S1, an extra
20 nm Al,Oj3 layer was grown after the high-k film as the first
spacer whose height was defined by the same back-etch
process using S1813. The remaining fabrication steps were
identical for two samples. A 60 nm W was sputtered for the
gate metal and the excess gate-metal was subsequently
removed using S1813 mask and dry etching. The gate length
in S1 was defined in this step. Both the NW diameter of the
channel and the gate length in S1 and S2 were verified by the
scanning electron microscopy (SEM) image shown in
figures 1(a) and (b), respectively. The samples were finalized
by the second spacer deposition and the contact metallization.

Figures 1(c) and (d) illustrate the schematics of the final
NW transistor in S1 and S2, respectively. In order to enable
post processing annealing of the samples at high tempera-
tures, all the spacers for isolating the terminals are replaced
with Al,Oj3 rather than polymers which were usually used as
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Ni/Au

Au
p-GaSb
.

Si (111)

Figure 1. SEM images of the real NW devices: (a) a device in S1 with L, = 200 nm after gate length definition; (b) a device in S2 with
L, = 80 nm after high-k deposition. The marked diameters include the channel diameter and the high-k thickness (4 nm). Schematics of the
GaSb single NW transistor are displayed in (c) S1 and (d) S2. G, S and D denote gate, source and drain, respectively. nid represents non-

intentionally doping.

Table 1. Differences in device structures between two samples.

No. Process sequence  Top contact Ly Channel diameter RTA
Sample 1 (S1)  Gate-first Ni/p-GaSb 200nm 44 nm 200 °C-350 °C
Sample 2 (S2)  Gate-last W/n-InAs/p-GaSb  80nm  35nm 250 °C-350 °C

the second spacer in our previous work [10, 28]. After initial
electrical characterizations for the devices, an RTA process
was performed in wall-mounted rapid thermal processing
(RTP) system, RTP-1200-100, from UniTemp GmbH, with a
forming gas (N»/Ha, 95%/5%) for 2min at temperatures
from 200 °C to 350 °C for S1 and 250 °C to 350 °C for S2.
Two step temperature ramping scheme (the temperature first
increases to 50 °C less than the setpoint in 30 s and stabilizes
for 20s. Then the temperature continues increasing by a
ramping rate of 1.67 °Cs™' to the target.) was employed in
order to avoid the temperature overshooting. When it reaches
the desirable temperature, 2 min is waited before cooling
down without supplying any power on the heater. Devices
were electrically characterized sequentially after each RTA
process. The main information and differences between two
samples are summarized in table 1. All the devices in this
work are based on single NW transistors. In S2, the highly
doped GaSb/InAs core/shell structure in the drain combined
with the W-InAs contact can help to lower the resistiv-
ity [29, 30].

3. Results and discussion

3.1. Transistor on-state performance improved by RTA

The transfer characteristics of the individual GaSb NW
MOSFET in each sample before and after RTA at different
temperatures are shown in figure 2. In consideration of the
change in threshold voltage (V) after RTA (see supplemen-
tary material: figure S1 (available online at stacks.iop.org/
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NANO/33/075202/mmedia)), the gate overdrive voltage,
Vov = Vgs—Vr, is presented in this article instead of the
absolute gate bias Vg for better comparison. Generally, as
compared to the as-fabricated device performance, the drain
current (/pg) as well as g,, increases after RTA and reaches a
maximum after annealing at 300 °C in both samples. Further
increasing the RTA temperature up to 350 °C, however,
degrades the on-state performance in both samples. In S1, an
increased on-current (I, defined at Voy = —0.5V) of
31 pA um’l as well as a peak gm (gm,peak) Of 70 uS um’l at
Vps = —0.5V are achieved in the device after RTA at 300 °C
with corresponding increment of ~25% as shown in
figures 2(a) and (b), respectively. However, the source
depletion of the device in S1 becomes severe after annealing
at 350 °C probably due to higher efficiency in hydrogen
passivation at the InAs/high-k interface than that in GaSb/
high-k interface so that InAs bands adjacent to the junction
move up faster than GaSb bands at high negative gate bias.
As a result, the tunneling probability between InAs and GaSb
may be reduced, thereby lowering the drain current. Despite a
thicker oxide layer including both the high-k and the bottom
spacer (Al,O3) on the InAs segment, substantially lower D, at
the interface of InAs/high-k likely results in high gating
efficiency at high gate voltage. Several reports have shown
that the optimal annealing temperature of hydrogen passiva-
tion of In(Ga)As/high-k interface is close to 350 °C [31, 32].
Therefore, annealing at lower temperatures has relatively
limited effects on InAs/high-k interface passivation, resulting
in less source depletion.

Thanks to a shorter L,, S2 provides a better on-state
performance in both Ipg and gm peak, but meanwhile higher
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S1: gate-first, Ly= 200 nm

S2: gate-last, Ly= 80 nm
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Figure 2. Transfer characteristics of (a), (b) S1 and (c), (d) S2 before (as-fabricated) and after RTA at different temperatures. Here, an
overdrive voltage Voy = Vgs—Vr is used to align Vgs = Vr to 0 in all the cases. Ips—Voy are shown in (a) and (c) while g,,—Vov are shown
in (b) and (d). Ion is defined at Voy = —0.5 V and —0.7 V for S1 and S2, respectively. The reason of using different Voy for I, definition is
to keep the identical gate bias (0.2 V) away from the position of as-fabricated g, peax in both samples as shown in figures.

overdrive bias (~0.2 V higher in Vgy) is needed to achieve
8m,peak s compared to S1, seen in figures 2(b) and (d). Thus,
to reflect this difference, we defined I, at relatively higher
Vov (—0.7V) for S2. Here, as the comparison of I, only
occurs before and after RTA in the same sample, I,, may well
be defined independently between two samples. In S2, despite
only 20% increase in Iy, gm peak is enhanced by almost 50%
up to 149 S pm™" after RTA at 300 °C.

Figure 3 shows the corresponding statistical results based
on 28 single NW devices in both S1 and S2, as a function of
RTA temperatures. In the case of S1, the median values of I,,
and gmpeax determined at different RTA temperatures are
compared in figures 3(a) and (b), respectively, showing an
unambiguous enhancement with increasing the annealing
temperature from 200 °C to 300 °C whereas maintaining
almost the same value when further increasing the temper-
ature to 350 °C. In figure 3(b), gmpeak increases 50% on
average after RTA at 300 °C compared to as-fabricated
devices, reaching a maximum median value of 42 ;S pm ™' It
is noticeable that when increasing the RTA temperature, the
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minimum g, peak increases more than 100% and it follows the
same trend as the median value while the maximum g, peak
increases roughly 10%. Therefore, the gm peak increase mainly
results from the enhancement in those devices with low as-
fabricated gm peak- However, after annealing at 350 °C, those
devices start degrading again, resulting in a reduced minimum
value in both I, and g, pear. Thus, the spread of the data set
after annealing at 300 °C is narrowed but widened again when
annealing at 350 °C due to the device degradation. In addi-
tion, a similar feature of /,, change with the RTA temperature
is shown in figure 3(a).

3.2. Annealing effects on R,

Figure 4(a) compares the output characteristics of the same
devices plotted in figure 2 before and after RTA. Here, only
the output curve at Vgy that defines 7, is selected to present
for both samples, respectively. For the individual devices in
S1 and S2, R, first decreases when annealing at 300 °C,
reaching 16.7 kQ-um and 4.7 kQ-um in the device of S1 and
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S2, respectively, but increases again after RTA at 350 °C.
Similar as the individual devices, the corresponding statistical
result of R,, in S1 shows decreasing R,, as increasing the
RTA temperature until 300 °C, presented in figure 4(b). In
spite of the large variation in R,,, it is found that the median
R, of all devices annealed at 300 °C is still reduced 26% as
compared to that without annealing. In contrast to the clear
drop in R,, after RTA observed in S1, no noticeable change
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of R,, is observed in S2 in the same RTA temperature
interval, shown in figure 4(c). Instead, almost identical
median value and device variation are obtained with
increasing RTA temperature until 300 °C. Among the 28
studied devices in S2, there are 12 devices with a higher R,,
after RTA at 300 °C and 16 devices having a lower value.
Although the maximum reduction reaches 33%, most of the
devices have a change within +10%, leading to a similar
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median value after RTA. As compared to S1, a 7-times lower
mean R, (6.5 kQ-um) is achieved before annealing in S2,
while the gate length is only 2.5 times shorter. Hence, the top
contact is likely improved with W—InAs/GaSb configuration,
thereby contributing to significant R,,, reduction in S2.

It is reasonable to assume that the access resistance will
remain constant when annealing at such moderate tempera-
tures (200 °C-350°C). The access resistance is mainly
determined by the geometry and the carrier density, which
relates to the doping concentration in this case. Since the
epitaxial growth temperature of the NWs is much higher than
the annealing temperatures, the doping profile should be
unchanged after RTA. Therefore, we believe that the R,
reduction in S1 after RTA can be mainly interpreted as the
improvement of the top contact in the NW transistors.
Annealing can promote Ni to alloy with GaSb, leading to
more Ni—GaSb alloy formed at high temperature thus low-
ering the sheet resistance of Ni-GaSb alloy layer [7, 24].
Extrapolating to the transistor level, the contact resistance can
be lowered by forming higher conducting Ni-GaSb alloy after
annealing. However, higher annealing temperatures may
degrade the contact attributed to the presence of a new phase
Ni,Gas (forming at 369 °C according to the phase diagram
[33] with higher resistivity in the alloy while the desired NiGa
(Sb) phase is only formed at relatively low annealing temp-
erature [25]. Consequently, a slight increase in R,, occurs
after RTA at 350 °C in S1.

Despite unchanged median value and variation in statis-
tical result of R, in S2, a small variance within 10% is still
found in most of the devices. R, increasing or decreasing in
this case could be attributed to the relatively slight change in
the top contact which is W-InAs/GaSb in S2. W is used as a
non-alloy ohmic contact for InGaAs transistors [4] and
behaves similarly as Mo [28] for contacting InGaAs. More-
over, a recent study on InGaAs VNW devices with Mo—
InGaAs (similar as W-InGaAs) non-alloy contact shows a
smaller change in R,, with varying RTA temperatures as
compared to Ni-InGaAs transistors [23]. Thus, W-InAs/
GaSb likely provides a rather thermally stable contact below
300 °C as compared to Ni-GaSb. However, we observed a
dramatic increase in not only the median value but the spread
of R,, after RTA at 350 °C, which may highly relate to the
deterioration in channel interface thus leading to a dominantly
large channel resistance as compared to considerably low
contact resistance in S2. The annealing effects on the interface
will be discussed in the next section

3.3. Annealing effects on electrostatics and off-state
performance

Figure 5(a) presents the statistics of saturation SS (SSg,, at
Vps = —0.5V) with varying RTA temperature. For S1,
SSsae continuously reduces when increasing the annealing
temperature even up to 350 °C. Specifically, the reduction
in S8, is mainly determined by the improvement of devices
with originally high SS, thus a narrower distribution is
achieved, reaching a lowest SSg, = 166 mV dec™! in a
device as shown in figure 5(b). A similar trend based on
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statistics is observed for SSj;, (see supplementary material:
figure S2(a)) and a minimum value of 144 mV dec 'is
obtained in the same device shown in figure 5(b), which is
the lowest subthreshold swing among reported GaSb-based
p-MOSFETs [8, 17, 19, 34]. In accordance with the
equation [35] SS ~ (kT /q) - In(10)(1 + gD;;/Cy), Where
k is the Boltzmann constant, 7 the temperature, g the
electron charge and C, the capacitance of the high-k oxides
which is assumed to be invariant with annealing [36]. D;,
refers to the trap density of the MOS interface, usually
describing the interface quality. The lower Dj, the better
interface quality. Based on this equation, the change of SS
can be determined by D; only. Thus, we estimated
Dy ~3.6x10%eviecm™? at Vpg= —0.05V after
annealing by calculating a coaxial oxide capacitance of
Cox ~ 7 aFnm™"'. By considering the same device before
annealing, D;, approximates to 4.4 x 103 eV~ em ™2, thus
indicating a reduction of 22%. Therefore, the reduction in
SS can originate from the MOS interface improvement by
lowering D;, attributed to the H, passivation capability
during RTA.

In contrast, S2 exhibits an opposite trend of SSg, (also
see SSyi, trend in supplementary material: figure S2(a)) with
RTA temperature, showing a significant increase after
annealing at 300 °C-350 °C. Although S2 has a higher SSg,,
than S1 before RTA, a similar drain-induced barrier lowering
is found in S1 and S2, suggesting a good electrostatic control
without short channel effect when scaling down L, from 200
to 80 nm. Therefore, the high SS before RTA in S2 mainly
results from the increase of D; at the channel interface as
compared to that of S1 fabricated with the gate-first process.
For the gate-last process in S2, many additional steps are
required prior to the digital etching and subsequent high-k
deposition, resulting in unexpected process-induced con-
taminations. One likely contamination of the channel can be
oxygen vacancy from residual GaSb oxides present from the
digital etching. The first 30s ozone treatment at 50 °C is
likely to oxidate through the InAs shell and deeply penetrate
into GaSb to form a thick GaSb oxide layer [37] which may
be insufficiently etched by HCL:IPA for 30s in the current
process. The presence of oxygen vacancy at the interface may
generate more traps at the GaSb/high-k interface thereby
increasing SS. Although these oxygen vacancies might be
reduced by annealing in an ambient with hydrogen, other
possible contamination originating from the previous process
would be active to react with the channel surface when
annealing, probably leading to more interface states. Thus, the
dramatic increase of SS after RTA is likely related to these
interface states activated by annealing. As a result, Dj
increases substantially after RTA at 300 °C or higher, leading
to a poor off-state performance. Further detailed material
characterizations for the channel interface in our NWs, such
as x-ray photoelectron spectroscopy and transmission electron
microscopy, are needed to verify of our hypothesis.

The off-state performance in S1 is further studied. The
device with lowest SS after RTA at 350 °C also reveals a
high on/off current ratio (Io,/lo) over 1000 with attrac-
tive I,, = 23 uA pm’l and a low I, = 19nA um" at
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Figure 5. Annealing effects on electrostatics and the off-state performance. (a) Statistics of SSy, in both samples. Y-axis is plotted in
logarithm. (b) Transfer characteristics of the device with lowest SS and highest Io, /Lo at Vps = —0.5 V in S1. I, is defined at
Vov = —0.5V while I, is defined at Voy = 0.5 V. Statistics of (b) I¢ and minimum /g at off-state in the range of 0V < Vgg < 1V, as

well as (c) on/off current ratio /o, /Iog in S1.

Vps = —0.5V, as demonstrated in figure 5(b). In
figure 5(c), a stable I, = 40nA um’l retains until
annealing at 300 °C and further reduces to 30 nA pm '
after RTA 350 °C. In addition, the minimum drain current
(Ips.min) fluctuates with RTA temperatures in a small range
around ~10nA ,um’l. The lowest Ipg min in all studied
devices at off-state reaches 4 nA ;Lm’I after annealing at
200 °C and 250 °C, which fulfills the I ¢ specification of the
International Technology Roadmap for Semiconductors low
operation power application (5nA ;mel) [38]. In addition,
approximately 50% increase in I,/ Ios is attained after RTA at
350 °C attributed to both I, increase and /g reduction with
respect to as-fabricated performance as shown in figure 5(d).
On the other hand, only I, increase accounts for the gradual
increase in I,,/Iog when the annealing at 200 °C-300 °C. The
results of S1 show the best balance in on- and off-state per-
formance among recently reported GaSb-related transistors
[10, 18, 39], indicating an attractive potential for low power
logic applications. In contrast, the off-state performance
degrades significantly after RTA process in S2 as both SS and
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Table 2. Summary of the RTA effects on S1 and S2 by comparing
the difference before and after RTA at 300 °C.

Ave. change  gmpeak  fon Ron SSiin / SSsat
SI: gate-first  +50% +47% —26% —10%/—9%
S2: gate-last  +20%  +9% 0% +30/+31%

Lot (see supplementary material: figure S2(b)) increase with
annealing temperatures.

3.4. Discussion and benchmarking

Based on the analysis in the previous sections, it is evident
that RTA at 300 °C provides the best performance improve-
ment with annealing in both S1 and S2. Thus, table 2 sum-
marizes the improvements and changes in each sample after
RTA at 300 °C with respect to the as-fabricated performance.
For S1, the improvements of not only the top contact but the
channel interface after RTA lead to the reduction in both R,
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Table 3. Benchmarking devices in S1 with other published GaSb-based p-type MOSFETs at Vg = —0.5 V. Blank spaces are due to

incomplete data.

S1 in this work

IEDM18 [19] [ED2020 [18] IEDM17 [39] IEDMIS [8]
Structure VNW-1  VNW-2 VNW-3 VNW VNW-1 VNW-2  FinFET* LNS®
Ly (nm) 200 200 200 60 110 60 20 500
Diameter (nm) 44 44 44 22 24 24 10 20
Sy (mV dec™ ") 144 157 162 175 224 260 217
SSga (mV dec™ ) 166 189 175 305 216 188
Ios.min (WA gm™") 9 9 4 ~3000 ~4 28 ~2000 5
Iop at Vgs = —0.5V (uApm™") 23 31 16 98 3 20 100 ~10
Ion/Iogs With AVgs = 1V 1190 980 1210 ~30 ~750 330 50 ~2000
: InGaSb channel.
LNS denotes lateral nanosheet.
and S, thus in turn contributing to an enhancement of gm, peak 300 : | | |
by 50% on average. Surprisingly, for S2, g pcac achieves \ 2 InGaSb FinFET
20% increment after annealing whereas R,, keeps invariant \ © GaSb VNW
and SS deteriorates due to more unexpected contamination in 250 A \ Y¢ This work before RTA| [
S2. In spite of an invariant R,, on average, slight change still @ [19] Y This work after RTA
exists in individual devices (see supplementary material), 'E 200 A \ — =g, x 1/L L
. . . \ g
where those devices with reduced Ron, the gmpeax increase < 9]
linearly depends on the reduction in R,,. Therefore, the U:)L \ g0 Vps=—0.5V
reduction of R,, could be the unique contribution to the = 150 * -
8m.peak iNCTEase, leading to less improvement in percentage of T o N
8m,peak fOr S2 as compared to S1. The detailed correlation of o 100 - ﬁ N L
8m,peaks Ron and SS regarding on individual devices in both c.,E N s1
samples is shown in supplementary material: figures S3 @ [10] > * A [18]
and S4. 50 1 @ 18] - o
The average change reflects the similar conclusions as e @ * T
discussed previously. For S1, it is difficult to significantly
improve the top contact and channel interface at the same 0 ' J J
since effectively improving MOS interface usually requires a 0 100 200 300 400
higher annealing temperature (approximately 350 °C) Lg [nm]

[40, 41], which could degrade the top contact of the device
(increasing R,,) by changing the Ni-GaSb alloy structures as
addressed previously. One feasible option to further improve
GaSb NW MOSFETs by annealing is probably to include
both forming gas (N,/H,) annealing directly after gate metal
deposition for the MOS interface at a higher temperature and
another annealing process at a relatively lower temperature
after fabrication to only improve the contacts [41]. For S2, the
key issue is the high SS which likely results from the process-
induced contamination, being strongly degraded by RTA.
However, the impressive improvement in g, exists in those
devices with high as-fabricated performance in S2. Thus,
although using the characteristics of S2 for digital applica-
tions may be challenging, for some RF applications [28] or
the current source of all-III-V platform, a high SS can still be
acceptable. Further gate-stack development can also help to
improve SS.

Table 3 and figure 6 benchmark this work with recently
published GaSb-related p-type MOSFETs with L, < 500 nm.
3 different VNW devices from S1 after annealing are included
in table 3, all showing a good off-state current below
10nA m~ "' simultaneously along with a competitive Iy,
showing a great balance in on- and off-state performance. We
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Figure 6. Benchmarking g, peax versus L, of the devices in this work
and other GaSb-based p-FETs. Stars represent the present work
which is in line with state-of-the-art GaSb-based devices after
annealing.

have also achieved a record SS among all GaSb-based sub-
500 nm p-type MOSFETs, verifying a great electrostatic
control with the gate-first process. For the benchmarking of
&m,peak VEISUS L, in figure 6, comparing to the performance of
not annealed devices, the annealed devices in both S1 and S2
have been improved and both approach the position in line
with the gate length scaling in state-of-the-art GaSb-based
transistors.

4. Conclusion

We have demonstrated that annealing improves the on-state
performance of nanoscale GaSb vertical NW p-MOSFETs on Si
with two different structures by RTA. The statistical results show
that 50% and 20% increase in gmpeax are achieved in Sl
(Ly =200nm) and S2 (L, = 80nm), respectively. We also
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found that the device structure and processing sequence strongly
affect the off-state performance after RTA. For S1, a good off-
state is obtained before RTA and remains unchanged after
annealing, resulting in an increased on/off current ratio and a low
SS thanks to the improvement in on-current and channel interface
quality, respectively. The results suggest a great balance in on-
and off-state performance among all reported sub-500 nm GaSb-
based transistors, leading to an attractive potential for III-V based
low power logic applications. However, in the case of S2, SS
strongly increases after RTA probably due to the formation of
interface traps during annealing, causing a severe degradation in
off-state performance. Despite this, by the means of RTA, a
remarkably further enhancement of g, peax in the devices with as-
fabricated high performance is noticed. Thus, RTA can be used
as an approach to increase g, for devices with potential use in
III-V RF applications. Our work suggests that the use RTA can
be a good strategy to further improve the performance of
nanoscale GaSb-based p-type devices with various structures for
different applications based on III-V platform technologies.
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The performance of I11-Sbh based MOSFETSs are typically inhibited by the formation of the
gate-stacks, which leads to detrimental surface conditions. In this study we achieve improved
electrostatics of vertical GaSh nanowire p-channel MOSFETS by employing robust digital
etch (DE) schemes, prior to high-x deposition, based on BOE 30:1 and HCI:IPA 1:10,
respectively. We demonstrate that water-based BOE 30:1 gives an equally controllable
etching for sensitive GaSh nanowires as compared to alcohol-based HCI:IPA, indicating high
compatibility with Si-based industrial process flow. Both DE chemicals show good surface
quality of GaSb, verified by X-ray photoelectron spectroscopy and electrical
characterizations. By implementing these DE schemes into vertical nanowire MOSFETS, a
record subthreshold swing of 107 mV/dec is obtained among recently reported 111-Sbh

MOSFETSs, suggesting a potential of 111-Sb p-type devices for all-111-vV CMOS technologies.

1. Introduction

The semiconductor industry is largely Si-based where integrated circuits for

processing electronics typically employ various Si-devices, such as the metal oxide

1
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semiconductor field-effect transistors (MOSFETS). However due to physical limitations of
MOSFETs employing a Si-channel, the search for alternative materials aimed at substituting
the channel is greatly accelerated. Potential replacements for p-type channel devices are
semiconductors based on Ill-antimonide (111-Sb, including GaSb and InGaSh) materials which
provide high bulk mobility.[*-3 However, the main challenge of a Sh-based MOSFET to
completely benefit from the high mobility of the bulk material is the poor electrostatics. In
order to enable greatly improved electrostatic control for scaled transistors, various nanowire
based multi-gate architectures such as FinFETs[*l and vertical gate-all-around (GAA)
MOSFETSs,™ ® are being pursued. A key step to achieve scaled nanowire diameters as well as
fin-widths for I11-V semiconductors has been to employ digital etch (DE) methods to both
reduce dimensions and provide native oxide removal.l”-8 In particular, Sh-based structures are
known for rapid re-oxidation leading to high density of interface traps,® ° thus greatly
limiting the electrostatic control for MOSFETS. Various surface effects have been detrimental
to achieve channel mobilities approaching its bulk counterpart, which also limits the off-state
performance of Sh-channel MOSFETs.!*: 12 Many efforts have been taken to improve the
GaSh MOS interface quality, such as introducing thin InAst*®! or InGaAs™ interfacial layer,
hydrogen plasma pretreatment,[*> and in-situ gate oxide deposition!*®l. Moreover, various
chemical pretreatments, including (NHa)2S,1*" 281 HCI:H,0"® ! and HF:H,0®! for GaSh
surface passivation have been reported. Although a low density of interface defects (Dit)
reached ~10*2 cm2eV-1,11%l the electrostatics of a real MOSFET still needs to be further

improved.

In this paper, we achieve the lowest reported subthreshold swing (SS) for GaSb-based
vertical GAA MOSFETSs by digital etching in HCI:IPA 1:10 (the concentration is the same for
the entire paper if not specified, thus simplified in HCI:IPA in the following text and figures).

In addition, we for the first time introduce BOE (buffer-oxide etcher) 30:1 into DE process in
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GaSb device fabrication and find that both water-based BOE and alcohol-based HCI have
controllable DE rate for diameter reduction in GaSb NWs. As an alternative, BOE 30:1 is
compatible with the industrial process flow in the current Si-based CMOS technology,
allowing to directly utilize the same chemical in 111-Sb process for potential monolithic
integration of 111-V with Si. Furthermore, the surface quality of GaSb pretreated by BOE 30:1
and HCI:IPA is evaluated by X-ray photoelectron spectroscopy (XPS) and electrical
characterizations which exhibit a reduced SS in fabricated MOSFETS for both cases as
compared to latest reports regarding on I11-Sb transistors, indicating a better electrostatic

control.

2. Results and Discussion

2.1. MOSFET structure and performance

Figure 1(a) illustrates the schematic of a single NW MOSFET with GAA architecture.

The device fabrication started from the bottom with DE in BOE 30:1 or HCI:IPA and high-x
deposition after the NW growth by metal-organic vapor-phase epitaxy (MOVPE) via vapor-
liquid-solid (\VLS) process (see experimental method for details). The gate length (Lg) was
defined by the vertical photoresist mask which was back etched by oxygen plasma, followed
by the gate metal etch on the NW sidewalls shown in Figure 1(b). The actual diameter of the
channel is estimated to 46 nm as 4-nm high-« is included in Figure 1(b). By optimizing the
DE condition of GaSb NW MOSFETSs, a device with DE in HCI:IPA exhibits the lowest
subthreshold swing (SS) down to 107 mV/dec at Vps = - 0.05 V, as shown in Figure 1(c), in
addition to a minimum off-current (loff) at Vos = — 0.5 V approaching 4 nA/um which meets
the los specification at low-operation-power (LOP) condition defined by ITRS (International

Technology Roadmap for Semiconductors)? for low power logic applications.

2.2. Digital Etch comparison
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Figure 2(a) shows the schematics of the DE process where the NWs are first oxidized
in a Oz chamber for 8 min and further wet etched by either HCI:IPA or BOE 30:1 for 30 s.
Since the oxidation occurs easily for GaSb surface,!*°! the exposure of conventional dry
oxidations such as ozonel?! and oxygen plasmal™ would generate one of the Sh oxides,
namely Sbh20s, which is unlikely to be etched by any acids.?? Therefore, O is selected as a
gentle oxidizer for GaSh due to the absence of Sh20Os. The wet etch process selectively
removes the oxides of both the NW and planar surfaces, thereby reducing the diameter of the
NWs. Figure 2(b-i) demonstrate the thinning process of a NW array with original diameter of
48 + 3 nm and interval of 500 nm after indicated DE cycles in different acids which are
compared. In both cases, the NW diameter can be gradually reduced by repeating DE while
the etch reaches saturation after certain number of cycles, specifically 5 cycles in HCI:IPA
and 7 cycles in BOE 30:1. Additionally, NW breakage appears after 7-cycle DE and increases
after doing more DE in BOE 30:1 thereby decreasing the mechanical yield of NWs, but the
NW survivability remains 100% after the same amount cycles of DE in HCI:IPA.

Figure 3 summarizes the statistical comparison of DE in BOE 30:1 and HCI:IPA based
on the NW array shown in Figure 2 (b-i). It is noticeable that the etch rate initially (first 2
cycles) is similar in both cases and close to 1.2 nm/cycle (2.4 nm/cycle reduction in diameter).
However, after 2 cycles, the etch rate gradually shrinks in the case of BOE 30:1 but still
retains when etching in HCI:IPA until 5 cycles. The average etch rate in BOE 30:1 is ~1
nm/cycle until the seventh cycle and in consistence with Figure 2, the DE almost stops after 5
cycles in HCI:IPA and 7 cycles in BOE 30:1. The diameter variation increases slightly after
DE in HCI:IPA while the variance in diameter remains a constant after DE in BOE 30:1. In
contrast with the initial diameter variance of ~5%, the relative variance in NW diameter
reaches 4% and 6% after 7 cycles in BOE 30:1 and HCI:IPA, respectively, shown in the inset
table of Figure 3. More uniform diameter distribution after DE in BOE 30:1 may result in

evener performance between devices (see Figure 5(b)) that are pretreated by BOE 30:1 for the
4
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channel region. Moreover, the mechanical yield after 7 cycles counted from the same NW
array in Figure 2(b-i) indicates that DE in HCI:IPA can well prevent NW breaking off as
shown in the same table. The reason that a lower yield is found in the case of BOE 30:1 can
be water-based acids have higher surface tension as compared to alcohol-based acids,?*!

which causes NWs breaking off either during the wet etch step or the following rinsing step.[!

2.3. Surface-states of GaSb with different pretreatments

XPS characterization of GaSh surface with two different pretreatments is presented in
Figure 4. The Ga 3d spectra, on the left column of Figure 4, can be fitted with four doublets,
and they are bulk doublet (blue) and three types of oxide states with energy shift of +0.43 eV
(green), +1.24 eV (red) and +1.9 eV (grey), respectively, related to the Ga-Sb peak. The First
oxide state of 0.43 eV shift is considered to be Ga2O component (Ga*) while the second oxide
state of 1.24 eV is dominated by Ga,0s3 (Ga®*).** 2 The third doublet with 1.9 eV shift could
be due to a mixed oxide component, for instance, GaShbOa. The spectrum of the substrate after
air exposure, as shown in Figure 4 (a), shows less Ga bulk signal compared to etched
substrates in Figure 4 (b) and (c), but there is no mixed oxide state. By comparing the amount
of a certain oxide state to the bulk contributing, we use a ratio calculated by dividing the
oxide area to the bulk area. The HCI:IPA etching reduces the first oxide state (normalized by
the bulk amount) from 1.14 to 0.065 while the second oxide state ratio from 4.91 to 2.98. A
treatment of BOE 30:1 etching also reduce the first oxide state from 1.14 to 0.14 while the
second oxide state ratio increase from 4.91 to 5.53. The ratio of mixed oxide state is gained to
0.69 by HCL:IPA and 0.31 by BOE etching.

On the right column of Figure 4, the Sb 4d spectra can also be fitted with four
doublets, bulk (blue), +0.36 eV (yellow), +2.42 eV (green) and +3.07 eV (grey), respectively.
The state of 0.36 eV higher energy shift is assumed to be metallic Sb, which also can be

considered to form during the oxidation process.[?® The state of +2.42 eV is attributing by

5
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Sh,03 while the doublet with 3.07 eV higher energy shift could be Sb2Os. The spectrum of the

substrate after air exposure, as shown in Figure 4 (d), shows much more Sh.0O3 than the
others. Similarly, no contribution from the highest energy shift states. Table 1 summarizes
different types of fitted peak to bulk ratio in two cases. The HCI:IPA etching reduces the
metallic state ratio from 0.290 to 0.221 while the ratio of Sh,03 to bulk from 2.194 to 0.850.
A treatment of BOE 1:30 etching also reduce the metallic state from 0.290 to 0.258 while the
Sh20Os state ratio from 2.194 to 1.136. The ratio of m Sh2Os state is gained to 0.38 by HCI:IPA
and 0.20 by BOE etching.

The total amount of oxides dropped after both of the etching treatments, and HCI:IPA
solution gives cleaner surface than the BOE 30:1. It is worth mentioning that the metallic Sb
could influence the electrical performance more, since it can probably lead to current leakage
according to previous study.” In general, we see that the total amounts of oxides are reduced
considerably. In those treatments, HCI:IPA removes more oxides than BOE 30:1, but more

states with the highest energy shift on both Ga (mixed oxide state) and Sh (Sh20s).

2.4. Electrical characterizations with Statistical comparison

Figure 5(a) compares the transfer characteristics of two samples digital etched by BOE
30:1 and HCI:IPA, respectively. We believe that the difference in Ly between two samples can
be negligible since one can consider both samples as long-channel device without any short-
channel effects, which almost excludes the impact of gate length scaling on transfer
characteristics. Therefore, the performances in two samples are reasonably comparable.
Although the on-current (lon) with a value of ~25 pA/um is found at Vps =— 0.5 V in both
devices with different channel pretreatments, the off-current (lorf) in HCI:IPA pretreated
sample is about 5 times lower than that in BOE 30:1 pretreated sample. Thus, lon/loff = 5500
obtained in the sample with DE in HCI:IPA is also 5 times greater than that in the case of

BOE 30:1. Furthermore, a lower SSmin 0f 113 mV/dec is achieved in the sample with DE in
6
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HCI:IPA than that of BOE 30:1 pretreated sample with SSmin = 160 mV/dec. It is found that Ip
drops at high gate bias in the device with DE in HCI:IPA probably due to the presence of the
source depletion which can originate from high efficiency of gate modulation in long InAs
NW segment as source at high Vgs after surface passivation during DE. However, no source
depletion is observed in the device with DE in BOE 30:1 since the InAs segment is
comparably short while ~200-nm long InAs exists in the sample with DE in HCI:IPA, thereby
leading to visible depletion effect (see SEM pictures and output characteristics of two samples
in Supporting Information Figure S2).

Figure 5(b) shows the multiple statistics including peak transconductance (gm,peak),
SSmin and lon/lotr Of two samples based on about 10 devices. Similar as the individual device
comparison in two cases, the on-state performance exhibits high consistence in two samples
whereas improved off-state performance exists in the sample pretreated in HCI:IPA, resulting
in a higher lon/lof and smaller SSmin On average, which can be mainly determined by lower Dit
of the channel and high-«. In accordance with the equation:?81 §§ ~ (kT /q) - In(10)(1 +
qD;/C.y), where K is the Boltzmann constant, T the temperature, q the electron charge and Cox
the capacitance of the high-x oxides which can be assumed as a constant in two samples due
to the identical gate stacks and similar channel diameter. Therefore, it is reasonable to directly
estimate the Dj difference by comparing the statistical result of SSmin. In contrast with the
sample digital etched in BOE 30:1, the HCI:IPA pretreated sample has approximately 18%
reduction in the median value of SSmin at Vps =—0.05 V, leading to a drop in Dit by 18% as
well. In the case of the individual device in two samples with similar on-performance as
shown in Figure 5(a), the difference in Dit between two devices, however, reaches ~30%. The
worse MOS interface in the sample with DE in BOE 30:1 likely originates from the
reoxidation of the GaSb channel surface in water-based BOE either during etch step or the
following rinse (in DI water) step. Nevertheless, the variation in performance among devices

is lower in the case of BOE 30:1 than that with DE in HCI:IPA, probably attributed to higher
7
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uniformity of NW diameter after DE in BOE 30:1 even for 2 cycles as shown in Figure 3.
Despite the presence of potential reoxidation process when using BOE 30:1 as the DE acid for
GasSh, the deterioration of the interface is insignificant when comparing the statistical results.
On the other hand, BOE pretreatment process for I11-Sb based devices is compatible to current
industrial Si process, which enables the monolithic integration of 111-V on Si by using the
same chemical selection.

Finally, the benchmarking to the start-of-the-art 111-Sb p-type MOSFETSs with various
device structures and channel lengths is demonstrated in Figure 6. Our vertical NW devices
with DE in either HCI:IPA or BOE 30:1 show a competitive performance in SS and lon/los, in
Figure 6(a) and (b), respectively. It is notable that SS in our devices is reduced in comparison
with both longer and shorter channel devices, while lon/loff reaches a similar value as long
channel devices, which indicates a good off-current. One of the reasons is our vertical NW
devices benefit from the GAA architecture that provides great electrostatics for gate
modulation. However, when compared to other GAA GaSh MOSFETS or our previous
vertical GAA transistors fabricated with different DE techniques and process flow (see Figure
6), devices in this work still performs better. This suggests clearly that the surface
pretreatment in this work also plays an important role to further improve the electrostatics of

the MOSFETS.

3. Conclusion

We have improved the electrostatics of GaSh p-type MOSFETS by passivating the
channel surface by DE with HCI:IPA or BOE 30:1 prior the high-x deposition, achieving the
lowest SSmin down to 107 mV/dec as well as an increased lon/lotf Over 3 order of magnitude.
The DE comparison of GaSh NWs shows that HCI:IPA provides slightly higher etch rate
while BOE 30:1 gives more uniform diameter of NWs. Although BOE 30:1 pretreated surface

results in more oxide states and slightly higher SS in the transistors compared to HCI:IPA, the

8
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overall transistor performance with DE in BOE 30:1 is still acceptable. Therefore, BOE 30:1
can still be considered as a good alternative for 111-Sb surface passivation when it comes to

the situation that is involved in current industrial processing of Si-based CMOS.

4. Experimental Methods

Nanowire epitaxy: Heterostructure InAs-GaSb NWs are grown on Si substrates with
260 nm thick n**-InAs buffer layer, from prepatterned Au gold-dots, by metal-organic vapor-
phase epitaxy (MOVPE) via vapor-liquid-solid (VLS) process. The NW growth begins by
employing a short Sn-doped InAs stem with precursors of trimethylindium (TMIn) and arsine
(AsH3) (molar fraction: xtmin = 6.1 x 108, TESn/TMIn = 4) to provide better nucleation for
the subsequent GaSb NW growth where trimethylgallium (TMGa) and trimethylantimony
(TMSb) are used as precursors. The non-intentionally doped (nid) GaSb with background
doping of ~10% cm®and Zn-doped p-type GaSb (molar fraction: xtmca = 4.9 x 10°®,
DEZn/TMGa = 0.39) are subsequentially grown at 515 °C, providing the channel and drain
material respectively.

Device fabrication: The device fabrication is initialized, directly after growth, by
digital etching using oxidation in O, ambient followed by either HCI:IPA 1:10 or BOE 1:30.
Directly after the surface treatment (within seconds) atomic layer deposition (ALD) is
performed consisting of a bi-layer high-x with Al20s/HfO2 (1/3 nm, EOT =~ 1 nm) with an
added 20-nm-thick Al20sz film. The bottom (first) spacer is finalized by selectively etching the
top segment of the 20-nm-thick Al>Oz using a back-etched S18 mask and HF 1:400 etch. The
gate is then defined by using a 60 nm sputtered W aligned via a similar S18 back-etch mask
now followed by dry etching (SF6:Ar) which sets the final gate-length. Both the NW diameter
of the channel and the gate length are verified by scanning electron microscopy (SEM)
imaging (see Supporting Information Figure S2). The samples are finalized by second spacer

deposition and contact metallization (Ni/W/Au).
9
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XPS characterization of GsSh: The synchrotron-based X-ray photoelectron
spectroscopy (XPS) is ideal for investigating semiconductor-oxide interfaces and surfaces,
and the data are acquired at FlexPES of MAX IV, Sweden. The Ga 3d spectra are measured
with photon energy 320 eV while Sb 4d are measured with 340 eV, in order to keep the
kinetic energy at a same level, i.e., similar penetrating depth from the surface. The native
oxidized sample is the same growth sample as described above, while both the BOE 30:1 and
HCI:IPA etching followed by ALD samples are processed on GaSh (100) substrate since it is
challenging to probe at the NW sidewall surface to during XPS measurements. Here, it is
needed to mention that the surface (110) and (100) have very similar behaviors including
surface oxidation and Dt in one of the 111-V family, InAs.?% Therefore, it is reasonable to
only compare the results of the GaSb (100) surface instead of (110) which refers to the NW

sidewalls.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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gate oxides. (c) Transfer characteristics of the NW device with 2-cycle DE in HCI:IPA 1:10

just before high-k deposition.
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Figure 2. (a) Schematics of 1 cycle digital etch process. Evolution of a GaSb NW array in a
sequential etch experiment with different numbers of digital etch cycles in (c-e) HCI:IPA and
(f-i) BOE 30:1, respectively. (b) shows the SEM of NWs before digital etch. The insets show

a single NW in the array. The scale bars are 1 um.
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Figure 3. Comparison of GaSb NW diameter with number of digital etch cycles in BOE 30:1
and HCIL:IPA. The inset table shows the etch difference in NW diameter variance and yield

after 7 cycles between HCI:IPA and BOE 30:1.
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Figure 4. XPS data of Ga 3d and Sb 4d core-shell. (a) Ga 3d spectra of grown substrate after

Ga 3d spectra of grown substrate after BOE 30:1 etching followed by ALD (d) Sb 4d spectra

of grown substrate after air exposure (e) Sb 4d spectra of grown substrate after HCI:IPA

etching followed by ALD (f) Sh 4d spectra of grown substrate after BOE 30:1 etching

Table 1. Summary of different types of surface state signal to Ga/Sb bluk ratio.

Ga 3d Ga,0 / bulk Ga,03 / bulk GaSbO,/ bulk
native oxide 1.14 4.91 0
Ga HCI:IPA 0.065 2.983 0.69
‘ Ga BOE 30:1 0.140 5.525 0.31

Metallic / bulk Sh,03/ bulk Sh,0s / bulk ‘
native oxide 0.290 2.194 0
Sb HCLIPA 0.221 0.850 0.38
‘ Sb BOE 30:1 0.258 1.136 0.20

13

Paper VIII © Z. Zhu

air exposure (b) Ga 3d spectra of grown substrate after HCI: IPA etching followed by ALD (c)

181



WILEY-VCH

80

Vps =-0.5V

40
a 20

ak [S/pum]

e

Im
o

w
o
o

Vps = -0.05V

200 1 r

’D [A/pm]
3
d
. [mV/dec]

SSmm
el

100 F

4 L
. 10" V=05V
-3 L
103 Heripa: Y
Ly=170nm R =
SS,» = 113 mV/dec -
104 T T
-0.5 0 05 102

VesVe M BOE 30:1  HCLIPA

10—2 4

108

/
’
/ff
-]

|
on' of

Figure 5. Electrical data of individual GaSb NW p-channel MOSFET in different surface
pretreatment. (a) Schematic of the vertical NW MOSFET. (a) Transfer characteristics of the
devices with 2-type different DE process for the channel. lon and los are taken from the
maximum and minimum Ip in the range of given Vgs, respectively. Here an overdrive voltage
Ves — VT was selected to compare the transfer characteristics in two cases. (b) Statistical result
with boxplots including gm,peak SSmin @nd lon/loff based on 10 devices. SSmin is taken from the

minimum point SS at Vps =—0.05 V.
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