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Abstract

[I-V compound materials have long been used in RF applications in high-electron-
mobility-transistors (HEMTs) and bipolar-junction-transistors (BJTs). Now, III-V
is also being viewed as a material candidate for replacing silicon in the n-channel in
CMOS processes for increased drive currents and reduced power consumption in
future nodes. Another alternative to increase the drive current is to use nanowire
channels, where the increased electrostatic control can be utilized for scaling the
gate length even further. In this thesis, we have characterized III-V nanowires with
Hall-measurements to quantify the carrier concentration and optimize growth
parameters. We have fabricated nanowire transistors for both digital and analog
applications. Digital transistors made of a single nanowire show state-of-the art
performance with low subthreshold slope and simultaneously high
transconductance and high on-current. For RF applications, the nanowire
technology faces several challenges, mainly due to its inherent higher parasitic
capacitance since the filling factor is less than 1. To adapt the DC processing scheme
to RF measurements, we have implemented T-gates, two-finger devices, 100
nanowires in parallel with tight pitch and we have developed novel spacer schemes
with capacitances almost as low as recessed HEMT devices. These schemes consists
of for instance modulation doped InP spacers as well as self-aligned air-spacers. To
make the RF nanowire MOSFETSs even more competitive, the transoncductance of
RF devices needs to be optimized to match that of DC devices.
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Popularvetenskaplig
sammanfattning

Mycket av de saker som vi tar for givet i vart moderna sambhélle, s som datorer,
smarta mobiltelefoner och internet har mdjliggjorts av den enorma utvecklingen av
transistorer under de senaste 70 &ren. Den fOrsta transistorn tillverkades i
halvledarmaterialet germanium, men sedan dess har mycket av utvecklingen av
transistorer gjorts i kisel. Kisel visade sig vara ett vildigt 1ampligt material att
anvinda pa grund av dess goda ledningsforméaga samt dess elektriskt isolerande
oxid, SiO;. Transistorer kan anvédndas bade for att stéinga av och pa strommar, for
att representera O:or och 1:or i digitala kretsar samt som en forstirkare av signaler i
analoga kretsar. Ett exempel pé en tidig analog krets var transistorradion som
revolutionerade lyssnandet av musik innan modernare portabla koncept var
utvecklade. Det visade sig att genom att gora transistorerna mindre och mindre sa
kunde berdkningarna i datorer utforas snabbare och med mindre energiférbrukning.
Denna utveckling har beskrivits av Moores lag dar antalet transistorer per yta pa ett
kretskort dubblas vartannat ar. Idag har dock kurvan bdrjat avta pa grund av att
energin per ytenhet har blivit enormt hog och det har blivit betydligt mer komplext
att tillverka de minsta bestdndsdelarna i transistorn som ar langt mindre &n ljusets
vaglingd. Ett annat sétt att forbdttra transistorn utan att nddvéndigtvis gora den
mindre &r att anvinda nanotrddar samt andra material &n kisel. I halvledarmaterialet
indium-gallium-arsenid kan elektronerna fardas snabbare &n i kisel, dessutom med
en lagre palagd elektrisk spdnning. Genom att minska spinningen, alternativt
behélla samma som for kisel, kan antingen energiforbrukningen minskas eller
prestandan forbattras.

I denna avhandling har vi studerat hur man kan forbittra nanotradstransistorer
gjorda av InGaAs bade for digitala och analoga applikationer, dér storleken pa
nanotradarna dr ungefdar i samma storlek som ett coronavirus. Att tillverka en
transistor pdminner om konsten att laga mat. Det finns sékra recept att folja steg for
steg vilket man vet kommer att ge en god maltid. Men vill man skapa négot nytt och
battre s& maste man vaga experimentera och komma pa nya tekniker. Ifall resultatet
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blir daligt, far man kasta sin kreation i komposten for att ta nya tag och komma pa
battre 10sningar. For att forbdttra transistorns prestanda har vi utvecklat en teknik
dér atomernas formaga att védxa i speciella kristallriktningar har utnyttjats, lite
liknande hur atomerna i natriumklorid bildar kristaller i flingsalt. Genom att utnyttja
olika kristall-riktningar kan transistorns prestanda optimeras och kapacitanser som
saktar ner transistorn kan minskas. Just minskning av kapacitanser har varit ett stort
fokusomrade for avhandlingen, dar manga nya processtekniker har foreslagits,
varav vissa gav bland de ldgsta kapacitanserna av alla transistorteknologier i
varlden. Transistorerna har visat prestanda nira de teoretiska fysikaliska granserna,
och i vissa avseenden presterar de till och med béttre &n kisel-transistorer tillverkade
av stora miljard-foretag. Arbetet kan bli betydelsefullt for framtida utveckling av
energieffektiva och prestandakrdvande applikationer inom 5@, bilradar, internet of
things samt gest-igenkénning.
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(NH4):S diammonium sulphide
Al aluminum

ALO3 aluminum oxide

ALD atomic layer deposition

Au gold
BOE buffered oxide etch
BCB benzocyclobutene

CMOS complementary metal-oxide-semiconductor

DOS density of states

DUT device under test

EOT effective oxide thickness

FDSOI fully depleted silicon on insulator
FinFET fin field-effect transistor

FET field-effect transistor

GAA gate-all-around

GaAs gallium arsenide

H20: hydrogen peroxide
H3PO4 phosphoric acid
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HCI hydrochloric acid

HEMT high-electron-mobility-transistor
HF hydrofluoric acid

HfO: hafnium oxide

HSQ hydrogen silsesquioxane

InGaAs indium gallium arsenide

InP indium phosphide

LED light emitting diode

MAG maximum available gain

MSG maximum stable gain

MOCYVD metal organic chemical vapor deposition
MOVPE metal organic vapor phase epitaxy

MOSFET metal-oxide-semiconductor field-effect transistor

Ni nickel

Pd palladium
PMMA poly(methyl methacrylate)

QCL quantum capacitance limit
RF radio-frequency

S.I. semi-insulating

S/D source and drain

Si silicon

SiO; silicon dioxide
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Sn tin

SS inverse subthreshold slope

TMAH tetramethylammonium hydroxide
Ti titanium

TiN titanium nitride

VLS vapor-liquid-solid

VNA vector network analyzer

GREEK SYMBOLS

4 mobility

Z mean free path

x dielectric constant

€(0) top of the barrier energy
p resistivity

o conductivity

LATIN SYMBOLS

Cccharge centroid capacitance
Cox oxide capacitance

Cop quantum capacitance

D, diffusion constant

Er Fermi level
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Jfmax maximum oscillation frequency

Jfr cut-off frequency

gq output conductance

gm transconductance

Iorr off-state current

Ion on-state current

k wavevector

k stability factor

Lg gate length

m” effective electron mass

n carrier density

q electric charge

R; gate resistance

Ron On-resistance

T crystal lattice temperature

Vpp drive bias

Vr threshold voltage
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1 Background

In 1947, Bell laboratories invented the first point-contact transistor and it was made
in the semiconducting material germanium [1]. The transistor allowed a very small
signal to control a much larger current flow, effectively turning the transistor on and
off as a switch. About a decade later, in 1959, the first experimental demonstration
of a metal-organic-semiconductor field-effect transistor (MOSFET) made out of
silicon was fabricated. It turned out that the native oxide that naturally forms on
silicon, Si0O», was a good electrical insulator to use underneath the gate contact in
order to achieve small gate leakage currents but also a high capacitive coupling
between the gate electrode and the channel. Silicon is also a material with a high
density of states and a good electron mobility, which all together made the
realization of well performing transistors. In parallel to the evolution of the silicon
MOSFET, III-V semiconductor materials were researched due to their direct band
gap, enabling optical semiconductor devices and due to the superior electron
mobilities. However, these III-V materials do not have as good native oxide as
silicon [2], and their superior electron velocity was primarily used for oxide-less
high-electron-mobility-transistors (HEMTs) [3] and bipolar-junction-transistors [4].
As the silicon transistor size was scaled down according to the laws of Dennard
scaling [5], the speed of the transistor also increased, one reason being a lower
resistance in the shorter channel. This allowed for smaller, faster and more energy-
efficient computing for every new node, which Gordon Moore famously predicted
in what is called Moore’s law; the transistor density approximately doubles every
two years [6]. In order to scale the MOSFET transistor even further, the thickness
of the insulating oxide barrier had to be thinner as well to maintain a good
electrostatic control of the channel potential. However, this made the gate leakage
increase and therefore, research of different oxides than the native SiO, was
conducted and eventually, the SiO, was replaced with HfO> in Intel’s 45 nm node,
where the capacitive gate coupling could be high while having a thicker oxide due
to the higher k-value[7]. This eliminated one of the intrinsic benefits that silicon had
over III-V materials, as HfO, and Al,O3 have been shown to perform well on III-V
semiconductors when self-cleaning pulses in atomic layer deposition (ALD) is used



Gate
I High-k

I Channel ‘

Figure 1.1: Schematic illustrations of three important device architectures, planar
MOSFET, FinFETs and nanowire MOSFET also called Tri-gate or nanosheet architecture
that has been used in this thesis.

to remove native oxide[8-10]. Similar scaling problems also arose for [I1I-V HEMTs,
where the scaled devices with thin semiconductor barriers underneath the gate also
gives increased gate leakage [11]. Therefore, MOSHEMTSs with high-k barriers on
top of InyGai.xAs channels are currently researched, with expected increase in drive
currents and high-frequency performance[12]. However, the reliability of high-k
oxides on III-V materials is still a challenge and needs to be solved before I1I-V
transistors with gate oxide will be implemented in commercial devices. After the
invention of high-k MOSFETs, another important technology shift was the move to
three-dimensional channels rather than planar two-dimensional in high-performance
digital circuits [13]. Three dimensional channel transistors as FinFETs and nanowire
transistors, as seen in figure 1.1, give a performance boost from increased
electrostatic control due to that the gate can control the potential in the channel from
multiple sides, reducing the detrimental short channel effects.

The evolution of silicon transistors has in many ways been driven by the digital
circuits, where the demand of digital chips have increased many fold since the first
silicon MOSFET was invented. However, the demand for RF devices is also large
and it is expected to increase as we are transmitting ever more data wirelessly in the
modern society. From the 2G and 3G technology, which used only a few frequency
bands to transmit signals, to the modern 4G technology which can use up to 40
bands, the amount of analog transistors in a smartphone is increasing and
requirements on well-performing amplifiers are high [14]. Future applications in 5G
where massive multiple-input multiple-output applications are likely to be
implemented, as well as radar applications in the automotive industry, will make the



demand of RF transistors increase even further [15]. Generally, low-noise-
amplifiers and power amplifiers in smartphones have been based on GaAs or InP
technology, while devices for routing of analog signals, such as switches, have been
made in silicon. Chips where analog and digital functions can be combined is
expected to decrease delay and energy consumption. There have been a lot of
research recently by for instance IBM Zurich and IMEC on how to integrate
different semiconductors on silicon to combine for example standard
complementary-metal-oxide-semiconductor (CMOS) technology with III-V to be
able to take advantage of the improved speed or optical capabilities [16-18].

Up until now, the industry have made many studies on logic performance of silicon
nanowires for scaled process nodes, but the RF capabilities are less researched. The
work in this thesis have been aimed at improving the field of III-V nanowires with
special emphasis on nanowire MOSFETs for high-frequency applications, where
spacer technologies for reducing the inherently higher parasitic capacitances has
been the main focus.

1.1 Optical applications

II1-V materials have been used for opto-electronics due to their direct band gap and
favorable electron mobility. The direct band gap allows for development of light-
emitting diodes (LEDs) and lasers which has led to significant improvements in
growth and characterization of III-V semiconductors [19, 20]. GaAs and InP also
have a band gap near the optimum for a single junction solar cell for maximum
energy conversion [21]. The possibility to fine-tune band gap and lattice constant
with composition of ternary III-V compounds, opens up the possibility to do tandem
junction solar cells with several different band gaps to absorb more of the incoming
energy from the sun. Recently, researchers at NREL demonstrated a GaAs based 6
junction solar cell with world record efficiency of 47.1% under 143 suns
concentrated light [22]. The drawback however, is the increased price for III-V
semiconductors compared to silicon, especially in such large area applications as
solar cells. Research to limit the amount of III-V material needed is currently
ongoing by using nanowires with substrate reuse, or by using nanowires grown with
aerotaxy without a substrate [23, 24]. If the nanowire array is engineered so that the
diameter and pitch of the nanowires are similar to the wavelength of light, the
nanowire can actually absorb a larger portion of the incoming light than its own
cross section [25].



2 Transistor theory

In this section, the most important aspects of electrical transport and
characterization, with a focus on transistors, will be presented.

2.1 Transistor operation

A transistor is a three-terminal device, where a voltage bias is applied between
source, gate and drain contacts enabling a current to flow between source and drain.
The third terminal, the gate contact, turns this current on or off with applied gate
bias. The transistor can either operate as a switch or as an amplifier of applied
signals. For a switch, which for instance is used in CMOS technologies that perform
the calculations in almost all computers and smartphones, the most important
metrics regarding the off-state are off-current (/orr), inverse subthreshold slope
(8S), drain-induced barrier lowering (DIBL) and threshold voltage (¥7) while for
the on-state important metrics are transconductance (g,,), output conductance (ga)
and on-resistance (Roy) and on-current (/on). Transfer characteristics for off-state
and on-state can be seen in figure 2.1 with logarithmic and linear scale respectively.
For a transistor that is used as an amplifier, the off-state is not as important, since
the transistor will in general operate in the on-state. The most important metrics for
a transistor in an analog application is all metrics regarding on-state as mentioned
before, but also gate capacitance and gate resistance, as well as transistor gain.
Compared to planar silicon transistors, III-V nanowire structures can in theory
enable steeper inverse subthreshold slope and higher drive currents at the cost of
increased parasitic capacitances.
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Figure 2.1: Off-state(a) and on-state (b) of a MOSFET transistor with a few relevant
metrics highlighted.

2.2 Classical transport

For semiconductor devices with large dimensions and low electric fields, and low
carrier concentration, the transport through the semiconductor can be described with
the classical transport of drift and diffusion[26].

dn
] = qnpe + ana (2.1)
The current originating from drift is proportional to the mobility p, carrier
concentration 7, and the applied electric field e. In general, III-V materials have a
high electron mobility, since it is inversely proportional to the effective mass m",
but a smaller intrinsic carrier concentration than silicon, due to the density of states
being smaller, also due to the lower effective mass.

_qrc
=L

0 (2.2)

As the devices are scaled in dimensions, the applied electric fields become very
large, and eventually, the electron velocity is not proportional to the applied electric



field but saturates at a finite value called velocity saturation [27]. The current
originating from drift can then be rewritten, by inserting the constant &, which is
the critical electric field

_ qnue
c

Diffusion current is also proportional to the mobility, but more importantly to the
gradient in carrier concentration in the material.

2.3 Channel capacitance

As transistor dimensions have been scaled over the years, the short channel effects
also increased. According to Dennard scaling, in order to maintain good electrostatic
control of the channel, the thickness of the insulating oxide should also decrease[5].
The surface potential at the top of the barrier in the channel is set by the difference
between applied gate overdrive voltage and the voltage drop over the oxide. In order
to have a high coupling between the gate and the channel, the voltage drop over the
oxide should be minimized, which corresponds to an increased gate oxide
capacitance according to equation (2.4)

EHE
Cox = —= (2.4)

tOX

The total gate capacitance to the channel is three capacitors in series, the oxide
capacitance Coy, the quantum capacitance Cy and the charge centroid capacitance
C. [28].

-1
1 1 1
C. — St 2.5
G (Cox+cq+cc> (2.5)

For a two dimensional field effect transistor, the quantum capacitance can be written
as
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and is the effect of the limited density of states in the semiconductor, which results
in accumulation of electrons in the channel. Once there are carriers inside the
channel, this will in turn lead to an upward shift of the energy bands due to repulsive
interactions between electrons. This can be described by another capacitance in
series with the quantum capacitance, and is called charge centroid capacitance, and
can be calculated by quantum mechanical perturbation theory.

€s€o

C.=—2
€ 0.36t,

2.7)

The quantum capacitance is not fixed for all different channel materials, but it
depends on the effective mass of the electron. For a classical silicon transistor, the
effective mass and quantum capacitance is relatively large and therefor the Cg L can
be neglected in equation (2.5) as long as the thickness of the insulating gate oxide
is not too small. This is called the MOS limit for gate capacitance. For a III-V
transistor, with a very small effective mass and a scaled oxide thickness, Coy >> Cy
and the term C};} can be neglected in equation (2.5). This limit is called the quantum
capacitance limit (QCL) and this means that the applied gate overdrive bias would
directly control the potential in the top of the barrier in the channel. In devices where
Cox » (g, the transistor performance would not continue to improve with reduction
of oxide thickness, but rather saturate at some finite value.

2.4 Ballistic transport

For a nanowire MOSFET with high electron mobility and very narrow dimensions,
including width, height and gate length shorter than the mean free path, the transport
through the channel can be modelled with 1D ballistic transistor theory. This means
that the carriers are confined in two dimensions, and can only propagate in the third
dimension. The analysis follows work developed by Lundstrom [29].First, we use
the effective mass approximation and assume simple parabolic band structure,
where only the first sub-band is conducting.
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Here ¢4 (0) is the minimum of the bottom sub-band, also called the top of the barrier,
which for a well-designed one dimensional transistor with insignificantly small
influence of drain and source bias, is set by

4* s, (0))

£1(0) = —qVs' + C
ox

(2.9)
The electron velocity is proportional to the derivative of the energy, v, =
h™'dE/dk. The charge can be calculated by integrating the product of the 1D
density of states and the probability that each state is occupied, which is described
by the Fermi-Dirac distribution.

n = f D(E)fo(E)dE =
E,

c
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Where the density of states for 1 dimension is:
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The charge can be divided into two parts, carriers with positive and negative k-states
travelling in opposite directions. The solution to the integral in (2.11) is seen below,
where N;p is the effective density of states and F.; is the Fermi Dirac integral of
order -1/2.

Nip
nf(0) =—-F _%(np) (2.12)
With the constant np = (i_?) , where N;p = —VZWI;BTL/H is the effective density of
BIL
1/2
271F

statesand F_1(np) = is the Fermi Dirac integral of order -1/2. For negative k-
2

VT
states, the drain bias has shifted the drain fermi-energy downwards, why Up is added
to the expression.

Mip

n;(0) =— F_%(np —Up) (2.13)
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Up =5, (2.14)

Next to, obtain the current, we calculate the sum of all k-states and start with the
positive k-vectors.

1
I+ =ZZ qv fo(Ex) 2 qni (0)v*(0) 2.15)
k>0

This can be remade into an integral, if taking into account that each k-state occupies
a length of 2@/L.

. 2q (dE 2q (%
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Here it is seen that the ballistic current is not dependent on effective mass, due to
that the terms regarding effective mass in the density of states and electron velocity
cancels for 1D transport. The solution to the equation is

_ qkgTy,
mh

It Fo(Mr) (2.17)

Fo(mp) = In(1 + eF)
(2.18)

By combining equation (2.15) with equation (2.12) we can also get an expression
for the velocity for the carriers with positive momentum

Fo(mr)

U+(0) = Urrm (2.19)

where the vris expressed as: vy = /2kgT;, /mm* . The same reasoning can be done
for the negative k-states, and current, with the velocity:

Fo(mg — Up)
! F_1)2 (mr — Up) (2.20)

v (0)=v

Next we calculate the total current:
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{Fo(mp) — Fo(np — Up)} (2.21)



If we assume that the bands are degenerate, np > 1 as they often are for III-V
semiconductors, and the top of the barrier is below the fermi-level on both source
and drain side, i.e. small drain biases, the equation above simplifies to

2q>

ID = TVDS (2.22)

In the QCL limit, where Cy < C,, equation (2.21) turns into equation (2.23) which
is independent of material parameters.

2q>
Ip = n Ves —Vr) (2.23)

2.5 Two-port measurements

The transistor is a three-terminal device, but when the transistor is biased in
common-source configuration, the source terminal is grounded and the transistor
can be measured in a two-port measurement with AC-signals supplied to the gate
and drain contacts. In an S-parameter measurement, incident electromagnetic power
waves «; are applied at the two ports and the reflected power waves b; are measured.
From this, the scattering matrix S consisting of reflection coefficients S;; and S>.
and transmission coefficients S>; and S;> can be calculated[30].

bi] _[S11 S12] [

[bz] B [521 522] [az] (229)
The benefit of measuring S-parameters compared to the more intuitive Y- or Z-
parameters is that the former only require 50 € termination in the vector network
analyzer (VNA) while the two latter requires perfect open and short terminations

which is difficult to achieve in a high-frequency environment, effectively reducing
the measurement accuracy [31].
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2.6 Small signal modeling

For optimization of the high-frequency performance of a MOSFET, it is very
important to be able to quantify the performance limiting aspects of the transistor.
A small-signal hybrid-t model can be used to make a physical representation of the
transistor [32]. To extract the different elements of the model, the measured S-
parameters are first deembedded (more information section 2.8) and then
transformed into impedance parameters Z. Next, estimated source and drain
resistances R and Ry are subtracted from the Z-parameters before the parameters
are transformed to Y-parameters, which is the basis of the parameter extraction. The
small signal elements can be extracted according to equations (2.25) to (2.31) and
the small-signal model can be seen in figure 2.2.

Im = Re(Yz21)| 420 (2.25)
9as = Re(Y22)| 2= (2.26)
R — Re(Y11)
g Im(yll)z (2.27)
—Im(Y;y)
Cya = Tl (2.28)

_ Im(Yy1) + Im(Y;2)

s - (2.29)
_ —Im(Y,,)
Cag=——"——9gmRy (Cgs + ng) (2.30)
_ —Im(Y;) 2 2
Csd = T —Llga — nggng + w ngCdg(Cgs + ng)Rg (231)

When all parameters of the model have been extracted, the modeled Y-parameters
can be calculated, and subsequently the modeled Z-parameters with added source
and drain resistances Ry and Rq. This way, the transistor behavior can be modeled
up to higher frequencies, based on measurements up to relatively low frequencies.
This model agrees with the transistor behavior fairly well, but none ideal effects can
be added to make the model match the device under test. For instance, at high drain

11
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Figure 2.2: A small signal hybrid-t model used to model the RF devices in this thesis. Here
Rg is the effective gate resistance with the channel resistance included.

bias, impact ionization and band to band tunneling effects can be added as current
sources [33] and time dependent effects as oxide traps can be added as frequency
dependent conductance [34].

2.7 RF metrics

A transistor working as an analog device to amplify a signal needs to have gain,
otherwise the signal on the output would be smaller than the input and noise would
be added. Gain can be defined in several ways, where the most common ones are
current gain and power gain. The current gain of the device can be calculated from
the measured Y-parameters.

== =4 (2.32)

Reactance in the transistor will behave as short circuits at very high frequencies, and
the transistor will no longer have current gain, leading to that the AC gate leakage
current will be as large as the source drain current. The maximum current gain
frequency fr is defined as the frequency where the ratio of these two currents are
unity, and can be estimated by plotting |h,;|? in a semi-log plot up to the measured
frequency limit and then extrapolating with a slope of -20 dB/decade. The other
approach is to report the value that the y-parameters from the small-signal model
predicts. This can give a slightly higher result, as the small signal modeled gain
often deviates from -20 db/decade slope at higher frequencies.

12
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Figure 2.3: Maximum stable gain and maximum available gain where the intersection is the
k-point for an arbitrary transistor. The gain of the transistor quickly drops after this point.

An approximate value of fr can also be obtained from the parameters of the small
signal model.

Im

fr~ 21(Cgs + Cga) (2.33)

Optimizing for large fr, which is important for low RF noise, means that the
transistor should have a high transconductance and small parasitic capacitances. The
other important gain of the transistor is the power gain. Maximum available gain is
defined as

Y,
MAG = 3= (k =k - 1) (2.34)
12

Where the stability factor k is defined as.

K = 2Re(Y11)Re(Y22) — Re(Y12Y12) 735
[ (239

When k > 1, the transistor is unconditionally stable and the circuit designer can
optimize gain without worrying about the stability. If k < 1, the transistor is
conditionally stable and then the maximum stable gain is defined as.

Yo

MsG = 2
v, (2.36)
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MSG can also be approximated with small signal model elements as seen in
equation (2.37).

1 gm
MSG(f) = F2m Coq (2.37)

When k =1, MSG = MAG and this frequency is called the k-point. In order to
increase the power gain at frequencies below the k-point, for instance at 5 and 20
GHz, where many communication important frequencies are, all aspects of
optimizing for fr applies, but with special emphasis on low drain capacitance Cyq.
At frequencies above the k-point, the gain drops quickly and it can therefore be
useful to increase the k-point as much as possible, see figure 2.3. For a transistor
with a passive feedback network, the corresponding maximum power gain of the
transistor is called Mason’s unilateral power gain U and can be calculated as

U _ |Y21_Y12|2 238
4(Re(Y,1)Re(Yy;) — Re(Y;,)Re(Y51)) (2.38)

The frequency at which the power gain U is unity is called maximum oscillation
frequency f. and for small source and drain resistances, fu.. can be approximated

£~ fr
max = C 2.39
snRG(cgd+—f’gf’gd) (2.39)
m

This means that high fr usually also leads to a higher f,.. but in order to maximize
fmax, the gate resistance, output conductance and especially drain capacitance needs
to be low. Due to the gate resistance entering the equation, peak f... typically occurs
at smaller device width than peak f7.

14
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Figure 2.4: Schematic images for device under test as well as short and open deembedding
structures.

2.8 Calibration and de-embedding

In an RF measurement of a transistor, the measured parameters from a VNA is not
only dependent on the device under test, but also pads, probes, cables and
connectors. However, when designing an amplifier, it is important to know the
performance of the device itself, otherwise device modeling will be incorrect and
matching networks of the device will be flawed. Therefore two things are necessary
to perform in order to know the real performance of the device. First, the VNA must
be calibrated to move the reference point from the connectors of the VNA, to the tip
of the probes with LRRM calibration (line, reflect, reflect match) using an
impedance standard substrate (ISS) [35]. Next, in order to not let admittance and
impedance in probes and pads affect the modeling of the device under test, the
reference plane must be moved from the probe tips to the edge of the transistor. This
is done with open and short deembedding [36]. The open and short reference
structures are fabricated simultaneously with the transistor on the substrate and
measured with the VNA. Layout of device under test (DUT), open and short
deembedding can be seen in figure 2.4. First, the measured S-parameters of open,
short and device under test are transformed into Y-parameters. To eliminate the
capacitance from the open structure, the measured open Y-parameters, Y, is
subtracted from both the short, Ys_, = Y5 — Y, and the device under test Ypyr_og =
Ypur — Yp. Next, in order to remove the inductances of the short reference, the
subtracted Y-parameters are transformed into Z-parameters, and the Z-parameters
of the short reference structure is subtracted from the device under test to give the
deembedded Z parameters, Zpr = Zpyr—o — Zs—o. Finally, the de-embedded Z-
parameters can be transformed into S-parameters again for further analysis.

15



3 Semiconductor crystals and doping

This section covers two important aspects of semiconductor manufacturing that
greatly affect the performance and characteristics of III-V electronic devices,
namely doping of the semiconductor crystals, and the effect of facets in the crystal
lattice.

3.1 Doping

Doping of a semiconductor was first realized by John Robert Woodyard in 1950,
and has led to a rapid evolution in the semiconductor industry[37]. Doping a
semiconductor with very small portions of another material, with either surplus or
deficit of valence electrons gives rise to n-type or p-type doping, drastically
changing the conductivity of the material. P-n junctions, where both type of doping
are used in sequence, is the fundamental building block of most types of solar cells,
LEDs, as well as in bipolar junction transistors, in order to create electric fields
forcing electrons and holes to either separate or recombine [38]. In CMOS
technology, for an n-type and p-type device conducting current with electrons or
holes respectively. A few of the most common dopants for III-V semiconductors
used in high-speed devices are Si, Sn and S for n-type dopants and Zn for p-type
dopants, while Fe is used to insulate III-V substrates. Both silicon and tin are group
IV elements. This means that they can act either as donors or acceptors depending
on if they occupy the group III or V position in the lattice. N-type doping with group
IV atoms can thus autocompensate and saturate at high doping levels due to
occupancy of group V sites. This also makes the free carrier concentration levels
with group IV atoms dependent on V/III ratios during growth[39].

3.1.1 Hall measurements

There are many techniques available to determine the carrier concentration of
electron and holes in a nanowire, for instance photoluminescence [40],
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cathodoluminescence [41], field-effect measurements as well as recently Hall
measurements [42]. Although optical measurements is not inducing any damage in
the nanowire, most times it requires that the nanowires are broken off and moved to
a specific measurements substrate. This is however difficult if the nanowires are
lateral and grown into the substrate itself. Another drawback is the fairly low spatial
resolution obtainable. Field-effect measurements does not require that the
nanowires are transferred to another substrate, but is difficult to estimate the
capacitance between the gate and the channel due to the occurrence of
semiconductor capacitance and oxide capacitance, the latter suffering from
uncertainties in density of interface traps affecting the capacitance. Hall
measurements is another way of determining the carrier concentration in a
semiconductor and at the same time obtaining the mobility of the carriers. In 2012
Storm et al published the first spatially resolved Hall measurements on nanowires,
where the doping profile along the nanowire could be established [43]. However,
evaporating contacts on each side of the nanowire with a sufficient spacing is a
challenge for nanowires of small dimensions. The selective area growth of lateral
nanowires has the possibility of simultaneous growth of semiconductor contacts to
the nanowire in the same growth step as the nanowire itself, which then can be
contacted with larger metal contacts in a subsequent step.

An electron moving with a velocity in a simultaneous electric and magnetic field is
exposed to a force, called the Lorentz force.

F=q(E+vXB) (3.1)

In a Hall measurement setup, the electron moves in x-direction due to an applied
electric field, and a magnetic field is applied in z-direction. Then equation (3.1) can
be simplified.

F,=0 (3.2)
E, = quyB, (3.3)
E, = qE, 3.4
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This means that compared to standard drift current, the electrons also exhibits a
force in y-direction, causing the electrons path to diverge, giving an accumulation
of electrons on one side and a depletion on the other, generating a voltage that is
called the Hall voltage. The force from the electric field in y-direction, the Hall field,
generated from the Hall voltage will at steady state cancel out the force from the
applied magnetic field.

v
5 _ 4v.B, (3.5)

The Hall voltage can then be calculated from the width, velocity in x-direction and
the applied magnetic field.

Vi = wu,B, (3.6)

The current in x-direction is also dependent on thickness of the semiconductor and
can be written as

I, = qtnwv, 3.7

Inserting this into equation (3.6), the Hall voltage can finally be written as equation.

LB,
Vy = 3.8
b= (38)

The Hall voltage is thus proportional to the applied magnetic field and current, and
inversely proportional to the electron charge, thickness of the semiconductor and
importantly the carrier concentration. By also measuring the resistivity of the
semiconductor, the mobility of the charged carriers can be calculated as:

1
- 3.9
H=np (3.9)

For a cylindrical nanowire as in paper VI, with thickness and width being equal to
the diameter, with metal contacts directly in contact with the nanowire that cannot
be regarded as point contacts, the extracted carrier concentration can differ slightly
from the true carrier concentration. We therefore extended the equations to allow
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for electric fields existing in all three directions, X, y and z, and modeled the electric
fields and Hall voltage in a finite element method program called COMSOL
Multiphysics. The drift current J, g5 = 0E , can be modeled with the three

dimensional conductivity tensor according to

1 1B
o 0
L+ GoeB)? 1+ (hB)?

=0 1B 1
\1 +(=B? 1+ (LB’ (3.10)
0 0 1

2
where g, = (qmin) [26]. More information on Hall measurements on nanowires can
be found in [43].

3.1.2 Modulation doping

One way to decrease the resistivity in a semiconductor is to dope it, with very small
portions of donor atoms. However, the doping leaves ionized donor atoms behind,
which will reduce the electron mobility in the doped material due to increased
amount of scattering events. In 1977, Bell labs developed a scheme where the
doping was performed in a wide band gap material just next to a narrow band gap
material [44]. Due to the difference in band gap, the free carriers will fall into the
narrow band gap material, as the electrons strive to lower its potential energy,
effectively separating the carriers from its ionized donors. This gives a high amount
of carriers in the narrow channel material, while still maintaining a high mobility.

3.2 III-V semiconductor crystal
III-V compounds typically forms crystals in zincblende structure, but III-V

nanowires can also be wurtzite, where the inclusion of one of them inside the other
one is called a stacking fault. One common substrate is the (100) zincblende which

19



{111B}

o>

110}

| \\\\
-V HSQ [011]

Figure 3.1: Depending on alignment of HSQ growth mask in [011] and [010], different
facets of the semiconductor is obtained, {111}B or {110} with an angle of 54.7° and 45°
towards the top {100} facet respectively.

been used for the selective area growth in this thesis. Depending on the alignment
of the SiO, growth mask, semiconductor structures bound by {110} and {111} side
walls can be obtained which can be seen in figure 3.1. In figure 3.2, the positions of
the atoms for four different kind of low order facets is illustrated, {100}, {110},
{I11}A and {111}B planes. Each atom in the lattice, has four electrons to bind to
neighboring atoms of the other atomic type. {100} facets are consisting of a single
group of atoms, either group III or V, and there are two dangling bonds at the
surface. Since the crystal is symmetric in this direction, there is no separation
between A and B type. {110} planes have equal amount of group III and V atoms
at the surface, and there is one dangling bond per atom. {111} planes are however
different, as they can be either A or B, depending on if the surface is group III or V
terminated respectively. Typically, the growth rate of {111} planes are slower than
{100} due to fewer dangling bonds giving rise to an increased diffusion length of
ad atoms, making it possible for atoms to diffuse to the (100) top facet during
growth. Mask openings aligned in [011] directions give {111}B facets that are
especially technologically important as these facets slope away from the growth
mask, avoiding mask overgrowth. [01-1] aligned mask openings give {111} A facets
that are typically less stable than {111}B facets and grow faster in MOVPE growth
which typically leads to upward facing {111}A facets and simultaneously
downward facing {111}B facets, overgrowing the growth mask. This effect can also
be beneficial, although not used in this thesis, if self-aligned spacer schemes is to be
employed, although it requires very careful planning of the thicknesses of epitaxial
layers and mask layers. The reason for these growth rates is linked to the fact that
MOVPE is usually growth with high V-III ratios, where we have a surplus of group
V atoms at the surface, and the growth rate is limited by the supply of group III
atoms.
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Figure 3.2: Unit cube of zincblende atomic structure where each mentioned plane is pointing
upwards. The lines between blue atoms outlines the unit cube, and the lines between blue
and green atoms indicate atomic bonds. (a) {100} plane consists of a single atom type,
(b){110} plane consist of equal amount of group Ill and V, (c) {111} A and (d) {111} B plane
is group III or V terminated respectively.
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When a layer of group V atoms has been grown at the {111} facet, on a {111}A
facet, there are three dangling bonds per atom attracting group III atoms to the
growth site, while for a {111}B facet, there is only one dangling bond available.
Similarly, the etch rate of {111} A facets are typically slower due to that the group
V atoms sitting just below the surface are pulling the electrons away from the
surface, making it harder to form redox pairs. The anisotropy of wet-etching is
especially noticeable when etching InP with HCl as {211} etch stop facets can stop
the etching if careful attention is not taken.
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4 RF transistors

In this section, the main competitors to high speed nanowire MOSFETs for RF
applications are highlighted and the important aspect of spacers are discussed in
detail.

4.1 HEMTs

The high-electron-mobility transistor was invented in 1979 [45].The device
architecture utilizes the high-electron mobility of buried III-V channels, with wide
band gap semiconductors acting as the insulating layer between the gate and the
channel. This is based on the Schottky contact between the semiconductor and the
gate metal, and the gate overdrive voltage is therefore often limited to maximum 0.5
V, to avoid too high gate currents. Metamorphic buffers is commonly used to allow
for different lattice constant in channel and substrate. Narrow band-gap HEMTs is
a mature technology that has shown excellent high-frequency performance and gain
at 1 THz was achieved already in 2007 [46]. But the performance have typically not
improved over the last years, mainly due to that scaling of the transistors has led to
increased parasitic capacitance compared to intrinsic capacitance and increased gate
leakage. The transconductance has settled around 3 mS/um, while the parasitic
capacitances is hard to lower as many device schemes already employ modulation
doping and recessed air-spacers.

4.2 MOSHEMTs

The saturation of HEMT performance at scaled dimensions have started the research
of MOSHEMTs. The idea is to take all the knowledge from the HEMT devices, but
thinning the semiconductor barrier and applying a thin oxide layer at the top, thereby
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increasing the capacitive gate coupling and reducing the gate leakage. However, this
approach is not quite as straight forward as it may seem. The inclusion of high-k
inside the air-spacers will increase the parasitic capacitances of the device. The I1I-
V MOS interface needs to be of very good quality not to lower the electron mobility,
and to worsen the reliability of the devices. Another aspect is that the ALD of high-
k oxide is typically performed above 200 °C, making it necessary to replace the
initial organic resist that was used as a mask for the etching of gate openings.

4.3 Planar RF CMOS

Since the digital silicon CMOS devices have constantly improved over the years,
also considerable efforts have been invested in adjusting the devices for analog
applications. The major drawbacks of silicon RF devices are the lower electron
mobility, making long spacer regions too resistive, and the high density of states,
making the intrinsic gate capacitance large. Silicon does not have as good material
candidates that are lattice matched for use in wide-band gap modulation doped
schemes and barriers for HEMT type devices. Another constraint is the CMOS
processing flows, where all contacts are sitting extremely tight, effectively
increasing the parasitic capacitances, and reducing the high-frequency gain. Lift-off
is also seen as incompatible with the silicon industry, why T-gate schemes is much
more complicated to achieve, and high gate resistance for small nodes and narrow
gate lengths is a big challenge for high power gain. Although all of these constrains
exist, planar silicon transistors has still been able to deliver good RF performance
with fr of 445 GHz in the 32 nm node already in 2010[47].

4.4 FDSOI

FDSOI is a development of planar silicon transistor technology where the channel
is sitting directly on top of a buried oxide. It has the advantage of lower parasitic
capacitance, and a less complicated process scheme than FinFETs, with a smaller
mask cost. The threshold voltage can also be tuned, making the same transistor
suitable for various applications. RF FDSOI is especially important since the
parasitic capacitance to the underlying silicon substrate can be reduced. The RF
modes in the substrate can also be suppressed with the oxide box underneath the
channel. So far, the supply of SOI chips has been a bottle neck as the IP-rights owner
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Soitech is ramping up its production, going from 200 mm wafers to 300 mm wafers,
something that should improve the RF performance of the analog devices. Global
foundries have reported fr and f. of 375 and 290 GHz respectively for their 22 nm
technology [48].

4.5 RF FinFETs

The main advantages of RF FinFETs compared to conventional CMOS, FDSOI and
HEMT devices are the improved electrostatic control originating from the three-
dimensional gate structure. This leads to a very low output conductance and a high
voltage gain 4, = g./ga, beneficial for RF applications. The devices also have very
low drain induced barrier lowering, making RF modelling easier as drain bias has a
reduced effect on off-state. The advantages over FDSOI is especially in terms of
higher voltage gain but the increased parasitic capacitance in the areas between the
fins will have a large negative impact. The width dependence of RF FinFETs is not
as easy to model as for conventional planar devices, due to that the gate resistance
has a large vertical component along the fins, making the gate resistance nonlinear
in width dependence. Typically, peak fmax occurs at very narrow device widths,
approximately 10 fins, which is small for analog applications [49]. Intel, Samsung,
Globalfoundries and TSMC have all shown RF performance of silicon FinFETs.
Samsung has demonstrated 14 nm RF CMOS with FinFETs capable of fr of 252
GHz at a low gate overdrive of 0.2 V [50]. Globalfoundries has shown that their 14
nm FinFET technology outperforms their 28 nm planar technology in both DC and
RF metrics due to increased transconductance [51]. An interesting effect of the high
aspect ratio of the fins with a tight pitch is that the effective gate width (the gated
circumference of the fin) often is larger than the physical width of the gate itself.
This means that current lost due to spacing between fins can be compensated by the
height of the fins, making the fin height and pitch important parameter for RF
optimization. In order to mitigate short-channel-effects in scaled devices, higher and
thinner fins have typically been used. But due to surface scattering, mobility quickly
degrades, and fins narrower than 5 nm are likely to be dominated by the surface
scattering, making scaling beyond 5 nm node challenging.
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4.6 RF Nanowire FETs

The next generation CMOS devices to extend the scaling path to smaller nodes is
believed to be the nanowire FETs, also called nanosheets. The benefit of nanowire
FETs is that the gate can have an even better electrostatic control of the channel
potential than FinFETs, due to that the gate can be made gate-all-around. This gives
increased resilience against short-channel effects, and scaling to even shorter gate-
lengths with healthy transistor performance can be made. For digital applications
both vertical nanowires and lateral nanowires are of interest for pitch reduction and
increased drive currents. The possibility to vertically stack lateral nanowires enables
increasing currents for high performance without increasing the area of the chip,
giving a large benefit over FInFET technology. However, the largest benefit of
nanowire FETs is also what makes them most challenging from a RF perspective;
namely the increased capacitances, both intrinsic and extrinsic. Therefore,
nanowires horizontally stacked instead of vertically can be a trade-off for reduced
capacitance and gate resistance in an RF adopted scheme. Spacer deposition is also
an aspect that will need to be optimized for the technology to be a viable option in
RF applications. Nanowire MOSFETs for digital applications have been shown by
most major manufacturers [52, 53], but the RF publications has so far been made by
different universities.

4.7 Spacers

Spacers are a very important part of high-performance MOSFETs for both logic and
analog applications. For logic devices, the spacers can be employed to induce strain
in the channel material, but it is also important for avoiding short-circuits in the
devices and to reduce the capacitance between connections in order to have a low
power delay product. For high speed analog applications, it is especially important
for reduction of gate capacitances, to achieve a high gain at high frequencies, but
also as passivation to ensure a good reliability in the devices. For a parallel-plate
capacitor, the capacitance is proportional to the area of the plates 4 and the dielectric
constant of the spacer material x, and inversely proportional to the distance between
the plates d.
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C = KE, (41)

A
d
In general, employing a spacer between the gate and the drain and source contacts,
effectively creates a larger separation between contacts. This means that the
capacitance will go down but the transistor resistance will also increase, especially
if the area underneath the spacer is undoped [54]. This is a delicate balance and a
trade-off that needs to be perfectly implemented in order not to deteriorate the
device performance. One way to circumvent a large increase of resistance when
implementing a spacer is to use modulation doped layers. This means that a wide
band gap semiconductor on a narrow band gap channel is doped. The free charge
carriers generated from the doping will leave static ionized donors, but the carriers
themselves will fall into the channel of the narrow band gap material, giving rise to
smaller capacitance in the depleted doped layer and larger electric currents in the
channel itself.

When choosing suitable spacer material, several considerations needs to be taken
into account. The optimal spacer material should have a low dielectric constant, low
leakage currents, withstand high temperatures, high-etch resistance towards process
important chemicals and a good structural integrity [55]. It should preferably also
be able to be removed without damaging surrounding materials. For passivating
layers, good adhesion, resistant to moisture penetration and low stress is also
favorable qualities. In table 4.1 dielectric constant of a few spacer material and high-
k oxides are shown.

Table 4.1: Dielectric constant for a few important oxides and spacer materials.

Material K
BCB 2.7
SiO, 3.9
Si3Ny4 7
AlLOs 9
HFO; 25

27



4.7.1 Silicon oxide spacers

The most common interlayer dielectric material that have been used since the
beginning of spacer technology, is silicon oxide which is thermally stable up to very
high temperatures [56]. Silicon oxide processing is very mature in the CMOS
technology platforms, and can easily be thinned down with chemical mechanical
polishing (CMP). It has a very good structural integrity and can have a low surface
roughness. The drawback is that the dielectric constant is not that low, and that
removal of silicon oxide with buffered oxide etch (BOE) can simultaneously remove
high-k gate oxide material. Deposition methods range from PECVD, evaporation
and ALD. EBL exposure of HSQ resist also forms silicon-oxide like structures with
possible low dielectric constant due to the hydrogen content in the film [57]. The
thickness can be controlled with dilution, spin-speed and exposure dose.

4.7.2 Silicon nitride spacers

Silicon nitride is commonly used as spacer between gate and source drain contacts
to lower the parasitic gate capacitance. Especially for ALD of SiN, the possibility
to finely control very narrow spacer regions has been realized [58]. SiN has also
been used as passivation in HEMTs and as a simultaneous dry-mask for gate
openings, due to the possibility of very precise dry-etching[59]. It is also good at
mitigating moisture and can be deposited with a moderate stress level. One
important parameter of SiN deposition is the amount of hydrogen in the film. If the
SiN should be able to withstand BOE etches, the hydrogen content needs to be very
low, as the etch rate increases exponentially with increasing hydrogen content [60].

4.7.3 Air spacers

The theoretically best spacer is the air or vacuum spacer. The main benefit is the
low dielectric constant, making very low capacitance schemes possible, which has
been utilized in the recessed spacer area of HEMTs and as gate encapsulations [61,
62]. However, implementing air spacers is difficult, and not something that is
common in CMOS technology. Air-spacers is typically created by selective etching
of a sacrificial layer, with a different material above. The drawback of the approach
is that it sets physical constraints on the materials above, as there is a risk for
collapsing structures. If the air-pockets are not sealed, the performance in front-end-
of-line (FEOL) and back-end-of-line (BEOL) can vary drastically, if the air-pockets
are filled in BEOL with the used interlayer dielectric.
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5 Lateral nanowire transistor
fabrication

The transistor process used in this work, is a replacement metal gate — high k
scheme. This means that the channel material is first processed, then a sacrificial
gate is exposed where the real gate will later be placed. This allows for the high-k
and gate metal deposition to take place late in the transistor process, assuring a high-
quality MOS interface. In this section, some of the most important process steps are
described, although the order of the steps can vary between device generations.

5.1 Selective area growth and resist masking

To avoid any effect of parasitic substrate transistors, it is important that the substrate
conducts as little current as possible. Since the lateral nanowire transistors are
fabricated directly on the substrate, semi-insulating Fe doped InP substrates are used
which is lattice matched to Ing 53Gao47As and more Indium rich InGaAs can also be
grown with a certain degree of strain in the film. For selective area growth, a growth
mask consisting of SiO or Si3Ny4 is most common [63]. For the selective area growth
of InGaAs nanowires in this thesis, the growth mask used is hydrogen
silsesquioxane (HSQ) resist that has been exposed and developed by
tetramethylammonium hydroxide (TMAH), which makes the HSQ form into a
SiOx-like material. For RF compatible layout, the HSQ process has been optimized
for HSQ adhesion, small line edge roughness and narrow HSQ lines in order to
increase the nanowire density. The adhesion to InP substrates is known to be poor
for HSQ resist, while for silicon it is generally higher. Due to this, the HSQ resist is
baked at 200 °C to make sure that there is no loss of lines during the development
phase. Unfortunately, this leads to less contrast during the exposure. To reduce the
line width, the HSQ is diluted to 1.5 % and spun to a thickness of approximately 20
nm in order to reduce the effect of backscattering during EBL exposure [64]. The
HSQ exposure is made with single pixel lines where each line is exposed several

29



times after each other to reduce the effect of shot noise in the electron beam [65].
To optimize the line edge roughness, which transfers into nanowire roughness, we
develop the exposed areas at 40 °C, as higher development temperatures generally
increases HSQ contrast [66].

To remove native oxides present at the InP surface, the sample is annealed at high
temperature in the MOCVD chamber. The nanowire growth itself is initiated by
growth of a very thin InP buffer, followed by growth of intrinsic Ing.¢3Gao 37As layer
at a growth temperature between 500 °C and 600 °C. Due to interactions with the
HSQ mask, the nanowire layer becomes more indium rich compared to the planar
growth [67]. We have seen from Hall measurements that the growth at 500 °C with
no intentional doping yielded a carrier concentration at around 1e19 cm? [68].
Increasing the growth temperature to 600 °C decreased the background doping by
an order of magnitude. However, problems with poor off-state have arisen
occasionally, and attempts to reduce the conductance in the InP wafer and to
improve the nanowire quality is under investigation, for instance by improving the
switching between gas phases during growth, and optimization of pre-cleaning steps
before MOVPE growth.

5.2 Regrowth of highly doped contacts

Next the growth mask is removed, and a HSQ dummy-gate is exposed [69]. The
dummy gates sets the separation between the highly doped contact regions and
effectively sets the gate length of the device. This makes it possible to vary the gate
length across a sample with little extra effort. Generally, the contact layer is
composed of approximately 30 nm thick Sn doped InGaAs and with or without
sacrificial intrinsic InP spacer layer, both grown at 500 °C.

5.3 Mesa etching

In order to avoid short circuits between different parts of the transistor that should
be isolated from one another, it is common to perform device isolation etching. The
isolation mask for the wet etching of mesa-structures, has either been EBL defined
HSQ or UV defined S1813 resist. The benefit of EBL-defined mesa is that it is easy
to set an exact width of the device and the alignment accuracy is high. The big
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drawback of EBL defined HSQ mask is the writing time and that HCI etching can
compromise the adhesion of the mask to the substrate. UV-masks, on the contrary,
has relatively poor alignment accuracy, but an improved adhesion. Throughout this
work, the InGaAs layers have been wet etched with H3PO4:H,O2:H,O (1:1:25) and
InP layers with HCI:H,O (1:1). The wafer tends to change color for every layer of
the semiconductor stack that is etched away, making it easier to ensure correct
etching times. The etch selectivity is also close to 100% for both acid mixtures,
allowing for over etching without damaging the layers below. During the switching
of gases between InP growth and InGaAs, thin layers of InGa,.<AsyPi.y can arise,
that potentially is harder to remove with the two etch chemistries.

5.4 Source and drain metallization

In this work, source and drain metals most commonly used are Ti/Pd/Au as it has
been shown to give an ohmic contact with low contact resistivity to the underlying
InGaAs contact layer [70]. The thin titanium layer is known to create a good
adhesion to III-V materials, the palladium acts as a barrier for gold diffusion in case
of annealing of the device, and gold has a low resistance, limiting parasitic
resistances to the device. In figure 5.1, the contact resistivity as a function of length
of the n+ contact layer is shown for a 7 um wide mesa. The intersection with the y-
axis represents the contact resistance including probe resistance of approximately
10 Q.

5.5 Insulating gate oxide and gate contact

In order to passivate the dangling bonds on the InGaAs surface, the sample is put
into an ammonium sulfide mixture for 20 minutes just before ALD deposition. The
purpose is to reduce the density of interface traps otherwise present in the oxide —
semiconductor interface. The ALD process is initialized with several cycles of
aluminum pulsing which is known to have a self-cleaning effect, removing the
native oxide present at the surface [10]. Next, a bilayer of Al,O; and HfO, is
deposited with an equivalent oxide thickness (EOT) off approximately 1 nm.
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Figure 5.1: Transmission line measurement of highly doped n™ contact layer with Ti/Pd/Au
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The bilayer is chosen due to that Al,Os is known to create a low Dj with InGaAs,
which should give a high electron mobility [71]. The thicker part of the oxide is
HfO, due to the higher dielectric constant, increasing the gate to channel
capacitance, giving an improved electrostatic control. Next PMMA resist is exposed
where the gate contact will be. The gate is usually composed of Ti/Pd/Au or
Ni/Pd/Au where the second has a better tolerance to BOE. We have also developed
a bi-layer resist process where a more electron sensitive resist is deposited on top of
PMMA resist. After development and exposure, the developed region will be wider
in the top resist, effectively creating a T-shape in the evaporated metal. This allows
for a bilayer based gate with the same resistance as the single layer resist gate, but
with a reduced parasitic capacitance. An example of the T-gate can be seen in figure
5.2 on top of nanowires for illustrative purposes.
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Figure 5.2: Cross-sectional SEM image of a T-gate made with the double layer resist and
evaporation. In this case the gate is deposited on a nanowire device without regrown
contacts for illustrative purposes.

5.6 High-frequency adapted processing schemes

During this thesis work, four different processing schemes have been used to
fabricate spacers in high-frequency adopted MOSFET layouts. Besides spacer
schemes, the major differences between our RF devices and digital devices, is that
the RF devices consists of 2 gate fingers with many nanowires in parallel, whereas
DC devices usually consists of a single nanowire. The layout of contacts have been
optimized for small parasitic capacitances and to enable measurements with ground-
signal-ground RF probes. Gate contacts in RF-schemes has generally been made
with a large cross-section for low gate resistance, but also with T-gate shape to keep
parasitic gate capacitances low. Schematic images of generation I, 11, IIl and IV RF
devices can be seen in figure 5.3. Due to that the nanowires are rotated 45° compared
to the gate contact, the nanowire shape can be seen in the cross-section looking into
the gate contact. Electrical characterization of each generation can be seen in section
6.3.
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Figure 5.3: Schematic images of generation I (a), II (b), III (¢) and IV (d) RF MOSFETs.
Generation I with partial air-spacers, generation IT with an InGaAs n* ledge, generation 11
with modulation doped InP A-ridge spacers and generation IV with self-aligned air-spacers.
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5.6.1 Generation |

Generation I of our device scheme employed a sacrificial InP spacer, grown on top
of the highly doped n+ contacts in the same MOVPE step. The benefits were that
the InP could be selectively etched away after gate deposition, leaving an air-spacer
between the T-gate and the top surface of the InGaAs contact area. However, there
was still an overlap between the gate and the {111} B surface of the InGaAs contacts,
yielding a capacitance that was limiting the high-frequency performance[72]. SEM
image of the nanowires and contact layer as well as cross-sectional schematic image
can be seen in figure 5.4.
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Figure 5.4: SEM image and schematic image of a generation I device.

5.6.2 Generation 11

In generation II devices, we investigated a scheme to employ highly doped ledges
and air-spacers, to try to create a device with low capacitance and low access
resistance. After growth of n+ contacts, the width of the dummy gate was thinned
down by diluted HF (generation II A), or the dummy gate was replaced with a
narrower dummy gate (generation II B). Next, a thin n+ InGaAs ledge was grown,
followed by sacrificial InP. The benefit of the first approach was that the spacer
alignment was self-aligned, and not limited by EBL alignment. However, one of the
drawbacks, which was improved by the second approach, was the inability to set
different spacer width across the sample. Another drawback of the first approach
was that the yield was far from ideal. Narrow dummy gates could collapse when
trying to do longer back-etching for long spacer lengths and sometimes the ledge
could grow in between the nanowires in the channel due to insufficient HSQ
adhesion after the HF etch. The second approach however, was limited by the
alignment of our EBL equipment, giving poor yield. The benefit of generation II
devices were that an air-spacer could be introduced, while still having low access
resistance due to the n+ InGaAs ledge. However, since the ledges were very narrow,
it was often difficult to assess whether sufficient etching of the sacrificial InP was
performed to really give an air-spacer. Improvements to this scheme would be to
use modulation doped InP in the spacer region, but it was incompatible with the
sacrificial InP removal. An important parameter to optimize in this type of transistor
scheme, is the thickness of the n+ InGaAs ledge. Simulations of the capacitance as
a function of ledge length and height is shown in figure 5.5 (a) for a planar channel
[73]. If the ledge is made too thick, it resembles the standard n+ contact more than
a ledge, replicating the layout of generation I devices with too high capacitance. If
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Figure 5.5: (a) Comsol modelling of capacitances for device generation II, where the
thickness and length of InGaAs ledge is varied. (b) Schematic image of a generation II RF
device with an InGaAs ledge and air spacer.

too thin, the access resistance would be similar to ungated nanowire spacers, and access
resistance would degrade.

5.6.3 Generation 111

In generation III, a novel A-ridge process was introduced, where we aimed at high
spacer design flexibility and self-alignment with the implementation of modulation-
doped InP spacers that the generation II devices did not have. After nanowire
growth, a dummy gate was exposed while simultaneously masking the contact
regions, just leaving a void in the growth mask that will form the A-ridge spacer.
The HSQ exposure was followed by growth of intrinsic InP A-ridges with a Si-
modulation doped layer sequence in the bottom, see figure 5.6 (a). Due to that the
A-ridges were bound by {111}B facets with very slow InGaAs growth rates, the
subsequent growth of n+ contacts would be self-aligned as long as the second HSQ
dummy gate was aligned within the outer boundaries of the InP A-ridges. Due to
the use of modulation doped spacer regions, a low access resistance while
simultaneously low capacitances were achieved. The benefits of generation III
devices were that the spacer lengths of the devices could be set independently over
the substrate, the process scheme was close to self-aligned, relaxing the constraints
on EBL alignment. The drawback is the three epitaxial steps as well as a bit too high
sensitivity to dose variations in the A- ridge HSQ exposure step, making narrow
spacer regions difficult. With generation III we showed that the performance of a
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Figure 5.6: (a) False-colored SEM image after spacer growth and (b) schematic image of
finalized transistor of a generation III RF device with a novel modulation doped InP A-
ridge spacer region seen in orange and grown nanowires in green.

A-ridge device with large gate overlap could match that of a spacer less device with a gate
that was aligned almost exactly at the edge of n+ contacts, something is difficult to achieve
repeatedly[74].

5.6.4 Generation IV

In generation IV, we reinvented generation I devices with inspiration from RF-
CMOS processing schemes. Due to lack of CMP equipment, alternative approaches
were introduced. After unsatisfying tests with spacer materials as SiN, SiO and HSQ
due to spacer loss during dummy-gate etching, a sacrificial spacer material was
selected with high etch selectivity between the spacer, dummy-gate, gate metal and
II-V material. This allowed for both dummy-gate removal and spacer removal
without damaging surrounding structures. Due to problems with HSQ resist
exposure and HSQ delivery at the time, generation IV has so far only been
implemented on planar InGaAs devices, but there is nothing foreseeable that should
inhibit the process scheme to be implemented on nanowire MOSFETs as well.

After growth of the highly doped contact regions, the dummy-gate is left in place,
instead of being removed as it was in generation I devices. The dummy-gate will act
as a template for the sacrificial spacer placement to come. After PECVD deposition
of the sacrificial spacer, the dummy gate will be buried, and needs to be accessed in
order for the gate to be placed at the channel in later steps. In CMOS processing,
the dummy-gate is accessed with CMP but we have instead developed a scheme
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Figure 5.7: Schematic images of generation IV RF device with air spacer and a gate not
overlapping the {111}B facet of the InGaAs n+ contact. (a) Deposition of spacer with the
HSQ dummy gate as mask with a thinned down planarization layer. (b) Dry-etching of
spacer on top of dummy gate and removal of dummy gate and planarization layer. (c) ALD
of high-k oxide and metal evaporation. (d) Removal of oxide, sacrificial spacer and
deposition of source drain contacts.

where an organic planarization layer is spin coated and then thinned down to reveal
the top of the dummy gate with spacer material on top, see figure 5.7(a). The spacer
material on top of the dummy gate is then dry etched away until the top of the
dummy gate itself is visible. The planarization layer is removed, and the dummy
gate can be etched away by BOE, figure 5.7 (b). After gate stack deposition and
lift-off, figure 5.7 (¢), the high-k oxide outside the gate is removed and the sacrificial
spacer material can be etched away, leaving an air-spacer between the gate and the
n+ InGaAs contacts. The T-gate can then also be used as a shadow mask for very
tight source-drain spacing, see figure 5.7 (d).
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Table 5.1: Simplified process-flow of generation I, IIB, Il and IV RF devices.

Process steps Gen 1 Gen IIB Gen III Gen IV
13t EBL - nanowire X X X -
I MOCVD - channel X X X X
2™ EBL — dummy gate X Wider + Spacer area X
2" MOCVD InGaAs + InGaAs InP InGaAs

InP
Dummy gate removal X X X -
39 EBL — dummy gate - Narrower X -
3¢ MOCVD - InGaAs InGaAs -

ledge + InP

Spacer deposition - - - X
Dummy gate removal - X X X
High-k and gate X X X X
Spacer etching X X - X
Mesa etching X X X X
Source, drain, pad X X X X

This scheme has utilized all benefits of generation I devices, that is self-aligned gate,
low access-resistance, air spacer, but with the additional improvement of a gate that
is separated from the {111}B facet of the contact layer for smaller parasitic
capacitance.

The high yield of generation IV devices, together with the self-alignment of the
spacer scheme, allowed us to do the largest device scaling study so far of our III-V
MOSFETs. With both gate length and width variation, we could quantify the
intrinsic and parasitic properties of our devices, which is beneficial for future circuit
implementations.

5.6.5 Summary of RF process flows

The four RF device generations above share a lot of similarities, but also differ in a
few key aspects. Table 5.1 compares the process flow for generation I-IV RF
devices, with the main processing steps highlighted. Different generations vary in
the amount of MOCVD steps and EBL steps, depending on the process complexity.
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6 III-V device characterization

In this thesis, we have performed electrical characterization of I1I-V nanowires and
MOSFET devices aimed at low-power applications as well as analog RF
applications, showing the very high potential of the material system for future
electrical circuits.

6.1 Hall measurements

In this thesis, two papers regarding Hall measurement on nanowires are included,
paper I and paper VI. Hall measurements on small nanostructures has been
challenging to perform due to the high-accuracy alignment required for measuring
on nanowire devices. Vapor-liquid-solid (VLS) growth of vertical nanowires, as
well as the fine-tuning of growth parameters with complementary Hall
measurements is important both for optoectronic devices as well as vertical
nanowire transistors, both being thoroughly researched at Lund University. In paper
VI, we characterized vertical InP nanowires grown with VLS growth to see how far
we could increase the Sn-doping in the nanowires while still ensuring a high
nanowire quality, see figure 6.1 [75]. The analysis linked growth rates and doping
incorporation in the nanowires, with a special emphasis on spatial resolution in the
measurements, as Hall-contacts were fabricated on three separate locations along
the nanowire. The measured carrier concentration for different TMIn flow during
the MOVPE growth is shown in figure 6.1(b). There is a clear trend with increasing
carrier concentration with lowered TMIn flow due to increased TESn/TMIn ratios,
until the value saturates around 1e19 cm™. We observe that the nanowires grown
with relatively higher TMIn flow has a decreasing growth rate at the top of the
nanowires, most likely due to less In atoms diffusing along the nanowire to the top,
where it incorporates into the gold-particle. This could also explain why the Hall
measurements indicate a higher carrier concentration in the top for these TMIn
flows, due to the possible reduced Indium supply along the wire, yielding an
increased group IV-III ratio. Interestingly, the carrier concentration is reversed for
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Figure 6.1: (a). SEM image of Hall contacts on a VLS grown Sn doped InP nanowire where
the carrier concentration can be measured in pairs along the nanowire. (b) Carrier
concentration as extracted from Hall-measurements for varied molar fraction of TMIn.

relatively lower carrier concentrations, where also the growth rate difference
between bottom and top is less pronounced. One possibility is that the lowered TMIn
flow has affected the diffusion lengths of dopants and In-adatoms, giving a
decreased group IV-III ratio along the wire.

With the knowledge gained from Hall measurements in paper VI, in paper I, we
revised the Hall-fabrication process to be compatible with selective-area-grown
lateral nanowires, similar to those used in the transistor process in the rest of the
papers [68]. Instead of metal contacts in direct contact with the nanowire, which is
suitable for nanowires wider than 100 nm, the nanowires in this paper were grown
in a Hall-bar structure, enabling Hall-measurements of nanowires with width as
small as 50 nm. From the measurements we concluded that the carrier concentration
in the nanowires were surprisingly high, around 1 x 10" cm™ as seen in figure 6.2,
even though the nanowires are non-intentionally doped. We could see a slight
decrease in carrier concentration with decreasing width, but more importantly, the
effect of surface scattering increased significantly for narrower widths, clearly
decreasing the mobility.
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Figure 6.2: Carrier concentration (a) and mobility (b) as extracted from Hall bar structures
made of selective area growth of InGaAs nanowires with varying width.

Due to the relatively high carrier concentration, we investigated the effect of growth
temperature on carrier concentration for planar structures. We could see a large
decrease in carrier concentration with increasing growth temperature, as well as
increased mobility, see figure 6.3. This made us use an increased growth
temperature of 600 °C for generation III and IV RF devices.
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Figure 6.3: Carrier concentration and mobility from Hall measurements on planar InGaAs
layers with varied temperature during MOVPE growth.
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Figure 6.4: Off-state (a) and on-state (b) for VLSI adopted nanowire MOSFET with 555
LA/um on current at Vpp = 0.5 V and lorr = 100 nA/pum from paper V.

6.2 III-V nanowire MOSFETs for low-power digital
applications

III-V nanowires are interesting for logic applications due to the increased electron
velocity in narrow band gap semiconductors and for the improved electrostatic
control coming from the three dimensional gate structure. In paper V, we
investigated DC performance of selective area grown indium rich IngssGao.15As
single nanowire MOSFETs in tri-gate geometry [76]. For a fairly long gate length
of 70 nm, the devices showed a high transconductance of 2.85 mS/um, still
maintaining a well performing off state with SS = 80 mV/decade, giving Ion = 555
pA/pum at lorr = 100 nA/pm and Vpp = 0.5 V which was record performance at the
time, see figure 6.4. Another device with a better off-state had SS = 65 mV/decade
and gm = 2.65 mS/pum giving a high Q value of 40. Scaling of nanowire dimensions
showed significant improvement in SS with decreasing nanowire width, while still
maintaining a well performing off-state at the smallest gate length of 40 nm.
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Figure 6.5: (a) Offstate of a VLSI adapted transistor in paper IV with sub threshold swing
close to the thermal limit of 60 mV/decade and record /oy . (b) Nanowire width influence on
Ioy indicating the improved electrostatic control with reduced nanowire width.

In paper IV, we were able to improve the DC performance even further,
simultaneously enabling gm =3 mS/um and SS = 66 mV/decade, giving the highest
reported /on to date at 650 pA/pm, see figure 6.5 (a) [77]. The optimum of /oy is for
narrow nanowire width and a gate length of 70 nm where the best slopes are
obtained with a high transconductance still. This was achieved with an improved
surface passivation scheme prior to ALD gate oxide deposition, lower EOT of the
gate dielectric, and the inclusion of an InP pillar etch which allows the gate to give
a better electrostatic control in the bottom edges of the nanowires.

6.3 MOSFETs for high-frequency applications

Building on our platform of digital nanowire transistors consisting of single
nanowires, we have adjusted the transistor layouts for improved high-frequency
performance, with hundreds of horizontally stacked nanowires with a tight pitch,
including spacer schemes for low capacitances, and transistor layout suitable for RF
measurements. We have also demonstrated the first noise measurements on our RF
platform, as well as BEOL processing and initial circuit demonstrations. We have
also varied the transistor dimensions, both gate length and gate width to quantify
the intrinsic and parasitic performance of our devices.
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Figure 6.6: (a) Capacitance and (b) gain of generation I RF devices with a sacrificial InP
spacer creating a seperation to the contact layer.

In paper III, generation I of our RF devices were published [72]. The devices
consisted of 2 fingers with 100 nanowires per finger with a very short gate length
of 20 nm. The devices had a partial air-spacer and self-aligned source-drain contacts,
giving a low access resistance. The short gate-length and narrow nanowires also
gave a low intrinsic capacitance, with a total gate capacitance Cgg = 1.10 fF/pum.
High fr and especially f.... was delivered, due to high transconductance and fairly
low capacitances as seen in figure 6.6.

In order to try to improve the performance of generation I devices, generation II
devices that was presented at the conference Compound Semiconductor week (
paper VII, not included in the thesis) [78], had a highly doped ledge and attempt on
airspacer with the aim of separating the gate from the {111} B facets of the n+ doped
contact. Generation II A with a back-etched HSQ dummy gate, and 5 nm ledge
length showed fr of 180 GHz and f,... of 200 GHz where the gain plot is seen in
figure 6.7 (b). The capacitances was unfortunately not decreased from generation I
devices with Cgg = 1.2 fF/um, figure 6.7 (a), most likely due to insufficient InP etch,
wider nanowires and longer gate length. With the aim of lowering the capacitance,
we developed generation II B devices, with 10 nm ledge length, aligned by EBL.
The increased spacer length achieved a reduction of the capacitances to Cgg = 1.0
fF/um in the on-state as seen in figure 6.7 (c) but due to worse transconductance
than generation I, f7 and f..x remained at around 100 GHz.
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Figure 6.7: Capacitance of generation II A self-aligned 5 nm length n+ ledge device and
gain. Capcitance of generation II B device with 10 nm n+ ledge EBL aligned, showing a
drop in the measured capacitances.

Generation IlI-devices in paper 1, was implemented with a novel approach on
modulation doped InP spacers [74]. The devices were not dependent on InP-
sacrificial layer etching which had been a limiting factor on yield and device
variation in previous generations. The novel approach was inspired by work from
Santa Barbara where an InAs MOSFET with InP spacer had shown high
performance on planar structures with frof 357 GHz [79]. The introduction of novel
A-ridge InP spacers in generation III devices eliminated the need for InP underneath
the n" contacts, possibly lowering the access resistance compared to the processing
scheme utilized in [79]. The influence of gate overlap capacitance was reduced
compared to spacerless devices, as we have modeled in figure 6.8. The introduction
of modulation doped layers could keep the access resistance fairly low even with
the introduction of 80 nm spacer for a 40 nm gate length device. This lead to that
the performance of devices with large spacer, and relaxed gate alignment
requirements with a large gate overlap of 40 nm, could almost match performance
of devices without a spacer with an EBL aligned gate with minimal overlap of
approximately 5 nm, something that cannot be reproduced with a high accuracy in
our university lab. The spacer scheme allowed for a small reduction of capacitances
compared to generation I devices and matched generation IIB devices at Cgg = 1.0
fF/um. However, due to relatively poor transconductance in both spacer less devices
and devices with spacer fr and f.x was 70 GHz and 100 GHz respectively.

Building on the platform developed in generation I devices together with spacer
processing from CMOS compatible III-V FINFET devices [80], our generation IV
devices had a completely self-aligned air-spacer scheme. Due to the self-aligned
nature of the processing scheme, high yield of devices were achieved, and variations
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Figure 6.9: Experimental capacitances of 2 x 7 um finger generation I1I devices with a self-
alinged modulation doped processing scheme. Devices with InP spacer and a large gate
overlap matches capacitances from a EBL demanding 5 nm gate overlap spacerless device.

in gate length and gate width enabled extraction of intrinsic and parasitic
capacitances in a planar channel device. Due to problems with EBL exposure at our
university lab, the devices were fabricated with a planar device channel, and source-

drain contacts as well as pads were fabricated with UV lithography, with an
alignment accuracy of the order of 2 pm. To be sure to actually align the devices
correctly, the source drain metal had 2 pm extensions on each side outside the mesa
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Figure 6.10: (a) Fitted capacitance from approximately 160 planar devices in the self-
aligned generation IV device, with gate length in legend. Data from on-state at Vgs=0.5 V
and Vps = 0.5V. (b) Influence of gate width and gate length on unity current gain frequency
showing the improved transistor performance with increased gate width due to reduced
influence of parasitic pad capacitances.

structure, adding a significant part to the parasitic capacitance. We also believe that
the large separation between gate fingers of 24 um has contributed to adding a long
parallel plate capacitor between gate pad and drain contact of approximately 1-2 fF
that especially reduces performance for narrow device widths. Even though the
devices had increased parasitic capacitances due to UV exposures, the capacitances
were the lowest measured so far in any of our device generations. 160 devices with
different gate length and width were measured in RF, and the linear fitting of 40 nm
gate length as a function of gate width gave Cgq = 0.17 fF/um + 3.4 {F, Cy=0.31
fF/um + 4.1 fF and Cge = 0.48 fF/pm + 7.5 fF. This highlights the large influence
the pad capacitances have on especially small gate width device. Figure 6.10 (b)
shows fr dependence on gate length and width. The highest fr was 225 GHz,
measured for a 40 nm gate length, 2 x 20 um finger device with Cg = 0.62 fF/um,
comparable to high performance HEMTs [81]. The reason for increasing fr with
increasing gate width is the decreased influence of parasitic pad capacitance.

6.4 Benchmarking of RF performance

In this section, we benchmark the RF performance of our III-V MOSFETs for the
most important high-frequency metrics against other competing technologies as II1-
V HEMTs, 1l1I-V MOSHEMTS, planar MOSFETs and FinFETs.
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Figure 6.11: Total gate capacitance as a function of transconductance for different RF

technologies, showing that both high transconductance and low capacitance is needed for
high-performance at high frequencies. f ~ —22
2nCgqg

between reported fr and relationship to grey lines will occur depending on if reported gm is
the intrinsic or extrinsic value.

is indicated in grey lines. Some variations

In table 6.1, information about technology, gate length, transconductance, total gate
capacitance fr and f... as well as year published is presented. In some cases, the total gate
capacitance is not written in the paper, therefore, it has been approximated from

transconductance and fr as Cy4 = zgn—’]':. It is clear that still HEMT devices are the best in
T

terms of high-frequency performance, but not much improvement has occurred over the last
years. In RF CMOS, where logic technology is also available, Si FInFETs are competitive
to planar architectures, mainly due to improved transconductance, however, capacitances
and cost are limiting factors. In this work, single I1I-V nanowires have shown very high DC
transconductance, and low-capacitance RF schemes have also been demonstrated. Still, both
obtained at the same time is needed for both vertical and lateral nanowire MOSFET to be

really competitive in RF domain. In figure 6.11, the inverse of Cg is plotted against
Im

2nCgqg
generation I-III devices beats both the reference I1I-V FinFETs and Si FinFET in terms of

capacitances, but the transconductance needs to be improved for higher f. Generation IV
planar MOSFET is also very comparable with state of the art HEMT technologies in terms
of capacitances, but again the transconductance must be increased to reach the performance
of HEMT devices.

transconductance with the formula f = shown in grey lines. It can be seen that
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Table 6.1: RF performance of various high-speed transistor technologies, with metrics taken
from papers. If Cg not presented, an approximation from Czq ~ zgﬁ has been used.
T

Generation [-IV devices are normalized to gate width, and not gated circumference of
nanowires to make for a better comparison of capacitances with planar technologies.

Technology Year L, S Ceo Jfr Sfmax  Ref
(nm) (mS/um)  (fF/um) (GHz) (GHz)
[II-V HEMT 2008 35 25 0.7 556 - [62]
[11-V HEMT 2011 20 25 0.6 660 - [82, 83]
[II-V HEMT 2013 60 2.1 0.5 710 438 [83]
[II-V HEMT 2015 25 3.0 0.8 610 1500  [84]
III-V MOSHEMT 2017 30 1.3 0.7 306 380 [85]
III-V MOSHEMT 2019 20 2.4 1.4 275 640 [12]
III-V MOSFET 2018 30 - - 400 100 [86]
III-V MOSFET 2018 20 1.5 0.9 370 310 [87]
III-V MOSFET 2018 30 1.6 1.1 410 357 [79]
Bulk CMOS 2010 26 - - 445 - [47]
SOI 2012 32 - - 430 400 [88]
FDSOI 2016 20-28 - - 375 290 [48]
Si FinFET 2014 34 - - 180 - [89]
Si FinFET 2017 30 - - 252 - [50]
Si FinFET 2017 32 ; ; 230 284  [49]
Si FinFET 2017 14 3.0 15 314 180 [51]
II-V FinFET 2018 20 1.5 2.0 120 60 [80]
III-V FinFET 2018 - - - 150 150 [87]
Vertical [II-VNW 2014 150 0.7 0.7 141 155 [90]
III-V NW 2016 20 0.9 1.1 275 400 g. 1[72]
-V NW 2018 40 1.4 1.2 180 200 g. [I[78]
11-V NW 2018 40 0.6 1.0 100 85 g 1I[78]
-V NW 2020 32 0.5 1.0 70 100 g IM[74]
III-V MOSFET 2020 40 0.9 0.6 225 130 g IV
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Figure 6.12: Measurements of the minimum noise figure for a nanowire transistor with 50
nm gate length and 2 x 7 pm gate width.

6.5 Initial circuit efforts

This section indicates a few highlights of initial circuit activities that the author has
contributed to, although performed mainly by colleagues, on the lateral nanowire
transistors. As part of the EU project Insight, the RF noise was measured for one of
our transistors as can be seen in figure 6.12 [91]. Minimum noise figure was fitted
to be approximately 5 dB at 94 GHz, with the lowest value of approximately 1 dB
around 5 GHz. The technology lacked implementation of T-gate, why the gate
resistance was high, limiting the noise performance.

After generation I devices, the development of FEOL transistors was combined with
efforts in developing a low-temperature BCB based BEOL in-house, performed by
colleagues in our research group. The influence of BEOL on the DC properties of
our lateral nanowire MOSFETs to determine if transistor performance was
deteriorated due to the increased amount of processing post transistor finalization
[92]. It was concluded that no such negative effect could be seen, only drawback
was slightly higher off-current as seen in figure 6.13. Actually, the transconductance
increased slightly due to the annealing of the contacts.
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Figure 6.13: DC performance of a 2 finger, 200 parallell nanowire transistor before and
after back-end-of-line processing.

In the BEOL, also matching networks were designed for the lateral nanowire
transistor with the aim of achieving gain at 60 GHz. In figure 6.14, the S-parameters
is plotted for a frequency range of 50 to 70 GHz, with S»; showing a gain of
approximately 4 dB at 60 GHz.
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Figure 6.14. Gain for a single transistor, 2 x 7 um gate width, 40 nm gate length, generation
I device, with input matching network and output bias tee performed in BEOL.
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7 Conclusions and outlook

This thesis highlights the progress made in I1I-V nanowire technology for electronic
devices. The papers included in the thesis spans all the way from Hall measurements
of the carrier concentration in the nanowire crystal, to implementation of record
performance VLSI devices as well as transistors adopted for high-frequency
applications. The n-type tri-gate nanowire transistor for VLSI applications show
world-record /oy at 650 pA/pum at Iorr = 100 nA/pm and Vpp = 0.5 V, higher than
any silicon transistor to date. The SS = 66 mV/decade and g = 3 mS/um indicates
a well performing transistor in both off-state and on-state. RF-adopted transistors
consisting of several hundred nanowires with tight pitch show frand f,.. of 275 and
400 GHz respectively. Efforts in making the RF transistors ready for circuit
applications have been initiated with small signal parameter modelling of up to 160
devices, enabling extraction of both intrinsic and parasitic performance, crucial for
future circuit applications based on the nanowire technology. The author has also
contributed to, although not included in the selected papers of the thesis, initial RF
noise measurements, BEOL integration and first demonstration of a RF nanowire
transistor with matching network showing gain at 60 GHz.

One of the main focuses has been on implementing spacer technology for the RF
nanowire transistors. Many of the processing schemes presented in this thesis have
shown a low capacitance, comparable to the state of the art HEMT devices,
something very important to make nanowire technology competitive also in the RF-
domain. In order to improve the high-frequency performance further, the quality of
the nanowire layer must be improved, so that transconductance and output
conductance of the RF devices can match that of DC devices demonstrated early on
during the thesis work. Ongoing work is analysis of different pre-treatments before
growth, annealing studies and In-content in the nanowire layer. Possibly, further
optimization of EBL exposure of the HSQ growth mask for RF devices could yield
smoother nanowire side walls with an increased mobility. So far, generation IV
processing scheme, with self-aligned air spacers, have not been processed on
nanowires, which together with an improved nanowire quality could potentially
yield even higher RF performance. During the thesis work, T-gate structures have
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been developed, however with thickness in the order of 100 nm. To improve the
power gain of the transistors, possible tri-layer resist T-gate processes should be
developed for gate thickness in the order of 200-300 nm. Future work also focuses
on implementation of low-noise-amplifiers in the BEOL, where significant
modelling has already been initiated. Finally, optimizing the pad layout with smaller
separation between fingers and increased drain to gate pad separation could reduce
the parasitic capacitances with a few fF more.

To summarize, lateral nanowire MOSFETs with world-record performance have
been manufactured in this thesis, and as far as we can see, lateral nanowires are the
main candidate of replacing FInFETs, most likely already in the 3 nm node, although
implemented in silicon and with a gate-all-around technology. If the improved speed
of I1I-V channels will be enough to replace Si for logic and if nanowire technology
will be implemented in commercial RF devices still remains to be seen.
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A. Appendix A

A.1 Lateral nanowire RF process

This section describes the lateral nanowire MOSFET for RF applications, based on
generation [V self-aligned process scheme with nanowire processing added.

A.1.1. Nanowire masking and growth

Sample preparation

Cut (100) InP:Fe (S.I) into 10 x 12 mm pieces
Sample cleaning

5 min acetone, 2 min isopropanol (IPA)

8 min ozone cleaning, 500 sccm O, flow
Resist deposition

2 min on 200 °C hotplate demoisturizing bake

Dilute 6 % HSQ to 1.5% with methyl isobutyl ketone (MIBK) and spin coat on
sample 60 s 6000 rpm

Bake resist 2 min on 200 °C hotplate to promote HSQ adhesion to the InP
substrate.

EBL 1: NW growth mask exposure

Expose single pixel lines with 2 nm step size, 30 um aperture, 50 kV exposure
voltage and 300 pA current.

Development
Heat TMAH 25% to 40 °C. Develop 1 min 30 s, 2 min H>O, 30s IPA.
MOCYVD 1: Nanowire growth

Growth of 12 s InP buffer and 12 s Ing.63Gag37As (~ 12 nm) u.i.d. at 600 °C with
surface cleaning at 690 °C in PH3 over-pressure.
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Growth mask removal
3 min BOE 10:1, 1 min H,O 30 s IPA

A.1.2. HSQ dummy gate mask exposure and contact regrowth

Resist deposition

2 min on 200 °C hotplate demoisturizing bake

Spin coat 6 % HSQ on sample 60 s 3000 rpm (~100 nm)
Bake resist 2 min on 200 °C hotplate.

EBL 2: HSQ dummy gate exposure

Expose dummy gate features, 8 nm step size, 40 pm aperture, S0kV exposure
voltage and 600 pA current.

Development
2 min TMAH 25%, 2 min H>O, 30 s IPA.
MOCVD 2: Contact regrowth

Growth of 30 nm Ing 63Gao 37As at 500 °C with Sn doping, with surface cleaning
at 590 °C in AsHj over-pressure.

A.1.3. Sacrificial spacer deposition and dummy gate removal
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Spacer deposition

~75 nm PECVD of spacer layer

Organic planarization layer deposition

2 min on 180 °C hotplate demoisturizing bake

Spin coat S1805:PGMA 2:3 on sample 45 s, 5000 rpm (~120 nm)
Bake resist 10 min on 180 °C hotplate.

Thinning of planarization layer

O, RIE at 300 mTorr, 50 W. Etch until top of HSQ dummy with spacer on is
visible

Dry-etch of spacer material to open up HSQ dummy



SF¢/N2, 25/25 scem, 20 W, approximately 30 s, until HSQ dummy is visible.
Planarization layer removal
20 min, 50 °C, alternatively O, RIE at 300 mTorr, 50 W.

Dummy gate removal
4 min BOE 10:1, 1 min H,O 30 s IPA

A.1.4. Gate dielectric and gate metal deposition
High-k deposition and surface passivation
8 min ozone cleaning, 500 sccm O, flow
10 min (NHa)2, 7 s H20.

Atomic layer deposition: 5 cycles of TMAI precleaning, 6 cycles of Al,Os at
300 °C, 36 cycles of HfO; at 125 °C.

Resist deposition

2 min on 180 °C hotplate demoisturizing bake
Spin coat PMMA 950 AS, 4500 rpm, 45 s
Bake resist 2 min on 180 °C hotplate

EBL 3: Gates and gate anchors

Expose gate features, 8 nm step size, 40 um aperture, S0kV exposure voltage
and 600 pA current.

Development

1 min 30 s MIBK/IPA 1:3, 30 s IPA

Metallization 1: Gate

30 s at 5 mbar O, pressure in oxygen plasma etcher

Thermal evaporation of 5/10/150 nm Ni/Pd/Au, rotating sample
30 min acetone 50 °C lift-off

30 s at 5 mbar O, pressure in oxygen plasma etcher
A.1.5. Sacrificial spacer removal and device isolation

High-k removal outside gate

2 min BOE 1:10, 1 min H,O, 30s IPA
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Dry-etch of spacer material to form air-spacer

SF¢/N2, 25/25 scem, 10 W, 45 mT, approximately 60 s, until sacrificial spacer
is removed underneath T — shape in gate.

Resist deposition

2 min on 120 °C hotplate demoisturizing bake
Spin coat S1813, 4000 rpm, 60 s

Bake resist 2 min on 180 °C hotplate

UV-1: Mesa etch mask

Hard contact 5.5 s

Development

Continued stirring

Bake resist 10 min at x °C

Mesa etching

40 s in H3PO4:H202:H,0 1:1:25, 1 min H>O, 30 s IPA, to make sure InGaAs is
removed underneath gate outside active device area

7 s in HCI H,O 1:1, 1 min H,O, 30 s IPA, to make sure InP is removed
underneath gate outside active device area

Resist stripping
20 min acetone 50 °C S18 removal

60 s at 5 mbar O, pressure in oxygen plasma etcher

A.1.6. Source — drain contacts deposition
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Resist deposition

2 min on 120 °C hotplate demoisturizing bake
Spin coat maN, 4000 rpm, 60 s

Bake resist 2 min on 180 °C hotplate

UV-2: Source and drain contacts

Hard contact 5.5 s

Development

Continued stirring



Bake resist 10 min at x °C

Metallization 2: Source and drain

30 s at 5 mbar O, pressure in oxygen plasma etcher

10 s HCI:H»O, 1:10, 10 s H,O native oxide etch

Thermal evaporation of 5/5/30 nm Ti/Pd/Au using the T-gate as a shadow mask
30 min acetone 50 °C lift-off

30 s at 5 mbar O, pressure in oxygen plasma etcher

A.1.7 Pad deposition
Resist deposition
2 min on 120 °C hotplate demoisturizing bake
Spin coat maN, 4000 rpm, 60 s
Bake resist 2 min on 180 °C hotplate
UV-3: pads
Hard contact 5.5 s
Development
Continued stirring
Bake resist 10 min at x °C
Metallization 3: pads
30 s at 5 mbar O, pressure in oxygen plasma etcher

Thermal evaporation of 5/10/300 nm Ti/Pd/Au using the T-gate as a shadow
mask

30 min acetone 50 °C lift-off

30 s at 5 mbar O, pressure in oxygen plasma etcher
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Abstract
InGaAs nanowires is one of the promising material systems of replacing silicon in future CMOS
transistors, due to its high electron mobility in combination with the excellent electrostatic
control from the tri-gate geometry. In this article, we report on gated Hall measurements on
single and multiple Iny gsGap 1sAs nanowires, selectively grown in a Hall bridge geometry with
nanowire widths down to 50 nm and thicknesses of 10 nm. The gated nanowires can be used as

https://doi.org/10.1088,/1361-6528 /aa6287

junctionless transistors, which allows for a simplified device processing as no regrowth of
contact layer or ion implantation is needed, which is particularly beneficial as transistor
dimensions are scaled down. The analysis shows that the InGaAs layer has a carrier

. . 19 -3
concentration of above 10"~ cm

, with a Hall carrier mobility of around 1000 em?> V7 's7! The

gated Hall measurements reveal an increased carrier concentration as a function of applied gate
voltage, with an increasing mobility for narrow nanowires but no significant effect on larger

nanowires.

Keywords: Hall effect, InGaAs, nanowire, carrier concentration, MOSFET, Hall bridge,

junctionless

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

1. Introduction

Semiconductor nanowires (NWs) are an attractive device geo-
metry for the production of LEDs [1], sensors [2], photo detec-
tors [3, 4] and solar cells [5]. The nanowire geometry also allows
for heterogeneous integration of various III-V [6] compounds as
well as Si. Nanowire field effect transistors (NWFETS) is an
additional key area where nanowires provide advantages, due to
the improved electrostatic control of the channel potential arising
from the gate all-round geometry [7]. To produce high perfor-
mance devices, it is important to measure and understand the
charge carrier concentration and mobility. Hall measurements of
vapor-liquid—solid (VLS) grown nanowires have previously
been performed [8, 9]. In this case, the vertical NWs were broken
off and placed on a measurement substrate. However, with this
technique it is difficult to align metal contacts with high enough
precision and sufficient space between adjacent Hall probes on
NWs with a diameter smaller than 100 nm.

Selective area growth of NWs offer several advantages.
For instance, nanowires can be formed lateral to the substrate,

0957-4484/17 /205204+06$33.00

which is compatible with standard complementary metal
oxide semiconductor (CMOS) fabrication. Moreover, tem-
plate assisted growth allows us to design Hall bridge geo-
metries and measure the carrier concentrations (nnw) on
nanowires with dimensions down to 50 nm.

In recent years, InGaAs nanowires have received
increased attention for CMOS applications due to the
improved electron mobility of InGaAs compared to silicon
[10]. Higher electron mobility leads to increased drive cur-
rents which effectively allow the supply voltages as well as
the power consumption to be reduced.

In this work we present a processing scheme as well as
gated Hall measurements of selectively grown lateral InGaAs
NWs. This approach requires no NW transfer, or top-down
etching to define the NWs hence the sidewalls are defined by
crystal facets rather than etched surfaces.

The use of gated nanowires in combination with Hall
bridge geometry enables us to control and measure the channel
carrier concentration nyw as the gate voltage is varied, as well
as the Hall mobility. The fabricated gated Hall bar device is

© 2017 IOP Publishing Ltd Printed in the UK
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Figure 1. (a) Schematic image of the fabrication process for our regrown InGaAs nanowire transistors in Hall bridge geometry. Step 1: HSQ
patterned into a growth mask for the selective area regrowth of InGaAs in step 2. Step 3: HSQ patterned as an etch mask for the subsequent
device isolation in step 4. Step 5: Ti/Pd/Au contacts evaporated to source and drain regions as well as Hall contacts. Step 6: Final processing
step of ALD (10 cycles of Al,03/150 cycles of HfO,) followed by gate evaporation of Ti/Pd/Au. (b) AFM image showing the cross section
of a 110 nm wide fin. Observe that the scale of the y-direction is different from X and Z. (c) A cross-sectional schematic image of the
substrate, channel material and oxide as well as gate metal. Note that figures 1(a) and (c) are not to scale.

essentially a realization of a junctionless transistor. Junctionless
transistors, which typically employ uniform high doping
through the contacts and the channel, have seen increased
research interest recently due to their simplified fabrication
process that does not require any ion implantation in the source
and drain regions [11]. We have previously demonstrated the
potential of this material system in combination with regrown
contact regions. For example, we have measured quantized
conductance in nanowire channels and excellent transistor
performance with high on-currents [12, 13].

2. Experimental

The process starts with spin coating a semi-insulating InP:Fe
substrate with the negative electron beam lithography (EBL)
resist hydrogen silsesquioxane (HSQ) (1.5%) followed by a
baking step at 200 °C. The resist is EBL exposed and devel-
oped by tetramethylammonium hydroxide (TMAH) where the
HSQ partially transforms into SiO, (figure 1, step 1). The SiO,
acts as a growth mask for the subsequent MOCVD selective
area growth of lateral [011] InggsGag 1sAs nanowires (step 2)
with nanowire widths varying from 50 to 410 nm. While the
NWs are grown not intentionally doped, the low growth
temperature of 500 °C facilitates high background doping. We
have fabricated transistors with both single wires and with
three nanowires in parallel to increase the current, and effec-
tively reducing the signal-to-noise ratio. The nanowires have a
higher In-content than the planar growth areas, arising from
interactions with the HSQ mask [12]. The NW’s faceting
structure depends on their orientation on the substrate. In this
work, we utilize NWs with (111)B sidewalls, as seen in
figure 2(c) for thicker reference NWs. In contrast to the
reference, the growth is terminated at a nanowire height of

15 nm, rendering a flat (100) top facet, as can be seen in the
AFM image in figure 1(b). The SiO, growth mask is subse-
quently removed by buffered oxide etch (BOE) (10:1). The
devices are isolated through EBL exposure of an HSQ (6%)
mask (step 3) followed by a mesa etch with H;PO,:H,0,:H,O
for 25s. The schematic image of the Hall-bar after device
isolation and HSQ removal is shown in figure 1 (step 4). We
perform 4 cycles of digital etches to trim down the nanowire
height, from 15 nm as seen in figure 1(b) to a final thickness of
10 nm, through ozone oxidation for 8 min followed by 15s of
HCI:H,O (1:5). Next, the devices are contacted through EBL
exposure of PMMA and evaporation and lift-off of Ti/Pd/Au
(100/100/800 A) (step 5). The transistor channel is passivated
with a (NH4),S (10%) solution and gate oxide is deposited
through ALD (10 cycles of Al,O; and 150 cycles of HfO,)
with an EOT of 4 nm where the Al,O5 acts as an interface layer
to reduce interface roughness and decrease density of interface
traps (Dy) [14]. The relatively thick gate oxide has been
selected to decrease the gate leakage in order to obtain as stable
a Hall voltage signal as possible. The transistor is completed
with gate definition through EBL, evaporation and lift-off of
gate metal, Ti/Pd/Au (100/100/800 A) (step 6) creating a tri-
gate geometry. Figure 1(c) shows a cross-sectional schematic
image, and top view SEM images of finalized transistors can be
seen in figures 2(a) and (b) for multiple and single nanowire
devices, respectively. All data presented from gated devices in
this paper have gates overlapping the source and drain contacts
to reduce the resistances in the transistors, figure 2(d) shows
a zoomed out top view image with the layout of measurement
pads for Hall measurements. From AFM measurements
seen in figure 1(b) we have measured the root mean square
roughness of the top facet to 1 nm and the side wall roughness
to 5Snm.
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Figure 2. (a) Top view SEM image of finished gated nanowire Hall bar with gate length of 4 ;sm with three nanowires in parallel and for a
single wire (b). (c) A cross-sectional SEM image of InGaAs nanowires from a reference sample with thicker nanowires, showing the (111)B
planes that make up the side walls. (d) A SEM image of the finalized device showing measurement pads as well as alignment marks for the
two metallization steps. The images have been false colored to highlight different device areas.

3. Results and discussion

The electrical measurements are performed at room temp-
erature with a Hall effect measurement setup using 4 source-
measure units and a 2.5 Tesla electromagnet. In order to
measure the intrinsic resistivity and to reduce the effect of
contact resistance and the resistance in the metal probes
(0.5€/pm length) we have performed 4-probe measure-
ments where the source-drain voltage (Vpg) is swept from 0
to 0.2 V generating a current through the nanowire. From the
linear fitting of the voltage drop measured between the inner
contact pairs on one side of the device, plotted against the
current, the intrinsic resistance, and hence the resistivity, p,
is calculated as:

_R-w-t

1
L (€Y

where R is the resistance, w is the width of the nanowires, ¢
is the thickness and L. the length between Hall contacts on
the same side of the device. Here we take into account a
factor of 3 for the nanowire width if a device with three
nanowires is analyzed. For the Hall measurements, Vpg of
0.5 V is sourced and a magnetic field of —2 to 2 T in steps of
1T is applied perpendicular to the substrate. The subsequent

Hall voltage, V), is measured as the voltage difference

between two opposing Hall contacts to extract the carrier

concentration, nyw:

B
Vigt

nyw (2)
where i is the current measured between source and drain, B
the applied magnetic field and ¢ is the elementary charge.
We calculate the carrier concentration from a linear fitting of
the Hall voltage as a function of the five different magnetic
fields. The measurement of the Hall voltage is performed for
both Hall pairs in a device with good correlation of the
extracted carrier concentration. Finally, the electron mobi-
lity, fun, is calculated from measurements of resistivity and
Hall carrier concentration:

3)

1
ll'll =

a qnnw p

We have studied the carrier concentration and the mobility
both before and after gate deposition. After the gate is applied,
the measurements are repeated for gate voltages, Vgs of —0.5
to 0.5V in steps of 0.1 V with the resistivity measurements
repeated for every gate voltage. In figure 3(a), the extracted
nnw from Hall measurements prior to gate deposition is plotted
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Figure 3. Measured Hall carrier concentration (a) and Hall mobility (b) as a function of nanowire width for ungated devices. The blue crosses
marks the standard deviation for width and mobility for the different nanowire sizes. Black lines represent fittings to the measured data points.

as a function of the nanowire width, wnw. Each data point
represent a single Hall pair on a device. A linear fit gives
Np = 3.6 x 10" x wyw + 1.2 x 10" cm ™. The measured
devices with a single nanowire and three nanowires in parallel
show consistent carrier concentration and mobility. In(Ga)As is
known to have surface pinning of the Fermi level, attracting
charge close to the surface [15], either on the NW side walls or
on the top facet. If Fermi level pinning on the side walls is the
dominating effect, we would expect the carrier concentration to
drop as the nanowire width, and thus volume, increases while
surface pinning at the top facet or bulk doping would yield a
constant carrier concentration with increasing width, which is
similar to what is measured here. We have previously seen that
the nanowires have a higher In-content than the corresponding
thin film, most likely caused by local change in growth kinetics
due to the HSQ mask [12]. A correlation between the In-
content and background doping could explain this trend.

In figure 3(b), the mobility extracted from the carrier
concentration and the resistivity is plotted as a function of the
width. The mobility can be analyzed using Matthiessen’s rule,
where the effective mobility is set by the dominating scat-
tering mechanism:

1__1 + 1 @)
1% Up]anar Knw

where fi,,,,, 15 the mobility of the widest device, limited by
bulk and top surface roughness scattering, and iy, is mobi-
lity limited by side wall surface roughness scattering. /iy, can
be approximated as (i, = k * w® as suggested in [16] and
[17] where w is the width of the nanowire and £ is a fitting
constant For the narrow nanowires, the mobility is primarily
limited by scattering from the side walls but as the nanowire
width is increased, the impact of the side wall roughness is
less and the mobility saturates around 1000 em’ Vs due
to the top facet scattering and possible ionized impurity

300 1 1 1 1

250 - VGS =-05t01V i
A VGS =01V
£ 200 s
3

3 150 —
8100 -
50 -

0 - 7 I I I
0 02 04 06 038 1

Vos (V)

Figure 4. Output characteristics of a transistor with nanowire width
of 70 nm with a gate length of 4 ym.

scattering. The highest mobility measured is comparable to
values measured at the same sheet carrier concentration in
InGaAs [18] and is ten times higher than silicon of similar
carrier concentration [19]. The large effect of nanowire width
on mobility highlights the importance of obtaining as smooth
nanowire side walls as possible with low surface roughness.

Figure 4 shows the output characteristics of a gated
70 nm wide nanowire with a gate length of 4 ym. The fabri-
cated transistor has a peak current of 270 A pm ™" for Vpg of
1V and Vgs of 1V, normalized to the total gated periphery,
which is in line with other reported values for InGaAs with
similar transistor dimensions [18, 20]. Due to the high carrier
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Figure 5. (a) Measured carrier concentration from Hall measurements as a function of applied gate voltage (Vgs) with a fixed source-drain
voltage (Vps) of 0.5V for different nanowire widths. (b). Calculated Hall mobility as a function of applied gate voltage.

concentration, together with slightly too thick nanowires, we
have not been able to fully deplete the nanowires.

In figure 5(a), the carrier concentration as a function of
applied gate voltage is studied. The carrier concentration
increases with gate voltage for all widths, until it stabilizes at
values similar to the ungated measurements. Also in agree-
ment with the ungated measurements, the carrier concentra-
tion exhibits a minor wyw dependence. From the difference
between the ideal and measured slope of An(V,,) we can
extract an average interface defect density of around
6-10 x 102ecm2ev!. In figure 5(b) we can see that the
mobility of the wider nanowires remains in the saturated
regime for all gate voltages, but the increase in mobility with
gate voltage is strong for the narrow nanowires. One possible
explanation for the increasing mobility for the W = 100 nm
wires with respect to Vgs can be different interface defect
profiles (D;,) for the different facets. The 100 top surface is
expected to have a lower D;; as compared with the rougher
111B surface, which would lead to a stronger electron accu-
mulation close to 100 as compared to 111B, which in turn
will result in an average increase in mobility with Vgs. This
effect will decrease with nanowire width since the influence
of the side walls on total mobility is less. An increase in
carrier concentration has also been suggested to minimize
back scattering for quantum wells and nanowire structures,
due to a diminishing scattering matrix element for large Fermi
wave vectors [21]. Decreased mobility for decreasing carrier
concentrations have previously been measured for gated
InGaAs MOSHEMTs of similar channel thickness [22, 23],
allocated to reduced screening of coulomb scattering. The
field effect mobility extracted from transistor measurements is
around 500 cm®V~'s™!, without any clear dependence on
width and gate voltage.

4. Conclusions

We have presented a processing scheme to fabricate selectively
grown nanowires with a width down to 50 nm in a Hall bridge
geometry, allowing the carrier concentration and mobility to be
analyzed as a function of applied gate voltage. From Hall
measurements, we obtain a nanowire width-dependent carrier
concentration of Np = 3.6 x 10" x waw + 1.2 x 10 em™
and a maximum electron mobility of 1000cm?V~'s™! in
200 nm wide nanowires. For thinner nanowires the mobility is
found to be reduced from process induced surface roughness.
We believe that a fully optimized EBL process for NW defini-
tion would reduce the side wall roughness and have a positive
effect on electron mobility for most scaled device dimensions as
well as allowing fabrication of gated nanowires substantially
smaller than 50 nm in width.
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Abstract

We present a semi self-aligned processing scheme for III-V nanowire transistors with novel
semiconductor spacers in the shape of A-ridges, utilising the effect of slow growth rate on
{111}B facets. The addition of spacers relaxes the constraint on perfect alignment of gate to
contact areas to enable low overlap capacitances. The spacers give a field-plate effect that
also helps reducing off-state, and output conductance while increasing breakdown voltage.
Microwave compatible devices with Lg = 32 nm showing fr= 75 GHz and fi.x = 100 GHz are
realized with the process, demonstrating matched performance to spacer-less devices but with

relaxed scaling requirements.

Keywords: Nanowire, MOSFET, RF, spacers, InGaAs, InP

1. Introduction

II-V materials such as InGaAs has been widely used in
HEMTs for mmWave applications due to its high electron
mobility[1-3]. In recent years, high-performance digital
MOSFETs made of III-V materials have also been reported
and are candidates for replacing Si in order to maintain a high
on-current while reducing the supply voltage[4-8]. Another
way of improving the performance of CMOS devices is to use
nanowires or nanosheets due to the improved electrostatic
control gained by surrounding the channel with gates from
multiple sides, allowing more aggressive gate length
scaling[9, 10]. III-V nanowire MOSFETs and FinFETs have
also been studied for RF applications[11, 12] and is an
interesting candidate for future mixed applications where
analogue and digital function is placed close to each other, for
instance in system on Chip (SoC) wused in 5G
telecommunication and above. One limiting factor for RF
MOSFETSs is the parasitic capacitance between the highly

XXXX-XXXX/ XX/ XXXXXX

doped contact regions and the gate contact which increases
compared to HEMT devices due to the high-k oxide. Lowering
the parasitic capacitances is especially important for nanowire
MOSFETs since there is space in between the nanowires that
contribute with a parasitic capacitance but not with current or
transconductance[13]. This makes the requirement on
alignment accuracy very high since any gate overlap on
contact regions results in increased parasitic capacitances.

In this paper we propose a novel semi self-aligned InGaAs
nanowire MOSFET with self-limited growth of InP ridges
with triangular cross-section (A-ridges) acting as spacers for
use in RF applications. The introduction of InP spacers can
reduce the effect of gate-drain and gate-source overlap on
transistor performance, while keeping the increase in access
resistance small due to the introduction of modulation-doped
Si layer in the A-ridges[14]. The process also allows for low
access resistance due to a lack of wide bandgap heterojunction
between the ohmic contact and nanowire channel.

© xxxx IOP Publishing Ltd
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Figure 1. Schematic illustrations of the RF nanowire MOSFET device with InP A-ridge spacers. (a) HSQ exposure and
MOCVD growth of InGaAs nanowires. (b) Dummy gate and spacer exposure followed by growth of modulation doped InP
self-limiting A-ridge bound by {I111}B facets. (c) Device after stripping of the HSQ resist. (d) Second HSQ dummy gate
exposure and contact regrowth. (e) Resist stripping and high-k deposition. (f) T-gate and source drain evaporation.

Figure 2. (a) False coloured SEM image of a nanowire device
after growth of 80 nm wide InP A-ridge spacers, separated by
40 nm, corresponding to figure 1(c). (b) Tilted cross-sectional
SEM image of the same device after high-k and gate
deposition, corresponding to figure 1(f).

2. Device fabrication

The processing starts with e-beam exposure and development
of hydrogen silsesquioxane (HSQ) resist to form a SiO-like
template for the selective area metalorganic chemical vapor
deposition (MOCVD) growth of 7 nm thick and 30 nm wide
IngssGag.1sAs nanowires on a semi-insulating (100) InP:Fe
substrates, figure 1(a). The HSQ lines sets the width and pitch
of the nanowires while the growth time sets the thickness. The

lines are aligned in the [100] direction, forming nanowires
bound by {110} side walls with 45° inclination relative to the
(100) top facet. Next, a second HSQ exposure is performed to
create a 40 nm dummy gate and 80 nm wide spacer openings
aligned in the [011] direction, which will later set the gate
length of the device. This is followed by growth of the InP
self-limiting A-ridges with a layer sequence of 4 nm i-InP, 4
nm Si-modulation doped layer (Np= 5x10'® cm™) and 60 nm
thick i-InP. Due to the 45° rotation of the dummy gate
compared to the nanowires, the InP ridges are defined by slow
growing {111}B facets with 54.7° inclination relative to the
(100) top facet, as seen in figure 1(b)[15]. Most of the atoms
impinging on the {111} B facets either migrate to the top (100)
facet or reevaporate. As the growth proceeds the (100)
becomes smaller due to the minimal growth rate on the
{111}B facets. In the limit the (100) facet disappears, leading
to a ridge with height determined by the width of the base. The
width of the A-ridge continues to expand by growth on the
{111}B facets at a near negligible growth rate, which means
that for all practical purposes the process can be viewed as
being self-limited. Importantly, the gate length and spacer
length is set by the separation and width of the A-ridges
simultaneously and independently of each other, making the
spacer placement self-aligned. After a second HSQ dummy
gate has been exposed to avoid growth in the channel region,
20 nm thick Sn-doped IngsGaos7As contact regions (Np
=5x10" ¢cm™) are grown, figure 1(d). This second dummy gate
must be same width or wider than the initial dummy gate, but
not wider than the dummy-gate plus the two spacer regions for
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Figure 3. Output (a) and transfer (b) characteristics of a
nanowire MOSFET device with 32 nm gate length and 80 nm
InP A-ridge spacers, consisting of 2x100 nanowires with total
gated circumference of 7 um which have been used for the
normalization.

the scheme to work. InGaAs is known to have negligible
growth rate on {111}B facets in MOCVD, however, we
cannot exclude some minor InGaAs growth due to roughening
of the facets by the processing done between growth runs[15,
16].

To finalize the transistor, mesa-isolation, ALD high-k
oxide (7 cycles ALOs and 37 cycles HfO,) figure 1(e), and
TiPdAu T-gate and source drain metals are evaporated, figure
1(f). Figure 2 shows a top-view SEM image of a device after
InP ridge growth (figure 2(a)) and a tilted cross-sectional SEM
image after the device is completed. In a similar process, we
have also fabricated reference spacerless devices without InP
ridges. The gate contact will here have a 10 nm overlap against
the source and drain n+ regions.

The reason for using the InP A-ridge spacers are two-fold.
First, separating the n+ contact region and the gate could
potentially reduce the parasitic gate-drain and gate-source
capacitance. Secondly, the inclusion of a field-plate region in
the drain-side has been shown to increase the breakdown
voltage and reduce the output conductance of MOSFET
devices, due to the reduced maximum electric field at the drain
side, minimizing band-to-band tunnelling and short-channel
effects. However, including the InP underneath the n+ contact
regions as in [14] adds a series resistance in the access regions,
which the novel A-ridge layout avoids.

The second consideration comes to self-alignment. In a
spacer-less layout, the gate should ideally be placed perfectly
between the two n+ contact regions without any overlap. By
using the A-ridges, the requirement on perfect alignment can
be relaxed and the gate can on purpose be designed wider than
the opening between the spacers and overlap the side walls
without a significant loss in overlap capacitance. The
limitations of this design is that the second HSQ dummy gate
must be aligned to the first one. However, due to that the
spacers have {111} B sidewalls, with very limited growth rate,
as long as the edges of the second dummy gate is inside the
two A-ridges, the nt contacts will start to grow at the (100)
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Figure 4. Measured and modeled gain of the same device as
in figure 3, with Vps=1 V and Vgs = 1 V with f; = 70 GHz
and fmax = 100 GHz. (b) Small signal model used to fit the data
in figure 4(a).

surface on top and between the nanowires outside the channel
region. This allows for a misalignment equal to approximately
the half of the spacer width, easily accomplished with high-
resolution lithography techniques.

3. Results and discussion

We have successfully fabricated nanowire MOSFETSs with A-
ridges InP spacers utilising very limited growth on {l111}B
facets. In figure 3(a) output and 3(b) transfer characteristics of
a 32 nm gate length device with 80 nm InP spacers are shown
with peak transconductance of 300 uSpm!, consisting of 2
fingers with 100 nanowires in parallel per finger, giving a total
gated nanowire circumference of 7 um and a total device
width of 14 um. Due to the use of the InP spacers, the device
exhibits excellent pinch off at high drain bias up to Vps =1V
and low gate bias. This is an improvement from our earlier
work where the output conductance was considerable already
at Vps = 0.75 V for the same gate length [17]. The transistor
has a minimum off-current at 100 nApm', with a subthreshold
slope of 400mV/decade, which is a slight reduction compared
to a spacer-less reference device with gate length of 52 nm at
500 mV/decade. The output conductance of the two devices at
1V Vps and 1 V gate overdrive is 200 uSum™' even though
the gate length is shorter for the device with spacer, indicating
the positive
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Figure 5. RF behavior for Vps = 0.2, 0.6 and 1 V of a device
with 80 nm InP A-ridge spacers (gate overlap 40 nm) and a
spacerless device where the spacerless device has been
optimized for small gate overlap on the source and drain
regions. (a) RF transconductance, (b) current gain (c) gate-
source capacitance and (d) gate-drain capacitance as extracted
from small-signal model.

effect of the InP spacer. In order to evaluate the high frequency
performance of the device, we have measured the transistor
RF-gains from 100 MHz up to 67 GHz. Off-chip LRRM
calibration and pad deembedding on open/short structures
have been performed. In figure 4(a) the RF gain of the
transistor with Vps = 1 V and Vgs = 1 V is shown. Linear
fitting with -20db/decade gives fr = 70 GHz and fn.x = 100
GHz. From the measured y-parameters we have fitted a small
signal model seen in figure 4(b). The device current and
unilateral gain show a roll-off of 20db/decade and the
frequency dispersion in transconductance is less than 10%,
indicating that the high-k oxide has a minor effect on the high-
frequency device performance.

To be able to extract the parasitic capacitances of the device,
we have measured the RF as a function of Vgs. For negative
biases below Vr, the obtained capacitances are mainly due to
the parasitic capacitance, since at this points the channel is
depleted of carriers. The equivalent of the small-signal model
is shown in figure 5 for the analysed device in figure 3 and 4
as well as a reference spacer less device with gate length of 52
nm. The spacerless device has been optimised for small gate
overlap, with approximately 10 nm gate overlap on each side
of gate towards the n+ contact regions, this in comparison with
the A-ridge device, where the overlap is approximately 40 nm
per side. Both devices show similar transconductance around
300 uSum™! even though the InP A-ridge spacers ads a 80 nm
access region, thus the addition of modulation doped InP
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Figure 6. (a) Modeled influence on gate overlap on parasitic
gate-source/drain capacitance for varying contact thickness,
for both 80 nm InP spacer and for a spacerless layout. Device
is 2x100 nm with total gated circumference of 7 pm. (b) Gate-
source capacitance for a fixed thickness of 20 nm and a gate
overlap of 20 nm with varying InP spacer width.

spacers does not add significantly to the access resistance. At
higher gate overdrive, the spacer-less device performs slightly
better, possibly due to source-starvation in the A-ridge device.
Source starvation can limit the transconductance at high gate
overdrive due to a lack of carriers in the source-access
region[18]. We obtain a parasitic gate capacitance from Vgs -
Vr=-0.55V of Cp = 5.0 fF for the ridge device, and Cp=5.5
fF for the spacer less device. Even though the device with the
A-ridge has a gate overlap which is substantially larger, both
Cgs and Cgp is very comparable to the spacer-less device with
minimal overlap, up until high-gate overdrive where the
charging in the InP spacers starts to play a significant role. To
compare and verify the proposed device architecture, we have
modelled the parasitic capacitance between the gate and the
n+InGaAs, InGaAs channel and the InP A-ridge spacers using
a 2D electrostatic model in COMSOL multiphysics. A similar
device width of W = 14 pm as the fabricated devices is used
in the model. The quantum capacitances of the channel
quantum well and n+ source regions are taken into account in
the model as a distributed capacitance. In the model, we have
compared the gate overlap capacitance for 80 nm A-ridge InP
spacers and for a spacerless layout with varying contact layer
thickness. In figure 6(a) it is seen that the influence of gate
overlap is drastically reduced with the InP spacer, as compared
to the spacerless device. However, a small overlap in a
spacerless device can yield similar capacitances as a larger
overlap in a A-ridge device, as we have seen experimentally.
For the spacerless device, we obtain a good agreement with
the measured value of the parasitic capacitance at an overlap
of 10 nm. For the InP ridge, a parasitic capacitance of 3.7 fF
is modelled. The higher value of 5.0 fF can originate from a
slightly too high delta-doping in the ridge leading to remaining
carriers in the spacer, which increases the parasitic
capacitance. In figure 6 (b), we have studied the influence of
the width of the pyramid on overlap capacitance for a fixed
overlap of 20 nm and n+ contact thickness of 20 nm.
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Increasing the spacer width lowers the capacitance, but the
effect is fairly small since most of the fringing capacitance
occur very close to the overlap between the gate and the
spacer.

4. Conclusion

We have successfully fabricated InGaAs nanowire
MOSFETS with a processing scheme utilizing the faceting of
MOCVD grown InGaAs and InP to include A-ridge spacers in
a semi self-aligned process. We have shown that utilizing this
scheme, the gate can overlap the spacer regions without a
significant loss in overlap capacitance, compared to a non-
self-aligned spacerless approach, which considerably relaxes
the alignment requirements in the gate definition. The scheme
also opens up possibilities to vary the gate length and spacer
length independently over the wafer and it is even possible to
fabricate asymmetric spacers with larger gate-drain
separations for improved fumax. The self-limiting A-ridge
scheme is not limited to nanowires and can also be
implemented for planar MOSFETs.
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High-frequency InGaAs tri-gate MOSFETs
with f,,., of 400 GHz

C.B. Zota™, F. Lindeléw, L.-E. Wernersson and E. Lind

Extremely scaled down tri-gate RF metal-oxide-semiconductor field-
effect transistors (MOSFETs) utilising lateral nanowires as the
channel, with gate length and nanowire width both of 20 nm are
reported. These devices exhibit simultaneous extrapolated f; and fiax
of 275 and 400 GHz at V'ps=0.5 V, which is the largest combined f;
and fiax, as well as the largest fi,, reported for all III-V MOSFETs.

Introduction: Tri-gate (or non-planar) metal-oxide-semiconductor field-
effect transistors (MOSFETs) for RF applications are motivated by that
the use of a high-k oxide, rather than a semiconductor barrier (as in high
electron mobility transistors (HEMTs)) allows for higher gate capaci-
tance in the MOSFET [I, 2]. Furthermore, the tri-gate architecture
improves short-channel effects, allowing for shorter gate length, Lg,
without degradation of performance due to short-channel effects. Both
these points enable higher ideal transconductance, g, in MOSFETs
compared with HEMTs, assuming similar electron mobility. In fact,
state-of-the-art III-V MOSFET devices exhibit g,, larger than that of
record HEMTs, although they presently do not allow RF-compatible
device designs [3-5].

In this Letter, we present RF-compatible tri-gate InggsGag 1sAs
MOSFETs utilising lateral nanowires (NWs) as the channel.
Compared with our previous work, we have here further scaled down
device dimensions, Lg and NW width, Wxw [6]. This enables higher
gm at Vps=0.5V, which significantly improves fi/fmax from 220/305
to 275/400 GHz. The combined f; and fi,.x, as well as the fi. of
these devices represent the highest reported values for all III-V
MOSFETs.

Fabrication: The device fabrication process is similar to what has been
described elsewhere [7]. The device channel consists of 200 lateral
Ing 35Gag.15sAs NWs, formed by selective area MOCVD growth on
(100) InP:Fe (S.I.) substrate, split over two gate fingers. The NW
width is 20 nm, and the height is 11 nm. The S/D highly doped
regions are formed by a second MOCVD growth step of 40 nm n"*
Ing63Gag37As/100 nm InP  with in-situ Sn doping (Np=5x
10" ¢cm™) in the doped layer (Fig. la). Subsequently, 1nm/5nm
AL O3/HfO, is deposited by atomic layer deposition and Ti/Pd/Au by
thermal evaporation, forming the gate stack. The regrown 100 nm InP
is selectively etched by an HCI solution leaving a T-gate. S/D and
pad metallisation of Ti/Pd/Au completes the process (Fig. 1b).

)
Ing 3Gag 37As n*/InP »
Iy gsGag 45AS nNanowire

Ti/Pd/Au

H nanowire }
HfO,/AI,0,
InP:Fe (100)

20 [ [

Fig. 1 Device fabrication and device materials and design

a SEM image of device after contact regrowth, Lg is defined as distance between
n" contacts. (111)B denotes crystal facet of contact layer
b Schematic figure of fabricated device

Results: Fig. 2a shows transfer characteristics of a device with
Ls=20nm measured at DC with a Keithley 4200 semiconductor
characterisation system. All data are normalised to the total gated periph-
ery of the NWs (7 pm). At Vps=0.5V, peak gy, is 2.1 mS/um. Fig. 2b
shows the scaling behaviour of peak g;,, and on-resistance R, versus L.
R, reaches 220 Q um at Lg =20 nm. The total access resistance is esti-
mated to 130 Q pm from transmission line measurements.

RF measurements were performed at 40 MHz to 67 GHz with an
Agilent E8361A vector network analyser. On-chip pad de-embedding
as well as off-chip two-port load-reflect-reflect-match calibration was
performed. The total pad capacitances were ~20 fF.

A small-signal model was determined from the measured
S-parameters, with a good fit to the measurement data [8]. Fig. 3
shows measured and modelled (dashed traces) unilateral power gain
|Ul, current gain |i,,|* and maximum available/stable gain (MAG| and
IMSG]) for a device with Lg=20 nm. Extrapolated cut-off frequency
fr is 275 GHz and maximum oscillation frequency f.x is 400 GHz.
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Fig. 2 Device characteristics at DC

a Transfer characteristics of a Lg =20 nm device
b Scaling behaviour of peak g, and R,, versus Lg
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Fig. 3 Measured and modelled (dashed traces) gain of L =20 nm device at
Vps=05V

The small-signal model, which is similar to that in [6], includes both
the effect of border traps in the oxide, and impact ionisation. Border
traps are modelled using the distributed border trap model in [9].
Border traps introduce a frequency dependency to g, and gy, as well
as a frequency-dependent oxide loss, and explain the —10 dB slope of
|U] versus f [10]. Fig. 4a shows gppeac for an Lg=20nm device
extracted from the small-signal model at DC and 67 GHz (RF).
Zmpeak iNcreases by ~13% in the latter case, to a maximum of
2.9 mS/um at Vps=1.25 V, which is attributable to that trap responses
are partially disabled at high frequency.
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a b

Fig. 4 Peak g,, and capacitances

a Peak g, measured at both 40 MHz (DC) and 67 GHz (RF), for an Lg =20 nm
device

b Gate-to-source, Cgs, and gate-to-drain, Cgp, capacitances measured at different
Vbs

The effective gate resistance is ~5 Q, and the source and drain resist-
ances are ~2 Q. The gate-to-source and gate-to-drain capacitances, Cgs
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and Cgp, are shown in Fig. 4b. At Vps=0.5 V, the total gate capacitance
Cgs+ Cgp is 15 fF at peak g,,. This includes both the parasitic capaci-
tance from the source and drain gate overlaps, and the intrinsic gate
capacitance. The latter is estimated as Cyg int = (2/3)WLCox/(Cq + Cox),
with the quantum capacitance Cq:qzm*/nhz, which is ~2 fF with
m*=0.04my. Thus, RF performance is primarily limited by the parasitic
overlap capacitance, which can be lowered by implementation of source
and drain spacers.

Fig. 5 shows a benchmark of f, fmax and the geometric mean
Vi X fmax (dashed traces) for state-of-the-art III-V MOSFETs [11-
18]. The geometric mean is 330 GHz for these devices, which is the
highest reported value for a III-V MOSFET. Squares show planar
devices, and triangles show non-planar devices.
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1 this work
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0 100 200 300 400 500
f, GHz

Fig. 5 Benchmark of RF performance for III-V MOSFETs

Squares show planar devices, triangles show non-planar devices. Vpg and Lg vary
between devices, but are 0.5 V and 20 nm, respectively, for this work. Dashed
traces show geometric mean

Conclusion: We have demonstrated Lg =20 nm Inj gsGag 1sAs tri-gate
MOSFETs with high-frequency performance, f;=275 GHz and f;,.x =
400 GHz, recorded at Vps=0.5 V.
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Abstract—We demonstrate InGaAs tri-gate MOSFETs with
an on-current of Jox = 650 pA/um at Vpp = 0.5 V and lopr =
100 nA/um, enabled by an inverse subthreshold slope of SS =
66 mV/decade and transconductance of g = 3 mS/um, a Q-
factor of 45. This is the highest reported /on for both Si-based
and III-V MOSFETs. These results continue to push II-V
MOSFET experimental performance towards its theoretical
limit. We find an improvement in SS from 81 to 75 mV/dec.
as the effective oxide thickness (EOT) is scaled down from
1.4 to 1 nm, as well as improvements in SS, gg and DIBL
from reducing the nanowire width. We also find that electron
mobility remains constant as the width is scaled to 18 nm.

I. INTRODUCTION

An important path for reducing the power density in CMOS
technology has been to lower the supply voltage Vpp. To
maintain sufficient drive current, innovations are required,
such as strained channels, novel channel materials and 3D
device architectures [1]-[14]. For this purpose, high indium
InyGa;<As is an attractive channel material due to its
excellent electron transport properties, i.e. high electron
mobility . and long mean free path 1 [6]. While the
relatively low DOS of indium-rich InyGa;.<As is predicted to
limit /ps in highly scaled devices, compared to competing
technologies such as Si and Ge, this may be offset by the gain
from the long 4 and high u. of InyGaiAs [15]. Since this
technology likely will be implemented in a 3D channel
architecture, such as FinFETs or NWFETs, a further question
concerns the dependence of 4 on the channel dimensions, i.e.
the influence of surface roughness on device performance.

In this work, we demonstrate tri-gate MOSFETs utilizing
an InggsGagisAs nanowire (NW) as the channel. By gate
oxide scaling, improvements of the surface passivation
process and optimization of device dimensions, we achieve a
drive current of Jon = 650 pA/um at Vpp = 0.5 V and lorr =
100 nA/um. This is a record value for both III-V and Si
MOSFETs. We also show that, as the NW width, Wxw, is
scaled down, electrostatic properties significantly improve,
while gn and 1 do not degrade. These results continue to push
the limits, as well as explore the potential, of III-V FETs.

II. DEVICE FABRICATION

The process flow and schematic images of the device are
shown in Fig. 1(a)-(f). The nanowires are formed by selective
area growth, using hydrogen silsesquioxane (HSQ) as the
MOCVD growth mask, as described elsewhere [4]. Each
device consists of a single NW. The composition of the NW
is IngssGao.1sAs, as determined by optical characterization
[15]. Fig. 1(g) shows an SEM image of an NW with Wyw =

978-1-5090-3902-9/16/$31.00 ©2016 IEEE

90 nm, with the {110} sidewall facets denoted [15]. The inset
of Fig. 1(h) shows a schematic figure of the NW cross-
section. 30 nm highly doped Ing63Gao37As (Np = 5 x 10" cm’
’) is subsequently grown by MOCVD as the contact layer,
utilizing HSQ as a dummy gate [Fig. 1(h)]. After mesa
isolation, the InP in the channel is etched by HCI (10%) in
order to form a ~30 nm tall plateau, with the purpose of
improving the gate coverage along the bottom of the sides of
the NW. 4 cycles of surface oxidation by ozone and diluted
HCI etching (digital etching) are performed to reduce the
dimensions of the NW. The final height of the NW is Hxw =
8 nm, as determined from AFM. Subsequently, Ti/Pd/Au
contact metal is evaporated and patterned by lift-off. Surface
passivation, by ozone cleaning and (NH4),S (10%) for 20
min, is followed by deposition of ALOs/HfO, gate oxide
(5/35 cycles and EOT = 1 nm, unless otherwise stated). A 12
hour post-deposition anneal step at 100 °C in N, atmosphere
is performed in-situ. Thermal evaporation and patterning by
lift-off of 30/10/150 nm Ni/Pd/Au as the gate metal complete
the process [Fig. 1(1)].
III. RESULTS

Fig. 2 shows transfer characteristics of a tri-gate MOSFET
with Lg = 75 nm and Wyw = 25 nm. All normalization is
done to the total gated NW periphery, i.e. the three sides of
the tri-gate. Peak transconductance is gm ~ 3.0 mS/pum at Vpg
= 0.5 V. Subthreshold characteristics of the same device are
shown in Fig 3. At Vpp = 0.5 V and lorr = 100 nA/pm, Iox =
650 pA/pum. The gate current is /g < 1 nA/um. Minimum
inverse subthreshold slope SS reaches 66 mV/decade (Fig. 4)
at Vps = 0.5 V, and 61 mV/decade at Vps = 0.05 V. The
drain-induced barrier-lowering (DIBL) is 65 mV/V,
measured at /ps = 1 pA/um. The on-resistance of this device
is Ron = 175 Q-pum at Vgs = 1 V. Output characteristics for
Waw = 90 and Wxw = 25 nm devices with Lg = 75 nm are
shown in Fig. 5 and 6, respectively. The output conductance
of these devices is gg = 0.45 and 0.25 mS/um (voltage gain is
5.5 and 10) at Vs — Vr=Vps=0.5V.

Minimum SS versus Lg is shown for Wxw = 25 nm and
Waw = 90 nm devices at Vps = 0.05 and 0.5 V (Fig. 7). The
reduced Wyw offers improved resilience against short channel
effects (SCEs), but at Lg = 25 nm, SS is degraded (110
mV/decade) even at Wxw = 25 nm. Minimum SS versus Wxw
is shown in Fig. 8 for Lg = 75 nm devices at Vps = 0.5 V.
Average minimum SS improves from approximately 95
mV/dec. for Wxw > 90 nm to SS < 70 mV/dec. for Wnw < 30
nm due to enhanced electrostatic control. The lowest SS of a
device at this bias is 64 mV/dec. The theoretical values
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indicate SS obtained from a solution of Laplace’s equation
modeling the full 3D structure of the nanowire using
COMSOL. To improve performance at short Lg, Wxw must
be further reduced. Scaling of Hnw will improve SS but
reduce the aspect ratio (AR), which is undesirable. Moreover,
the implementation of a wider band gap back-barrier, such as
InAlAs or a BOX layer, is also expected to improve
resilience to SCEs. Fig. 9 shows median (crosses) and mean
(squares) minimum SS for four samples with Lg = 75 nm and
Wxw = 25-30 nm at both Vps = 0.05 and 0.5 V (~40 devices
each). Sample D has 5/50 cycles ALO3/HfO,. Sample C has
5/45 cycles Al,O3/HfO,. Sample B and A have 5/35 cycles
ALO3/HfO,. In addition, samples D, C and B where
passivated with (NH4),S (10%) produced by Merck, while
sample A was passivated with (NH4).S (10%) produced by
Sigma-Aldrich. Fig. 10 shows mean minimum SS of samples
D to B versus EOT (1 cycle = 1.1 A, k = 18 and 9 for HfO,
and Al,O3). These results indicate an improvement both from
oxide scaling (average SS improves from 81 to 75 mV/dec.
for EOT from ~1.4 nm to ~1 nm), and from optimization of
the surface passivation parameters (mean SS improves from
75 to 70 mV/dec. for sample B to A). The trend indicates that
SS may be further improved by scaling of the EOT. We do
not observe a clear trend of gn versus EOT.

Fig. 11 shows gq versus Wxw at Vps = 0.5 V and Vs — Vr
= 0.5V for Lg = 75 nm devices. Average gy is reduced from
0.5 mS/pm at Wyw = 90 nm to ~0.2 mS/pm at Wyw =25 nm.
The DIBL measured at 1 pA/um is shown in Fig. 12. It is
similarly reduced from 170 mV/V at Wyxw = 90 nm, to 38
mV/V at Wxw = 25 nm. The threshold voltage (V1) defined at
Ips = 1 pA/um increases in narrow NWs (Fig. 13). The trend
approximately follows calculated values from an effective
mass quantum wire model, indicating that the Vr increase is
due to quantum confinement.

Fig. 14 shows gm versus Wxw. The highest g, observed in
these devices is ~3.3 mS/um (SSs: = 90 mV/dec.) at Vpg =
0.5 Vand Lg = 50 nm. g, increases as Wxw is scaled down to
approximately 35 nm from planar architecture (Wxw = 1 um).
This may be explained by that narrow NWs are more Indium-
rich, due to interactions with the HSQ mask during MOCVD
growth, which may improve mobility as well as change the
D;; distribution [15]. This shows that the improvement of gq
with Wyw, is in fact due to improved electrostatics. The inset
of Fig. 15 shows average values of gn versus Lg for Wyw =
25 nm. Dashed traces show an analytical quasi-ballistic
model with 2 = 140 nm fitted to the measured data.

Ion at Vpp = 0.5 V and Jorr = 100 nA/um is shown in Fig.
15 versus both Wyw and Lg (inset). Jon increases from 200 to
650 pnA/pm as Wxw goes from 1 um (planar) to 25 nm, due to
the simultaneous improvements of SS (100 to 66 mV/dec.)
and gm (1.1 to 3 mS/um). lon peaks at Lg = 75 nm, which is
explained by the degraded SS (Fig. 7) and that g, only
improves slightly (Fig. 14) for shorter Lg.

These devices exhibit quantized conductance at 10 K due
to subband splitting in a 1D channel (inset of Fig. 16). From
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the conductance steps, the transmission is obtained. The
device in Fig. 3 shows a transmission of 7' = 0.67, which
indicates quasi-ballistic transport. Fig. 16 shows electron
mobility #. and A for NWs with Wxw = 18 — 32 nm calculated
from quantized conductance. To obtain u., we use the
Einstein relation and a correction factor of 1.6 to account for
degeneracy [15]. We note that this method is not strongly
influenced by Dji. No dependency versus Wxw is observed,
which correlates with gm versus Waw with Wyw < 35 nm,
explained by small surface scattering. Since gn is
temperature-independent, the same is true for u..

A benchmark of the Ion (at Vpp = 0.5 V and Iorr = 100
nA/um) for state-of-the-art III-V planar and non-planar
MOSFETs is shown in Fig. 17. The value of 650 pA/um
presented in this work is the record value of both categories.
The same is true for the quality factor Q = g/SS, which is 45
in this work (Fig. 18). Fig. 19 compares lox at Vpp = 0.5 V
and Jorr = 100 nA/um for various technologies. Ipssurface 1S
Iox normalized to the gated channel periphery, while Ips chip is
normalized to the chip surface width including the specified
pitch size. Jonchip in our devices is lower than that of 14 nm
FinFET (570 compared to 650 pnA/um for a pitch of 42 nm),
which demonstrates the importance of high AR in 3D
channels, but we observe a two-fold increase in Jo surface OVEr
14 nm FinFET technology, which is due primarily to the high
e of IngGaj<As [16].

IV. CONCLUSION

We have demonstrated InyGaj.x<As tri-gate MOSFETs with
a record on-current of 650 pA/um at Vpp = 0.5 V and Iox =
100 nA/um, SS = 66 mV/decade and g, = 3.0 mS/pum. From
data versus NW width, we observed improvements in SS,
DIBL and gq for scaled down NWs. Furthermore, we
observed improvements both from oxide scaling the surface
passivation process. From low-temperature measurements we
obtain e and A, which remain high, 2750 ¢cm?Vs and 150
nm, respectively, even in scaled NWs.

This work was supported in part by the Swedish
Research Council, in part by the Knut and Alice Wallenberg
Foundation, in part by the Swedish Foundation for Strategic
Research and in part by the European Union H2020 program
INSIGHT (Grant Agreement No. 688784).

V. REFERENCES

[1]S. Lee er al., EDL, p. 621 (2014).

[2] C. B. Zota et al., VLSI, (2016).

[3] T.-W. Kim et al., EDL, vol. 36, p. 223 (2015).
[4] C. B. Zota et al., IEDM, p. 811 (2015).

[5]1]. Lin et al., EDL, vol 37, p. 381 (2016).

[6] Radosavljevic et al., IEDM, p. 765 (2011).

[7] T.-W. Kim et al., IEDM, p. 425 (2013).

[8] N. Waldron et al., IEDM, p. 800 (2015).

[9] P. Chang et al., IEDM, p. 418 (2013).

[10]J. Lin et al., IEDM, p. 424 (2013).

[11]17.J. Gu et al., IEDM, p. 634 (2012).

[12] S. Lee et al., VLSI (2014).

[13] Radosavljevic ef al., IEDM, p. 319 (2009).
[14] C. Huang et al., IEDM, p. 589 (2014).

[15] C. B. Zota et al., ACS Nano, vol. 9, p. 9892 (2015).
[16] S. Natarajan et al., IEDM, p. 71 (2014).



(a) NW MOCVD growth

HSQ
InGaAs Nano wire

InP:Fe Substrate

S/D contact metallization

(d)

n* Ing 63Gap 3As

InP Plateau—e
InP:Fe Substrate

()

Substrate

(h) 200 nm
InP substrate

Ing gsGag 15AS
Nanowire

n* Ing 3G 37AS

=2
]

[0
&
b
»

(b)  InGaAs n* MOCVD growth (e) Gate oxide ALD

InGaAs Nano wire NERE

InP Plateau—»

InP:Fe Substrate InP:Fe Substrate

S/D: Ti/Pd/Au

Digital etching and InP (f)  Gate metallization

plateau formation

()

Ni/Pd/Au InP substrate

n* Ing 63Gap 37As

" Ing; Gays; As

Nanowirei Nanowirei

InP ‘Plate au
InP:Fe Substrate

InP Plate au—e
InP:Fe Substrate

500 nm

Fig. 1: Schematic figures SEM images of the device fabrication process. (a) NW formation utilizes selective area MOCVD growth with an
EBL-defined HSQ hard mask. (b) Contacts are defined using an HSQ dummy gate and MOCVD regrowth of n* Ino.s3Gaos7As. (¢) NW is
scaled down using “digital etching”. (d) S/D metal is deposited by evaporation and lift-off. (e) A bilayer of ALO3/HfO: is used as the gate
oxide. (f) Ni/Pd/Au is evaporated as the gate metal. (g) SEM image of a 90 nm wide NW with the {110} side facets denoted. (h) The device
after contact regrowth. Inset shows a schematic cross-section of the NW in the finished device. (i) False-color SEM image of the finished
device. The NW is located at the center of the 1 pm wide mesa.
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Fig. 4: Subthreshold slope versus Vs for
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Fig. 3: Subthreshold characteristics for
the same device as in Fig. 2.

Fig. 2. Transfer characteristics for a device
with Wxw = 25 nm.
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Abstract
We report on IngssGao.1sAs nanowire MOSFETs (NWFETs)
with record performance in several key VLSI metrics. These
devices exhibit Jon = 555 pA/um (at Jopr = 100 nA/pm and Vpp
=0.5V), lon =365 pA/pm (at Jorr = 10 nA/um and Vpp = 0.5
V) and a quality factor Q = gi/SS of 40, all of which are the
highest reported for a III-V as well as silicon transistor.
Furthermore, a highly scalable, self-aligned gate-last
fabrication process is utilized, with a single nanowire as the
channel. The devices use a 45° angle between the nanowire and
the contacts, which allows for up to a 1.4 times longer gate
length at a given pitch.
Introduction
InyGay.1As MOSFETs are expected to deliver high on-currents
at a reduced Vpp of 0.5 V, making them suitable for VLSI
applications [1]-[17]. This is due to their high mobility, which
enables increased transconductance g, at a given Lg. For
instance, we have recently demonstrated IngssGao.isAs
NWFETs with g, = 3.3 mS/um, surpassing that of all other
III-V and silicon transistors, including HEMTs [4]. However,
to achieve high /lon at a specified Jorr and Vpp = 0.5 V
comparable to state-of-the-art silicon technology, the
subthreshold slope must be near 60 mV/decade. This is
challenging in III-V technology due to the oxide interface
quality and narrow band  gap, causing e.g.
band-to-band-tunneling in the off-state. Recently, planar InAs
MOSFETs with lony matching or surpassing that of silicon
technology were reported [12]. In this work, we report on
NWFETs with a new record of Jon = 555 pA/pm at Iorr = 100
nA/pm and Vpp =0.5 V.
Device Fabrication

Fig. 1 shows a schematic of the fabricated device, and the
process flow [17]. The nanowires are formed by selective area
growth, using hydrogen silsesquioxane (HSQ) as the MOCVD
growth mask. The composition of the nanowire layer is
Ing63Gaps7As, while the nanowire is IngssGagisAs, as
determined by optical characterization. Fig. 2(a)-(c)
demonstrate the scalability of the selective growth process. A
high-density nanowire-cluster with nanowire spacing of <10
nm is shown in fig. 2c. In this work, we characterize
single-nanowire devices. The highly doped Ing3Gag37As (Np
=5 % 10" cm®) contact layer is formed from a subsequent
MOCVD growth step using HSQ as a dummy gate [Fig. 2(d)].
A 45° angle between the nanowire and the contacts is chosen in
order to obtain optimal crystal facets. At a given pitch, this will
also improve electrostatic control by allowing a longer gate
length. After mesa isolation, Ti/Pd/Au is patterned and
evaporated as the contact metal. The InP in the channel region
is etched by HCI (1:1), in order for the metal to properly cover
the sides of the nanowire. Several cycles of surface oxidation
by ozone and diluted HCI etching is performed in order to
reduce the dimensions of the nanowire. Surface passivation, by
(NH4),S (1:1) for 20 min, is followed by deposition of
ALOy/HfO, (EOT = 1.5 nm) by ALD at 300/100°C.

978-1-5090-0638-0/16/$31.00 ©2016 IEEE

Subsequently, an in-situ 12 hour post-deposition annealing
step at 100°C in N, atmosphere is performed. Ni/Pd/Au gate
metal patterning and evaporation completes the process.
Results

Fig. 3(a)-(c) show subthreshold, transfer and output
characteristics of an Lg = 70 nm NWFET with nanowire width
and height Wxw/Hxw = 25/7 nm. The peak transconductance is
Gmpeak = 2.85 mS/um at Vps = 0.5 V. The subthreshold
characteristics for the same device are shown in Fig. 4. The
subthreshold slope (SS) is 80 mV/decade at both Vps = 0.5 V
and 50 mV. The drain-induced barrier-lowering (DIBL) is 43
mV/V at Ips = 1 pA/pum. The device exhibits Jox = 555 pA/um
at Jorr = 100 nA/um and Vpp = 0.5 V, which is the highest
reported value for a MOSFET. The quality factor Q = g./SS is
35 for this device. The on-resistance is Ron = 177 Qum. The
specific contact resistivity is pc = 7x10* Qcm” and the sheet
resistance of the n" In,Ga,s;As contact layer is R, = 70 /0,
both obtained from TLM measurements.

Fig. 4 shows transfer characteristics for another Lg = 70 nm
device with gmpeak = 2.65 mS/pm at Vps = 0.5 V. The average
SS over one, two and three decades is 65, 69 and 73
mV/decade, respectively, all at V'ps = 0.5 V. This device shows
Ion =535 pA/pm at lopr = 100 nA/um and Jox = 365 pA/pm at
Iorr = 10 nA/pm, Vpp = 0.5 V. This is the highest reported Zox
at Jopr = 10 nA/pm. DIBL is 56 mV/V at Ips = 1 pA/um. The
quality factor Q = gn/SS is 40 for this device, which is the
highest reported Q-factor for a MOSFET. The difference in SS
between these devices may in part be explained by the discrete
nature of traps in the small channel area (2 x 10~ um?).

The hysteresis (Fig. 5) is AVy =60 mV for Vgs =0.2-1.0 V,
indicating high-quality oxide and oxide interface. Jorr versus
Ion for several devices with Lg = 70 nm and Waw/Hnw = 25/7
nm is shown in Fig. 6, measured at a swing of V'pp = 0.5 V. Fig.
7 shows SS versus Lg. Error bars show the standard deviation.
SS and DIBL versus nanowire width Wyw is shown in Fig. 8
(Hnw = 7 nm), with data points offset for clarity. Improved
electrostatic control from use of smaller nanowires can clearly
be observed. The trend indicates that SS can be further reduced
by additionally scaling down Wyxw. Fig. 9 and 10 show
benchmarks of Iox and Q for various planar and non-planar
MOSFETs.

Conclusions
We have demonstrated highly scalable nanowire MOSFETs
with record high performance in several key VLSI metrics. We
have shown a device with gn = 2.85 mS/um, SS = 80
mV/decade and Jon = 555 pA/um at Iopr = 100 nA/pum and Vpp
=0.5 V. We have also shown a device with g, = 2.65 mS/um
and SS = 65 mV/decade, which gives a quality factor Q = 40.
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Abstract

In order to push the development of nanowire-based solar cells further using optimized nanowire
diameter and pitch, a doping evaluation of the nanowire geometry is necessary. We report on a
doping evaluation of n-type InP nanowires with diameters optimized for light absorption, grown
by the use of metal-organic vapor phase epitaxy in particle-assisted growth mode using
tetraethyltin (TESn) as the dopant precursor. The charge carrier concentration was evaluated
using four-probe resistivity measurements and spatially resolved Hall measurements. In order to
reach the highest possible nanowire doping level, we set the TESn molar fraction at a high
constant value throughout growth and varied the trimethylindium (TMIn) molar fraction for
different runs. Analysis shows that the charge carrier concentration in nanowires grown with the
highest TMIn molar fraction (not leading to kinking nanowires) results in a low carrier
concentration of approximately 10'® cm™>. By decreasing the molar fraction of TMIn,
effectively increasing the IV /III ratio, the carrier concentration increases up to a level of about
10" cm ™3, where it seems to saturate. Axial carrier concentration gradients along the nanowires
are found, which can be correlated to a combination of changes in the nanowire growth rate,

measured in situ by optical reflectometry, and polytypism of the nanowires observed in

transmission electron microscopy.

Online supplementary data available from stacks.iop.org/NANO/27 /065706 /mmedia

Keywords: Hall effect, nanowires, resistivity, doping, carrier concentration, InP
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1. Introduction

Recently, nanowire-based solar cell technology has received
increasing interest [1]. Progress has been made to lower
production costs [2], and new advances in areas such as
surface cleaning [3] and passivation [4], as well as the use of
core—shell structures and perovskite nanowires [5] have been
investigated to increase solar cell efficiency further. Due to
the small diameter of the nanowire it is possible to combine
normally incompatible lattice mismatched materials [6]. In
addition, the antenna-like geometry of the nanowires leads to

' Present address: Department of Electrical and Information Technology,
Lund University, Box 118, S-221 00 Lund, Sweden

0957-4484/16,/065706+06$33.00 1

the resonant in-coupling of light [7-10]. These two effects
carry the promise of highly efficient multi-junction nanowire
solar cells with a fraction of the materials used in epitaxial
thin-film multi-junction technology [11]. We have previously
reported a 13.8% efficiency of InP nanowire solar cells, where
the nanowires covered only 12% of the active surface [12]. In
order to increase solar energy harvesting efficiency further,
we have developed particle-assisted nanowire synthesis from
metal particles, defined by nanoimprint lithography, with the
theoretically determined optimal dimensions for an InP
nanowire solar cell [13]. The use of nanoimprinting enables
the formation of periodic nanowire arrays, suitable for solar
cell applications on a large substrate area [14, 15]. Nanowire
doping, which depends strongly on growth parameters and

© 2016 IOP Publishing Ltd Printed in the UK
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Figure 1. (a) SEM micrograph of an as-grown InP nanowire array using YTMIn = 10.4 x 10>, The nanowires were grown from gold
particles defined by nanoimprint, metal evaporation and lift-off with a diameter of 200 nm and a pitch of 500 nm. (b) Schematic image of a
grown nanowire with the desired segment lengths. (c) SEM image of a nanowire contacted for Hall measurements and four-probe

measurements with the different contacts marked as A-H.

the nanowire diameter and pitch, will set limits on perfor-
mance and needs to be evaluated for patterns with predicted
optimal dimensions [16]. Doping levels define the electric
field across the p-i-n junction, which is used to separate
photo-excited carriers. Additionally, the dopant precursors
used should offer dopant incorporation which is high enough
to enable electrically transparent contacts, and the formation
of the Esaki tunnel junction connecting junctions of different
band-gaps matching the solar spectrum in a multi-junction
architecture. The preferred dopant precursor offers control
from low to high doping levels, but does not severely affect
nanowire growth dynamics. Tetraethyltin (TESn) has pre-
viously been used for this purpose with InP [17] as well as
GaAs [18] nanowire doping.

In this paper, we report on the particle-assisted synthesis
and doping evaluation of n-doped InP nanowires with
dimensions optimized for light in coupling using TESn as a
dopant precursor.

2. Experimental

The InP nanowires were grown on an InP (111)B:Zn substrate
in metal particle-assisted growth mode using Au particles
defined by nanoimprint lithography, reactive ion etching,
metal evaporation and lift-off as catalysts. The growth was
performed in a low-pressure (100 mbar) Aixtron 200/4 metal-
organic vapor phase epitaxy (MOVPE) system with a total
flow of 131min~" using hydrogen as the carrier gas. Tri-
methylindium (TMIn), phosphine (PH;) and TESn were used
as precursor sources where the TMIn molar fraction was
varied between YTMIn = 3.0 x 107°-10.4 x 10>, and the
PH; and TESn molar fractions kept constant at
xPH3 = 6.9 x 107> and YTESn = 6.4 x 10>, The growth
temperature was 440 °C and hydrogen chloride (HCl) was
supplied in situ to suppress radial growth at a molar fraction
of YHCl=4.6 x 107> [19]. For higher xTMIn than
10.4 x 107>, the nanowires were found to be kinked after
growth. An example of the nanowires that were grown can be
seen in figure 1. During nanowire array synthesis, a LayTec
EpiR DA UV optical reflectometry system was used to
measure the interference signal between the light reflected at

the nanowire—substrate interface and the top of the nanowires.
The interference signal was used to continuously monitor the
average nanowire length in situ [20] and thus limit the
number of experiments needed. The nanowire array had a
pitch of 500 nm, and the nanowires had a diameter of 200 nm
and were about 2.5 um long. The growth time was adjusted
to give approximately the same nanowire length, independent
of xTMIn, except for the nanowires grown at
XTMIn = 3.0 x 107>, for which growth was stopped at
1.5um due to the slow growth rate of 0.2nms '. The
nanowires were designed with 400 nm n-doped end segments
at the top and bottom, grown using YTMIn = 8.9 x 107>, to
enable consistent contact properties of all nanowire types.

After growth, transmission electron microscopy (TEM)
was performed on three samples with yTMIn = 3.0 x 107>,
5.9 x 107 and 8.9 x 107> using a JEOL 3000F 300kV
microscope. Two nanowires were investigated from each
sample by aligning them in the [110] zone axis and acquiring
images along the nanowire length to probe any changes in
atomic structure.

For electrical measurements the nanowires were
mechanically transferred to insulated silicon measurement
substrates with predefined bond pads. Electrical contacts at
30, 50 and 70% (base, center and top) of the nanowire length
were defined by electron beam lithography followed by a 15 s
native oxide etch in buffered oxide etch 10:1, after which
metal evaporation of 10 nm titanium and 150 nm gold was
carried out before lift-off. The electrical characterization
methods have been described in the literature [21] and con-
sisted of room temperature four-probe resistivity measure-
ments [22] as well as Hall measurements [23, 24].

The four-probe resistivity measurements were performed
in a probe station Cascade 1000B where a voltage sweep was
applied between end contacts A and H, generating a current
through the nanowire, see figure 1(c). The voltage drop
between contacts B-D (base), B-F (center) and D-F (top) were
plotted against the current measured in A-H in order to
measure the resistance of the nanowire device at various
positions. Resistivity was calculated from the resistance using
segment lengths and the nanowire cross sectional area mea-
sured in scanning electron microscope (SEM) images. The
use of four-probe resistivity measurements gives information
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Figure 2. Average length of nanowire array as a function of time for
the six different molar fractions of TMIn that yielded uniform
nanowires. The different growth rates at the top and bottom of the
nanowires occur due to the growth of contact segments with constant
XTMIn = 8.9 x 107>,

on the nanowire-related (intrinsic) transport properties, which
in such a measurement can be separated from the extrinsic,
contact-related properties.

The spatially resolved Hall measurements were per-
formed in a Hall station setup where a current was sourced
between A-H, a magnetic field of —0.2 to 0.2 T was applied
perpendicular to the substrate and the corresponding Hall
voltages were measured in pairs Vgc (base), Vpg (center) and
Vgg (top). For the two lowest doped samples, the Hall voltage
was also measured using a magnet with a maximum magnetic
field of 2 T to increase the Hall voltage, effectively increasing
the signal-to-noise ratio. Each measurement of the contacted
nanowire, including nanowire diameter, length and contact
position was modelled in COMSOL Multiphysics, where the
current continuity equation was solved using a finite element
method. The Hall voltage as a function of magnetic field was
simulated for various doping levels and compared to the
measured Hall voltage of each Hall pair to extract the charge
carrier concentration at the three different positions along the
wire. For more information regarding measurement technique
and simulation see [23].

3. Results and discussion

In figure 2 the length of the nanowires grown with various
xTMIn as a function of growth time can be seen as extracted
from the in situ measurements. The growth rate of the contact
segment using YTMIn = 8.9 x 10~ is about 4nms ™" for the
bottom segment and 2nm s~ for the top segment in all sam-
ples. This can be seen in figure 2 where the top and bottom
contact segments have similar growth rates for all growth runs,
but the growth rate in the middle segment is strongly affected
by the change in YTMIn. Here, the growth rate varies from
approximately 0.2nms ' for xTMIn =3.0 x 107> to

4nms ' for YTMIn = 10.4 x 107>, Interestingly, the nano-
wire growth rate increases with xYTMIn to the power of 2.4. At
this point we cannot determine the physical principle governing
this behavior. Growth occurring in the kinetically limited
temperature regime is complex, and a complete description
requires further study. However, TMIn is known to strongly
catalyze the pyrolysis of PH; at these low growth temperatures
[25], which could explain why adding TMIn results in more In
as well as P at the growth front. We note that there is also a
trend of decreasing growth rate in the middle segment as the
nanowires grow longer and that this is more significant for
nanowires grown with higher xTMIn. The decreasing growth
rate with increasing nanowire length can be attributed to the
decrease in growth species arriving at the particle-semi-
conductor growth interface through surface diffusion for longer
nanowires.

In figure 3(a) the results from the four-probe resistivity
measurements at the top, center and base of the varied xTMIn
nanowire segment are plotted as a function of the xTMIn. A
decrease in xTMIn leads to a decrease in nanowire resistivity,
indicating higher doping levels as an effect of the relatively
higher group IV/III ratio. For sufficiently low amounts of
xTMlIn, a plateau level is reached with a small increase in
resistivity at the top of the nanowires. This indicates satur-
ation in the doping level for high IV/III ratios. From each
nanowire array, at least three nanowires had successful four-
probe measurements, see table S1 for further information.

To verify the trends observed in the resistivity mea-
surements we extracted the carrier concentration from spa-
tially resolved Hall measurements, see figure 3(b). The results
show charge carrier concentrations in the nanowires spanning
from as low as approximately 1 x 10" cm™ up to as high as
5% 10”em™ (InP becomes degenerately doped at
5.7 x 107 em™3 [26]). Thus, a large span with high control
of the n-doping level is achieved by varying xTMIn only and
keeping xTESn constant. The high carrier concentrations
measured were also verified with photoluminescence mea-
surements with methodology according to the literature [27],
see supplementary information figures S1 and S2 available at
stacks.iop.org/NANO/27/065706 /mmedia.

The Hall measurement data agrees with the resistivity
measurements: by decreasing xTMIn, higher carrier con-
centrations (lower resistivities) are observed until a plateau is
reached, accompanied by a decrease in carrier concentration
at the top of the NWs. A plot of the four-probe resistivity as a
function of the carrier concentration from the Hall measure-
ments can be seen in the online figure S3.

From the spatial doping gradient, we note that the top of
the wires grown at higher xyTMIn show a higher carrier
concentration than the bottom. This could be explained by the
observed trend of decreasing growth rate as the nanowires get
longer for higher xTMIn, as seen in figure 2. The drop in
growth rate indicates that less In reaches the growth front. For
low xTMIn the trend in growth rate as well as carrier gradient
is less pronounced, and for very low xTMIn the carrier gra-
dient is observed to be inverted, indicating that the IV/III
ratio decreases with the length of the nanowire. The effect
could be explained by an increasing In-adatom surface
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Figure 3. The measured four-probe resistivity (a) and carrier concentration from Hall measurements (b) measured in the base, center and top
of the nanowire versus YTMIn. The error bars in (a) show the standard deviation of all the measurements for the specified TMIn molar

fraction and nanowire part.

diffusion length with decreasing xTMIn, similar to results on
GaAs nanowire growth when decreasing the trimethylgallium
molar fraction [18]. However, our in situ measurements
indicate no increase in the growth rate for nanowires with low
xTMIn. Another possibility is that the use of relatively lower
XxTMIn accompanied by increased growth times due to a
decreasing growth rate could lead to additional parasitic radial
growth of highly doped layers at the bottom of the nanowires
[28]. To test this theory we etched the nanowires in piranha
etch solution (H,SO4:H,0,:H,O, 1:1:20) for 1min to
decrease the nanowire diameter by 10-20 nm, and evaluated
them electrically. The results indicate no change in the
direction of the carrier gradient, thus ruling out the possibility
of radial growth affecting the measurements (see the sup-
plementary information figure S4).

A third possibility is that the well-known polytypic
behavior of III-V nanowires affects the electrical measure-
ments [29]. Previous doping evaluations have shown a cor-
relation between the amount of stacking faults in the
nanowires and the measured carrier concentration [30].
Nanometer-sized segments of wurtzite and zincblende crystal
structure can act as quantum wells for carriers and effectively
trap charges, leading to an apparent lower doping con-
centration [30]. We conducted a TEM study to evaluate the
presence of stacking faults as a function of position in the
nanowires in an attempt to establish any correlation to the
observed carrier gradients. Figure 4(a) shows a TEM image of
a nanowire grown with YTMIn = 3.0 x 10>, The first part
of the middle segment consists of a pure zincblende crystal
structure while twin planes start to appear after approximately
half the segment length. The twin density is increased further
up into the middle segment and also causes a more uneven
morphology. This is in line with the Hall measurements,
where the carrier concentration at the top of the wire is lower
than at the bottom, see figure 3(b). In figure 4(b), where a
TEM image of a nanowire grown at YTMIn = 8.9 x 1077 is
shown, the twin density also increases towards the top of the

wire. However, the stacking defect density is already sub-
stantial at the bottom of the measurement segment. Thus, the
relative change in stacking fault density and its effect on
electrical properties is less than for nanowires grown with low
xTMIn, which show a transition from pure zincblende to a
mixed crystal structure [29].

The formation of different carrier concentration gradients
can thus be understood by a combination of two effects. For
high xXTMIn a decreasing growth rate for increasing nanowire
length gives an effectively lower In concentration, and thus a
higher IV/III ratio at the nanowire top rendering a higher
doping level here. The change in crystal structure along the
nanowire for high xTMIn is at the same time not enough to
affect the electrical properties significantly. For low xTMIn
the change in crystal structure along the nanowire is sig-
nificant, transitioning from pure zincblende to zincblende
with twin planes. These trap some of the carriers and thus
reduce the carrier concentration. This causes an inversion of
the carrier concentration gradient observed for high xyTMIn.

4. Conclusions

Based on four-probe resistivity measurements and Hall mea-
surements, we report on the ability to fine tune the doping
levels of InP nanowires with carrier concentrations spanning
between non-degenerate doping of 1 x 10'"®cm > to degen-
erate at 5 x 10" cm™ by varying YTMIn during growth and
keeping xTESn constant. We see a strong correlation between
the resistivity measurements and the spatially resolved Hall
measurements. A variation of measured charge carrier con-
centration at the top and bottom of the nanowires was
observed, with the top having more carriers for high xTMIn
and the opposite trend for relatively lower xTMIn. We explain
the first phenomenon in terms of changes in the effective IV/
III ratio at the growth front with an increasing length of the
nanowire due to different diffusion lengths of In-based and Sn-
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(a)

Figure 4. TEM images of a nanowire grown at xTMIn = 3.0 x 107> (a) and xTMIn = 8.9 x 107> (b). The nanowires are aligned in the

[110] zone axis.

based species supported by the nanowire growth rates mea-
sured in real time during growth. We argue that the inversion
of the carrier concentration gradient moving to a lower xTMIn
is due to the relative increase of stacking faults in the top
compared to the bottom of the wires effectively trapping car-
riers, causing the measured carrier concentration to be lowered.
In order to keep the doping constant along the nanowire, the
data suggests that YTESn should be varied rather than xTMIn,
since changes in xTESn do not affect the growth dynamics and
crystal structure as much as yTMIn. The results open up for
doping high enough to form a low-resistance contact between
the nanowire and the transparent conducting oxide in nanowire
solar cells, as well as Esaki tunnelling diode formation in
tandem junction solar cells.
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