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Abstract

Short high-frequency electromagnetic pulses, also referred to as wavel ets, are consid-
ered for use in various short-range impulse based ultra-wideband applications, such
as communication, imaging, radar, spectroscopy, and localization. This thesis inves-
tigates field-effect and tunneling based semiconductor devices and their operation in
millimeter-wave (mm-wave) impul se transceivers. The main research contribution of
thiswork is the demonstration of a novel high performance InGaAs MOSFET and its
integration in awavelet generator.

The first topic of this thesisis the design and fabrication of a gated tunnel diode
(GTD) device. The main feature of the GTD is the ability to switch it between pos-
itive differential output conductance (PDC) and negative differential output conduc-
tance (NDC). This makes it a versatile element, which can be used to improve circuit
functionality.

The second topic is the design and fabrication of an epitaxially regrown InGaAs
MOSFET. The device architecture was developed with the aim of minimizing the
on-resistance (R,,,) to increase the on-state current and extrinsic transconductance
(gm,ext.)- A 55-nm-gatelength MOSFET yieldS g ext.=1.9MS/umat Vzs=0.5V and
Vps=1V, Ron=199 Qum, an extrapolated f,.x of 292 GHz, and f; of 244 GHz. The
device performanceis analyzed by constructing a small-signal model, which includes
the influence of impact ionization, band-to-band tunneling, and the wideband fre-
guency response of gate oxide border traps. Vertical gate-all-around nanowire MOS-
FETsintegratedonaSi platformare also investigated and exhibit ¢ s ext.=0.155mS/um,
fmax=9.3 GHz, and f;=14.3 GHz.

Theregrown MOSFET isfurthermore combined with an RTD to form a switchable
NDC component, which is integrated in parallel to an inductive coplanar waveguide
to form an oscillator circuit. By switching the output of the RTD-MOSFET between
NDC and PDC it is possible to kick-start and rapidly quench the oscillator to produce
mm-wave wavelets. The wavelet generator delivers coherent 41-ps-short wavelets
with a peak output power of 7 dBm at arate of 15 Gpulses/s. The wavelets are gener-
ated at an energy consumption of 1.9 pJ/pulse.






Populérvetenskaplig sasmmanfattning

Arbetet i denna avhandling ber 6r elek-
troniska komponenter och hur de kan
anvandas i kretsar for tradlés kom-
munikation. Den huvudsakliga slut-
satsen av arbetet & att innovativa
och icke konventionella komponenter
kan bidra till att forbattra presen-
tanda och minska effektforbruknin-
gen i system for kommunikation pa
korta avstand. Framférallt har en
kretstillverkatssom genererar extremt
korta och hogfrekventa elektromag-
netiska pulser med frekvens upp till
100 GHz, puldlangd ner till 33 ps och
med en repetitionshastighet pa upp till
15 Gbit/s. For att mgjliggora detta
sa har en ny typ av transistor utveck-
lats. Den framsta egenskapen hos
denna transistor ar att den opererar
vid en valdigt hdg hastighet samtidigt
som den konsumerar mycket lite en-
ergi.

Forsta gangen ménniskan kommu-
nicerad trédl6st, om man bortser fran ljud
och skrift, var nér Guglielmo Marconi
skickade el ektromagnetiskapul ser genom
luften & 1894. Dessa pulser skapades
genom elektromagnetiska urladdningar
som kopplades via en sandande antenn
ut i etern och vidare till en mottagande
antenn dér signalen registrerades. Sedan
dess har den trédl6sa teknologin utveck-
latsi rasande takt och har gett upphov till
olika produkter sa som radar, television
och mobiltelefoni. Metoderna har forfi-
nats och gjorts alt mer raffinerade och
idag kan man tradlést skicka mer infor-
mation per sekund &n som kunde lagras
totalt pa en persondator i borjan av 1990-

talet.

For att fortsatta utvecklingen sa kréavs
nya elektroniska komponenter som kan
operera vid hogre hastighet och vid min-
dre effektforbrukning. | detta arbete har
fyra olika komponenter studerats. De
forstatva ar transistorer byggda fran ma-
terial i grupp 13 och 15 i det periodiska
systemet, dessa material bendmns éven
som grupp 111 och V och har egenskaper
som gor att det gar att tillverka snab-
bare och stromsndl are transistorer &n med
konventionell kiselteknologi. Anvandnin-
gen av I11-V material gor att nya kompo-
nentstrukturer méaste utvecklas. | denna
avhandling undersoks en transistor dar
extra ledande material har tillforts for att
minska effektférbrukningen och en tran-
sistor dér den kontrollerande elektroden
omsluter hela den kanal dar strommen
fardas, vilket gor att strommen gar att
styra pa ett mycket effektivt satt.

Den tredje komponenten baseras pa
det kvantmekaniska fenomenet tunnling,
som innebdr att en strom kan flyta
genom en region dar den enligt klassisk
mekanik inte borde kunna existera. Den
fijarde komponenten baseras pd samma
fenomen, men dér har en tredje elektrod
integrerats for extra funktionalitet.

Tunnlingskomponenterna  besitter
negativ resistans vilket gor att de kan an-
vandas for att tillféra energi i en krets.
Genom att integrera en tunnlingskompo-
nent i en resonanskrets sa kan en elek-
tromagnetisk svangning produceras. Ar-
betet i denna avhandling visar att genom
att anvanda en transistor i serie med
tunnlingskomponenten s kan svangnin-



gen strypas pa ett effektivt sétt nar transis-
torn slés mellan 1&gt och hogt motstand.
Resultatet blir d& korta hogfrekventa
pulser som kan anvéndas for att skicka
data mellan en sdndare och mottagare,
vilket illustreras av Fig. 1. Den fram-
tagna kretsen kan &ven anvandas i en
mottagare genom att rekonfigurera den
elektriska styrsignalen till kretsen. Detta

1 ‘ , 1 0 1 1
Sandare Mottagare

gor att sandare och mottagare kan besta
av samma krets, vilket minskar storleken
pa systemet och tillverkningskostnaden.

De korta hogfrekventa pulserna som
séndaren producerar kan &ven anvandas i
system som méter avstand, position, eller
som anvands for att se genom objekt som
inte & transparenta for synligt ljus.

Figure 1: Illustration av hur kretsen som utvecklatsi detta arbete kan an-
vandasi ett system for tradl s kommunikation.
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Chapter 1
Background and M otivation

Electromagnetic wireless communication has been around since the discovery of
wireless telegraphy back in the 19th century [[I]. This marked the beginning of an
era, which to present day has given us innovations such as television, radar, mobile
phone, etc. Theimpact of these technologieson our society cannot be underestimated,
with that said, we have just started to see the possibilities that wireless data commu-
nication will be able to provide. In the recent decade, new technologies for high data
rate communication at short distances have emerged. Bluetooth and wireless local
area network (WLAN) are two examples. These solutions have given us a glimpse of
what atruly wireless environment would bring, an environment where all our gadgets
talk to us and to each other, without the inconvenience of wires. Bluetooth marked the
beginning of thiserawith its datarate of 1 Mbit/s, WLAN has pushed the rate to more
than 100 Mbit/s. In the search for new technologies that will increase the bit rate and
lower the power consumption, spread spectrum techniques such as Ultra-wideband
(UWB) communication are highly interesting and are explored in the industry, at uni-
versities, and at research ingtitutes. UWB communication in the 3.1-10.6 GHz band
now delivers 480 Mbit/s, and with the new | EEE standard for the 60 GHz band, UWB
will offer datarates of 2 Ghit/s and higher [[2].

Onefactor that has made it possible to increase the speed of wireless communica
tion is the increase in transistor performance. Faster transistors translate into higher
datarates and lower power consumption per bit. Microelectronics, and in recent years
nanoel ectronics, has provided us with generation after generation of high performance
transistors. However, conventional Si transistor technology is running out of steam
and that is why novel device concepts are being investigated. The resonant tunneling
diode (RTD), the gated tunnel diode (GTD), the regrown metal oxide—semiconductor
field-effect transistor (MOSFET), and the nanowire (NW) MOSFET presented in this
thesis are examples of such devices. Thisthesis especially focuses on the use of these
devicesin circuits generating wavelets, which is a short burst of electromagnetic en-
ergy that can be used as the basis for UWB communication. The outline of thisthesis
is;

Chapter 1 presentsthe concept of ultra-wideband communication and how the wavel et



2 Chapter 1: Background and Motivation

generator contributesto thisfield of research.

Chapter 2 introduces the theory of resonant tunneling diodes and describes the oper-
ation, fabrication, and characterization of the gated tunnel diode.

Chapter 3 gives an introduction to the field of 111-V MOSFETSs. Device architecture
considerationsare discussed in detail and related to the fabrication of aregrovn MOS-
FET. This chapter also covers high-frequency characterization of electronic devices.

Chapter 4 describes the series integration of a resonant tunneling diode and the re-
grown MOSFET.

Chapter 5 covers the design and fundamental operation of the wavelet generator.
M easurement results are accompanied by analytical modeling of the circuit operation.

Chapter 6 summarizesthe thesis and discusses future applications and challenges for
the wavel et technology.

1.1 60 GHz ultra-wideband communication

As given by the name "Ultra-Wideband" communication, this technique of transmit-
ting data makes use of a very wideband frequency spectrum. Thisis in contrast to
conventional narrow band carrier modulation methods. According to Shannon’slaw

C = BWlog,(1 + %), (1)

which describes the channel capacity C (bit/s), either an increase in the signal power
S (W) or the bandwidth BW (Hz) gives an increased upper bound on the data rate
when transmitting in an channel with white additive Gaussian noise N (W). Equa-
tion (1) further states that for a fixed signal to noise ratio (S/N) the upper bound on
the datarateis proportional to the bandwidth. Thisiswhy huge channel capacities can
be achieved without utilizing higher order modulations that requirelarge S/N ratios.
Thisillustrates one of the benefits of UWB communication.

Besides the achievable data rates, one very interesting benefit of spreading the
transmitted energy over a large bandwidth is that it reduces the interference to other
communication systems, as the signal power at one discrete spectral component is
low. How much power an UWB signal is alowed to carry at a certain frequency is
regulated by the Federal Communication Commission (FCC) in the US, and corre-
sponding authorities in the rest of the world. For the 3.1 to 10.6 GHz band the FCC
decided in 2002 that a signal is considered UWB if its bandwidth exceeds 500 MHz
or 20% of its center frequency, and that it is not allowed to exceed -41.3 dBm/MHz at
any frequency in this band [[3]. UWB communicationin the 3.1 to 10.6 GHz band has
not been the expected success, much due to additional constraintsimposed by the reg-
ulatory document. The maximum achievable datarate that is targeted as of now is 480
Mbit/s [2,14]. Instead, industry and the research community is turning their attention
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Table 1: Available unlicensed spectrum at 60 GHz

Unlicensed spectrum (GHz)
North America 57-64
Europe 59-66
Australia 59.4-62.9
Korea 57-64
Japan 59-66

to the 60 GHz band with its 5 GHz of almost worldwide unlicensed bandwidth [[5,[6],
whichislisted in Table 1. Besides the band being worldwide unlicensed and accepted,

the high frequency decreasesthe critical dimensions of the antennasto millimeter size.

Combining several antennasand controlling the phase among the multiple outputs pro-

videsthe possibility to only transmit power in the desired direction [[2]. This decreases
intersymbol interference, interuser interference, and destructive interference (fading)

from multipath components[[7].

At 60 GHz the free-space path |oss

Amd

where d is the distance and ) is the wavelength, is 28 dB larger than at the 2.4 GHz
WLAN band, and combined with an increased material attenuation at higher frequen-
cies restricts the targeted 60 GHz communication scenarios to line-of-sight and in-
the-room [[5]. Examples of applications where 60 GHz communication could have,
and already has, a great impact are simple docking solutions for downloading high
definition content or wireless connection to a display.

When UWB communication was first introduced the idea was to generate short
pulses in the time domain that translates into a wideband signal in the frequency do-
main, thisis known as UWB Impulse Radio (IR) communication. However, the regu-
|ation describing the transmission of UWB signals allows for the transmission of any
signal that fulfills the emission regulations, which makes techniques such as Orthog-
onal Frequency Division Multiplexing (OFDM) interesting [[5]. OFDM uses the ro-
bustness of standard digital coding to modulate a continuous carrier signal, the datais
then transmitted in IV different sub-channels using orthogonal carrier signalsto avoid
interference. Two frequencies are considered orthogonal when they are separated by
Af = 1/Ty, where T} is the time it takes to transmit a symbol on the corresponding
carrier [8]. Designing the subchannels correctly will make the transmitted signal as a
whole fulfill the requirementsfor asignal to be considered UWB. The OFDM way of
UWB communication is a complex solution as it deals with the parallel transmission
in N subchannels. This requires sophisticated transmitter and receiver circuits, which
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Figure 2: lllustration of a sequence of wavelets (a) in the time domain and
(b) in the frequency domain.

have large power consumption, but high bit rates, high spectral efficiency, and low bit
error rate (BER) [[7].

1.1.1 Ultra-wideband impulse radio communication

UWB IR communication is based on the transmission of short pulses representing
the data, much like the first spark radio transmitters designed by Marconi [[1]. The
benefit of UWB IR communication is that high bit rates may be achieved using low-
complexity transmitter layouts with a very low power consumption. The duration of
thetransmitted pulses aretypically afew hundred picoseconds|ong[[8] and one or sev-
eral pulsescan be used to represent each bit, ahigher energy per bit decreasesthe BER.
Different techniquesto modulate the datausing IR UWB exist, examples are pulse po-
sition modulation (PPM), pulse amplitude modulation (PAM), and phase shift keying
(PSK). The simplest system relies on non-coherent receiver schemes where energy
detection is used, PSK implementations requires coherent systems, which decreases
the BER, but requires more complex receiver structures.

It should also be mentioned that UWB IR is relatively immune to multipath fad-
ing, as compared to continuous wave carrier based narrow band radio, which experi-
ence deep fades. The reason is that the transmitted UWB IR pulses are very short in
time and space, hence the multipath reflections will not overlap the main part of the
pulse[9,[10].

Besides high speed data communication, UWB IR is considered for applications
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Figure 3: Illustration of 4 different wavelet generator implementations,
(a) upconversion of a baseband pulse, (b) filtering a baseband pulse, (c)
passing a continuous oscillator signal through a series of switches, and (d)
switching an oscillator on and off.
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in radar [[11], spectroscopy [[12], localization [[13], and imaging [[14]. Different appli-
cations have different requirements when it comes to range, pulse length, and pulse
repetition time, but they are all based on the same basic circuit topology.

1.2 High frequency wavelet generators

Two different types of techniques are commonly used for generating pulses in UWB
IR systems, the first category includes pulses generated by digital circuits. These
pulses are created by controlling the delay among individual baseband signals and
combining them into the desired output waveform [[15]. Compact pulse generators
may be created using this technique, it is however challenging to obtain high output
power in the 60 GHz band [[16/[17].

The second category of UWB IR signals consists of pulses, or wavelets as they
are also denoted, which are generated from a carrier signal. An illustration of such a
signal is shown in Fig. 2(a). The spectra shape is given by the center frequency of
the carrier signal fy, the pulse length ¢,,, and the pulse repetition frequency (PRF), as
given by Fig. 2(b). The spectral shapeis also determined by the envelope of the pulse
in the time domain.

Different examples of wavelet generatorsareillustrated in Fig. 3. Theinput signal
to al different types of wavelet generatorsis a baseband pulse and the wavelet is de-
livered to a power amplifier (PA) or directly to an antenna. Figure 3(a) describes the
solution presented by Wentzloff et al. in [[18], where a baseband or Gaussian pulse
is upconverted to the desired center frequency. This gives good control of the out-
put wavelet characteristics such as the center frequency. A second alternative is to
generate a very short baseband pulse that has frequency components in the targeted
band [[19-21], as illustrated in Fig. 3(b). This pulse is then passed through a filter
with the appropriate characteristics to form the high frequency wavelet. Figure 3(c)
describes another option, which is to pass a continuously running oscillator signal
through a series of switches, which may include gain [[14}[22]. High frequency pulses
are generated by turning these switches on and off, using the baseband signal to rep-
resent the data that is to be transmitted.

The wavelet generator investigated in this thesis belongs to the group which are
illustrated in Fig. 3(d). These wavel et generators operate by using the baseband signal
to switch a circuit between an oscillating state and a non-oscillating state. Exampl e of
other implementationsthat fall in the same category are given in reference [[23-26] .

When comparing the solutions, presented in Fig. 3, it is possible to identify bene-
fits of the implementation illustrated in Fig. 3(d):

e Noneedfor any high frequency upconversion. Designing high frequency mixers
that has a high conversion efficiency is a challenging task.

e No need for high frequency band pass filtering, which would add insertion loss
or increase the power consumption.
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Table 2: State of the art mm-wave wavelet generators

fo tp | Ppeak E,
Type Technology (GH2) | (ps) | (dBm) | (pJpulse)
B INP130nm HEMT [[19] "2 825 | 80 -22 63
C | SiGeBiCMOS130nm[22]? | 60.5 | 350 9 (150mw)
C SiGe BiCMOS130nm [[14] 0 26 | <17.2 | (450mW)
D CMOS65nm SOl [23]12 56 250 | 5.3 12.6
D CMOS65nm SOl [26])* 60 500 5 5.0
D GaAs Paper |11 60 33 -13 4.6
D InP Paper V111! 70 41 7 19

L Coherent signal. 2Baseband generator included.

voltage ————~_ | gy #0100
—

—C L 9 load ,\/V\]

A2

gVDC+gLoad>0

= time

gVDC

Figure 4: Switchable oscillator circuit.

e No need for high frequency switches. To get enough attenuation of the signal
typically several switches are required, each consuming power.

o All the generated energy is synthesized directly at the RF frequency, no energy
islost in filters, mixersor switches. Thisgivesthe possihility to realize efficient
transmitters.

These benefits are further accentuated in Table 2, which lists state of the art mm-
wave wavel et generators based on the techniques described in Fig. 3. The benchmark-
ing contains center frequency (fo), wavelet length (¢,,), wavelet peak output power
(Ppeax), and energy consumption per wavelet (E,). Table 2 aso indicates if the
wavelet generators produce coherent signals, which is required to retain phase infor-

mation, and if the baseband signal generator isincludedin £,,. Thewavelet generators
considered in this thesis are represented by Paper 11 and Paper V111, they compare fa-

vorably, especially when ashort ¢, is required.

The wavel et generators developed in this work are thoroughly analyzed in Chap-
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ter 5, a brief introduction to the concept is given here and is illustrated by Fig. 4.
The generalized circuit consists of two reactive elements, one inductor (L) and one
capacitor (C), aload given by g1,.4, and a variable conductance (gvpc), which may
be switched between negative and positive differential conductance. When gy pc is
switched to negative values such that it compensates for resistive losses in the circuit,
i.e. gvDCctg102a<0, the circuit will be unstable and oscillations are produced. The
frequency of the oscillation is determined by the resonance frequency of the reactive
elements, which is given by

; (3)
21V LC

Switching gyvpc to apositive value will add loss to the circuit and the oscillation will
decay, hence, the circuit in Fig. 4 has the functionality of the wavelet generator in
Fig. 3(d).

Thisthesis mainly focuses on devel oping devices with the property of the variable
conductance in Fig. 4. These devices are based on the negative differential conduc-
tance of aresonant tunneling diode, which is the first topic of the next chapter.

fo=



Chapter 2
The Gated Tunnel Diode

The gated tunnel diode (GTD) considered in this chapter is an example of a vari-
able conductance device that can be used in wavel et generating circuits. It isbased on
the negative differential conductance (NDC) property of a resonant tunneling diode,
which has been utilized in various electronic circuits such as high frequency oscil-
lators [27], low power memory cells [[28], and analog to digital converters [[29]. In
order to make the RTD more flexible as a circuit element it may be combined with
a transistor, which provides the possibility to tune the NDC property. Examples are
given in [[30] where a RTD has been integrated in series with a heterojunction bipolar
transistor, and in [[31] wherethe RTD has been integrated in parallel with afield effect
transistor.

a) | b) | 0 |

v VlN _| VoUT VIN‘{ VOUT

v v v

out out out

Figure5: (a) and (b) shows the circuit layout and output characteristics of
a series and parallel integration of a transistor and an RTD, respectively.
(c) Symbol representing the GTD together with an illustration of its output
characteristics.

A schematic layout of these devices and their corresponding output characteristics
are shownin Fig. 5(a) and (b). These configurations require performance matching of
thetransistor and the RTD, and design for additional voltage drop acrossthetransistor.
The GTD presented here controls the conducting area of an RTD by an integrated
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Figure 6: Conduction band diagram of the GaAs DBH used in this thesis,
the complete epitaxial structureisgivenin Table 3.

metal gate, which providesthe possihility to directly modulate the output conductance,
asillustrated in Fig. 5(c).

This chapter describes the basic principle and operation of an RTD, and the fabri-
cation and modeling of the GTD. The GTD isfurther analyzedin Chapter 5, wherethe
possibility of switching the output conductance between positive and negative values
is used to generate wavelets.

2.1 Theresonant tunneling diode

A resonant tunneling diode consists of a double-barrier heterostructure (DBH). The
conduction band diagram of the GaAs based DBH that are considered in this thesis
is givenin Fig. 6. The confinement potential, formed by the conduction band offset
between the materials of the DBH, creates quasi-bound states at certain energies I,
these are indicated by the dashed linesin Fig. 6. Resonant tunneling from the emitter
to the collector through the DBH may occur when the energy of an electron outside
the DBH coincide with that of aquasi bound state inside the DBH.

In the ssimple model considered here the wavefunction of an electron outside the
DBH is represented by a plane wave with a crystal momentum vector &, the spatial
coordinate vector 7, and the amplitude vector A. If a trandlation invariant DBH is
considered it is possible to separate the motion in the z and y planeinto plane waves
that are independent of thewavefunctionin the z direction[[32]. Thismakesit possible
to write the wavefunction as

T = a-eF=®)p.ethy¥) g 2) (4

with the energy
_ h2(K2 4+ K2
E(k) = MJFEH, n=123.. (5)
2m*
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Figure 7: (a) lllustration of the available energies inside the potential con-
finement. (b) The shaded surface represents electronic states available for
transmission through the DBH at a certain energy E,. kr is the Fermi
wavenumber corresponding to the Fermi energy.

Here, m* is the effective mass of the electron and a and b are the amplitude of the
plane wavesin the = and y direction, respectively. In thismodel & and k, which are
the lateral crystal momentums, are conserved together with E,. Thisimplies that the
restriction on the crystal momentum in the z-direction

V2m*Ey
h )
hasto befulfilled in order to have transmission through the DBH. Figure 7(a) showsan
illustration of the available energies between the barriers, as a function of & and k.
The electronic states that are available for tunneling at F,, are depicted in Fig. 7(b).
The probability for an electron to be transmitted from the emitter side to the col-
lector side, through the DBH structure in Fig. 6, can be calculated using the transfer
matrix approach [[33]. Details regarding the calculations are presented in appendix A
and the result is shown in Fig. 8, where it is seen that the transmission probability
approaches unity for energies corresponding to a resonant state. Off resonance the
probability instead approachesthat of the tunneling probability through a barrier with
a thickness corresponding to the total thickness of the two barriers forming the po-
tential confinement of the DBH. This is represented by the dashed trace in Fig. 8,
which was also cal culated using the transfer matrix method. Thus, a resonant tunnel-
ing structure resembles a Fabry-Perot interferometer where constructive interference
leads to a transmission maximum. Here it is the wavefunctions of the tunneling elec-
trons that interfere constructively to give a transmission maximum. A more thorough
introduction to the resonant tunneling phenomena may be found in [[34], and for a

kz = (6)
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Figure 8: The solid trace shows the result of the calculation of the trans-
mission probability through the DBH given in Fig. 6, the method used is
described in more detail in appendix A. The transmission through a 3.2-
nm-thick Aly sGag oAs barrier isillustrated by the dashed line.

deeper understanding of the theory [[33] is recommended.

The current density through the DBH may be calculated using the Esaki-Tsu for-

mula:
* > T o0

J= %/L) dE,T(E,, Vogn) In (
Here, T1, isthetemperature, kg isthe Boltzmann constant, Vpgy isthe voltage applied
acrossthe DBH, and i and 1. arethe chemical potentialsat the emitter and collector
side, respectively. Equation (7) includes two terms that are integrated with respect to
E,, the first is the transmission probability considered earlier and the second is a
function which accounts for the net amount of carriers available for tunneling at a
certain F,. Both these terms are functions of the applied bias Vpgg.

Figure 9 shows the conduction band diagram under different bias conditions and
the corresponding current density transmitted through the RTD for the DBH structure
defined in Fig. 6. A factor n=0.27 has been used to relate Vpgy to Vog, which is
the voltage drop across the DBH and the adjacent spacer layers. The value of 1 was
estimated from 2D simulations using the software ATLAS by Silvaco. Asthe biasis
increased the energy difference between the resonant level and the conduction band
edge on the emitter side is decreased, as depicted in Fig. 9(a). Figure 9(b) illustrates
the DBH at V-g=0.40 V, increasing the bias beyond this point will cause the resonant
level to be below the energy of electrons eligible for transmission from the emitter to
the collector. Thisiswhen the current starts to decrease and the NDC property of the
RTD presentsitself, asseenin Fig. 9(d).

1 + e(nE—E.)/kpT,
1 + e(pke—E.—€eVben)/kpTL ) @)
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Figure 9: (a)-(c) Conduction band minimum of the DBH described in
Fig. 6, the resonant states are indicated by dashed lines. The corresponding
current density is shown in (d).
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Important metrics of an RTD is the peak current density (.J,) and peak voltage
(V}), which areindicated in Fig. 9(d). The transfer matrix method is useful to predict
the peak current density (the experimental value for this structureis J,=120 kA/cm?),
but as the solution is not made self-consistent it does not predict 1, in a good way.
Also, the transfer matrix method does not include scattering, which is why the current
remains essentially flat as the first resonant level is pulled below the conduction band
edge onthe emitter side. The dashed tracein Fig. 9(d) illustrates theincreasein current
experimentally observed, and the definition of the valley current density (/) and the
valley voltage (V).

When designing high speed RTDs several factors needsto be considered and trade-
offs have to be made. The most important parameters used to evaluate RTDs arelisted
below. These parameters are chosen based on their influence on the performance
of high frequency oscillators incorporating RTDs, which will be further discussed in
Chapter 5.

e The peak to valley current difference (Al = I, — 1) and voltage difference
(AV =V, — V},) both need to be large in order to maximize the output power
from the RTD. However, the output conductance g, ~ AI/AV needs to be
large enough to compensate for losses in the circuit.

e The output capacitance of the device, C.., should be as small as possible to
maximize the oscillation frequency.

e 1/, should be as small as possible to limit the DC power consumption.

A large AT requires a large .J,, which is obtained by decreasing the thickness of
the DBH barriers to maximize the tunneling current, and by increasing the amount
of electrons available for tunneling, i.e. increasing the doping on the emitter side.
However, it isimportant to make surethat .J,, is not severely deteriorated as aresult of
increased scattering due to nonuniformity in the epitaxial layers forming the DBH.

One important trade-off when considering the parameters listed above is that the
RTD area (ArTp) should be large to provide high output power, but small to enable
ahigh oscillation frequency. The capacitance per area unit (C ../ ArTp) is minimized
by having a thick space charge region (SCR) layer on the collector side of the DBH,
but this in turn increases V/,, as there will be an additional voltage drop across the
SCR. The Ing.2Gay.sAs notch included in the design of the DBH presented here acts
to lower V},, asthe notch lowers the first bound state of the DBH. Several more trade-
offs and considerations needs to be taken into account when designing RTDs and a
detailed discussionisfound in [[34].

2.2 Fabrication of the gated tunnel diode

As mentioned earlier, it is possible to gain additiona circuit functionality from an
RTD if athird terminal isintegrated with the RTD. The gated tunnel diode (GTD) pre-
sented in this section is such a device. The device processing is illustrated in Fig. 10
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Table 3: Epitaxia structure

Layer Material Thickness (A) | Dopant level (cm—2)
Contact layer | Ing.5Gay.sAs 300 31019
Contact layer | In,Gag;_,)As" 300 3-101

Emitter GaAs 4000 2:10'8
Tungsten gate

Emitter GaAs 100 2.10'7

Emitter GaAs 200 5.10'7

Spacer GaAs 50 2-1016

Barrier Aly sGay 2AS 16 2.1016

Well GaAs 9 2.10'6

Notch INg.2Gag sAs 20 2-1016

Well GaAs 9 2-10'6

Barrier AlysGay 2As 16 2-1016

Spacer GaAs 50 2-1016

SCR GaAs 1000 2-10'7
Collector GaAs 10000 5108
0 GaAs Substrate Sl

*z = 0—0.5 linearly graded.

and the layers of whichthe GTD consistsare shownin Table 3. TheDBH isgrown by
molecular beam epitaxy (MBE). An electron beam lithography (EBL) defined W grat-

ing isthen deposited on top of the MBE grown substrate by el ectron beam evaporation,

Fig. 10(a) shows the sample after the lift-off processis completed. The tungsten grat-

ing will act as the gate of the device. The sampleis then cleaned and the native oxide
isremoved in aHCI etch, before the sample is transferred to a metal organic chemical

vapor deposition (MOCVD) reactor. Figure 10(b) shows the sample after overgrowth.
The overgrowth has been optimized to give a self aligned mesa on top of the tungsten

grating [[35]. The complete epitaxia structure is shown in Table 3, the Ing 5Gay 5As
layer isincluded to decrease the contact resistance of the device. The contacts, which
are denoted as the emitter (on top of the self aligned mesa) and the collector contact,

are defined by EBL and deposited by thermal evaporation, the fabricated structureis
described by Fig. 10(c). The Ti/Pd/Au metal stack gives ohmic contactswith aspecific
contact resistivity of 50-80 Q:m?, as deduced from the transmission line method.

To minimize the gate to collector capacitance most of the W frame is removed,
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Emitter

Collector

Figure 10: lllustration of the GTD during different steps of the fabrication process.
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Figure 11: (a) Schematic band diagram and (b) cross section of the active
region of the GTD. The dashed line illustrate the depletion of carriers as-
sociated with the W-GaAs Schottky contact and how it is influenced by the
gate potential.

as illustrated in Fig. 10(d). This is done by defining a resist mask using EBL and
removing the W by reactive ion etching in SFg chemistry. A slow (1.5 nm/s) wet-etch
processis then used to remove the parts of the contact layer that is not covered by the
ohmic contacts, which is done in order to avoid short circuiting between the gate and
the ohmic contacts through the In,Gay; _,)As layer. The wet etch also removes parts
of the semiconductor material underneath the gate, this will further decrease the gate
to collector parasitic capacitance. Gate pillars are then deposited by thermal evapora-
tion, as shown in Fig. 10(e), and the device mesaisisolated by wet-etching, Fig. 10(f)
shows the GTD resting on the semi-insulating substrate. The low-« dielectric bisben-
zocyclobutene (BCB) is used to passivate and to planarize the devices, as illustrated
in Fig. 10(g), and the sample is then dry etched to reveal the top parts of the con-
tacts. The completed deviceis shownin Fig. 10(h), where Au measurement pads have
been integrated with the device terminalslabeled collector, emitter, and gate. The here
described fabrication process was used, with minor modifications, in Paper 1-V.

The output current is passed from the collector to the emitter contact. The gateis
connected to the W grating and it forms a Schottky contact with the GaAsasillustrated
in Fig. 11(a). By controlling the potential on the gate it is possible to control the
depletion width W, of the Schottky contact, which in one dimensionis given by:

2€,
Waep = qTD(Vbl — Ver) (8)

This modulates the active conducting area of the DBH, asillustrated in Fig. 11(b), and
hence the output current.

2.3 Characterization of the gated tunnel diode

2.3.1 DC characterization

Figure 12(a) showsthe measured DC output characteristicsof aGTD and Fig. 12(b)
depicts the gate leakage current (I). From Fig. 12(a) it is seen that it is possible to
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Figure 12: (a) Measured DC output characteristics of the GTD, (b) gate
leakage. The device has 55 W fingers with a width of 80 nm, length of
2 pm and thickness of 20 nm. The spacing between the fingersis 250 nm
and the total active device areais 36 um?.

switch the output conductance of the device from positive to negative values by con-

trolling the gate voltage along the dotted line in Fig. 12(a). At low Vg the V; is
shifted to higher Vg due to the decreased potential in the DBH region. At high I
the V}, increases as a consequence of the parasitic series resistance in the RTD. This
phenomenon is exploited in the circuit implementations presented in Chapter 5.

The transconductance (g,,,) is fairly low, as the device has not been optimized to
give high gain. Instead the parameterslisted in Section 2.1, which relates to how well
the GTD performs in a high frequency oscillator circuit, have been considered. This
also applies to the design of the Schottky contact gate leakage current in Fig. 12(b),
which is fairly high due to the high doping concentration at the emitter side of the
DBH. The high doping concentration ensures ahigh .J,,, as discussed in Section 2.1.

2.3.2 RF characterization and equivalent circuit model

Figure 13 shows the current gain (h21) and maximum unilateral power gain (U)
as a function of frequency. The result is obtained from S-parameter measurements
using standard open and short de-embedding of the measurement pad parasitics. The
current gain cut-off frequency (f;) and the maximum oscillation frequency (fmax)
are 30 GHz and 11 GHz, respectively. Thisis sufficient for the device to be able to
respond to Ghit/s data signal's, which is the requirement when considering the circuit
applicationsin Chapter 5.

To characterize the GTD in the NDC region requires a shunt resistor integrated
close to the GTD to make sure that the total output conductance is positive. With-
out this resistor the GTD would oscillate with the bias network, as will be further
described in Section 5.1.1, making S-parameter characterization impossible. By char-
acterizing this resistor individually and subtracting its influence on the measurement,
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Figure 13: (a) Gain factors calculated from S-parameter measurements on
a GTD with 55 W fingers, each with awidth of 80 nm, length of 2 m and
thickness of 20 nm. The spacing between the wiresis 250 nm and the total
active device areais 36 um. The dashed trace represents the result from the
small signal equivalent model shownin (b).
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Figure 14: (a) Measured intrinsic output conductance as function of Vg
and (b) measured output capacitance as afunction of V¢g.

it is possible to obtain the true GTD response [[36]. This technique was also used for
the DC measurements presented in Fig. 12. The S-parameter measurement is used to
create an equivalent small signal model of the GTD to be used in circuit simulations
and to improve the understanding of the device performance. The model in Fig. 13(b)
was extracted according to the approach outlined in Section 3.4, it resemblesthat of a
standard field-effect transistor with an output conductance (g ,,), which may be nega-
tive. Figure 14(a) showsthe extracted g, as afunction of Vg, demonstrating that the
device may be switched between positive differential conductance (PDC) and NDC by
controlling the gate potential. The measured intrinsic output capacitance C . is shown
asafunction of Vg in Fig. 14(b). Besides the geometrical depletion capacitance, C'.
also consists of a quantum capacitance originating from the charging and discharging
of the quantum well [[36], which is seen in Fig. 14(b) as an increase in C., when the
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GTD ishiased in the NDC region.

Other reports of gated tunnel diodes are found in reference [[371/38]. These devices
have mainly been developed for digital applications, the main argument is increased
circuit functionality per occupied area. However, they have been outperformed in
terms of manufacturing cost and power consumption, by conventional CMOS logic.
When considering high frequency wavelet generator circuits the GTD shows promis-
ing features, which will be analyzed in Chapter 5 where the circuit performance is
evaluated based on the RTD parameters defined and analyzed in Section 2.1.



Chapter 3
The Regrown MOSFET

The previous chapter presented a device which combined an RTD with a Schottky
field-effect gate to form a GTD. This device has many interesting properties, but also
somelimitations. Theseare mainly related to the choice of material for the DBH struc-
ture. In the case of the GTD, the design is limited to amaterial system that allows for
the integration of a Schottky gate, which in the work presented here was GaAs. Itis
well known that the best performing DBHs are found in the InGaAs/AIAs [[39] or in
the INAS/AISb material systems [[40], much due to the decreased contact resistance as
compared to GaAs. However, high In content materials do not form good Schottky
barriers with metalsand aGTD in this materia system would have ato large leakage
current at the input.

Chapter 4 considers a variable conductance component implemented as a series
integration of an INGaAsRTD and an InGaAs metal -oxide-semiconductor fiel d-effect-
transistor (MOSFET). The primary purpose of the MOSFET isto operate as avariable
resistance, henceit has been designed to have alow on-resistance R ,,,,, i.€. ahigh on-
current (I,,), and a high off-resistance, i.e. a low off-current (I.¢). This chapter
analyses the MOSFET from the perspective of its operation in conventional digital
logic for very large scale integration (VLSI). The conclusions derived are then used
when analyzing the RTD-MOSFET variable conductance component in Chapter 4.

31 MOSFETsfor VLS

One of the most high-tech products, in terms of the amount of money spent on re-
search and devel opment, commercially available today isthe "lvy Bridge" Intel com-
puter processor. It consists of 1.4 billion transistors with a physical gate length (L ;)
of =25 nm, equivalent to roughly 250 atoms. This transistor is designed according
to the requirements stated in the international technology roadmap for semiconduc-
tors (ITRS) [41] at the 22 nm node. Looking back at the development of previous
generations of transistors they have al faced tough challenges, however, innovation
inspired by business (the total semiconductor market value was $300 billion in 2010)
is a powerful force and semiconductor engineers have managed to deliver improved
transistor performance according to Gordon Moore's observation of the doubling of
the transistor count every 18-24 months. Examples of major innovationsin the latest
generations up to the 22 nm node are;

21
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Figure15: Illustration of major innovationsin CM OS transistor fabrication
from the 90 nm node generation up to the 22 nm node generation.

Introduce strain to boost charge transport [[42].

Introduce high-~ gate dielectric for improved charge control [[43].

Replace polysilicon gate with metal gate to enable charge control [[44].
e Introduction of gate-last processing to facilitate high-x integration [[44].
e 3-D architecture, Tri-gate devices for improved electrostatic control [[45].

These innovations are illustrated in Fig. 15 and described in this section. The fun-
damental challenge is to be able to increase the performance of the transistor while
minimizing the power consumption, both in the on-state and off-state. The remainder
of this section lists how the above innovations has contributed to solve these chal-
lenges, the discussion is based on two key transistor metrics, the on-current (1 ,,,) and
the subthreshold swing (S.S), Figure 16(a) illustrates the impact of these two param-
eters on the transfer characteristic. The transistor is used as a logic gate having two
states "1" and "0", which are controlled by the gate-source voltage Vs and distin-
guished by the threshold voltage (V). Theam isto get the transistor to work as an
ideal switch, which only consumes power in the on-state. The subthreshold swing is
ameasure of the ability to switch the transistor off, a smaller S.S means less current
consumptionin the off-state. A high I, isdesired asthis current will be used to drive
theinput of subsequent gates, as will be considered next.

Increasethe current
Thetransistor switching performanceisillustrated by the one stage inverter delay:

- Cout]putvdd . (9)

Here, Coutpue CONSists of both the intrinsic and parasitic capacitances at the output
of the inverter in Fig. 16(b). The parasitic capacitances originating from intercon-
nects (Cwire) and fringing fields from gate sidewalls might not scale well with L,
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Figure 16: (@) lllustration of the transfer characteristics of a MOSFET
switch. (b) CMOS inverter.

N
.

<Y

and inverter performanceis primarily increased by decreasing the supply voltage V qq
and increasing the on-state current [[46], which is equivalent to increasing the trans-
conductance (g, = dIp/dVas~Ion/Vaa) [47]. Technology generations up to the
250 nm node have been scaled according to the constant field approach [[48], which
implies adecreasein Vyq by Yo as L, is scaled by 1/ov. This has not been possiblein
|ater generations as this would have manifested itself as atoo low drive current, hence
a generalized scaling theory has been introduced [[48], which is closer to the constant
voltage scaling where Vyq has been kept constant at 1V as L, isscaled by 1/a.. The
reason for the deviation is mainly related to the gate oxide tunneling leakage current,
which depends on the thickness of the gate oxide (¢ .x). Inability to scale ¢, by la,
hence the gate oxide capacitance Cox o 1/, manifestsitself aslessinduced charge
in the channel ¢- NyxCox(Vaa — Vin), which will cause the on-state current density,
given by

Ion/Wg = qNgvs, vs = p-E, (10)

to decrease, wherasit should be constant according to constant field scaling. Here, W,
isthewidth of the transistor, /V, istheinduced carrier concentration, v is the velocity
near the source edge, and E is the horizontal electric field along the channel. The
introduction of strain in the channel to increase the mobility (1) and hence I ,,, and
the introduction of high-x gate oxide to increase the gate coupling without scaling o,
has made it possible to stay on the ITRS track [[45]. As the standard polysilicon gate
experience problemswith Fermi level pinning when integrated with high-« dielectric,
it has been replaced by a metal gate and an added benefit of this is the increased
flexibility when designing the work function of the gateto obtain therequired V', [44].
The introduction of the high-~x/metal-gate stack also inspired the devel opment of the
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gate-last process, in which the gate dielectric is deposited after the high temperature
dopant activation anneals [[44]. This increases the stability of the high-x-metal gate
stack and also provides the possibility of choosing the gate metal from a wider range
of materials.

Recently Intel has announced that their Ivy Bridge 22 nm node process, whichisin
production, includesa3-D architecture known asa Tri-gate[[45]. The Tri-gate controls
the channel from 3 sides, asillustrated in Fig. 15. This boosts I,,,, by increasing C,x
and hence g N, at agiven L,.

To further improvethe drive current of high performancedigital circuitstheindus-
try isconsidering replacing Si asthe channel material, especially InGaAsis considered
agood candidate due to the superior mobility and high source injection velocity (v in;)
as compared to Si [149]. These properties are correlated with a small effective mass
which limits the density of states and hence the current, however, when considering
thin channel FETs this effect might not be severe and significantly improved on-state
performance is till expected from [11-V materials, especially for low supply voltage
applications [49]. These materials are likely to be introduced as the L, approaches
10 nm and at these short gate lengths the injection velocity becomes an important pa-
rameter as the current is no longer governed by the long channel mobility ( 10) but
rather the saturated velocity (vsat)

Ion /Wy = ¢Ng-Vsat (11

or ballistic transport
Ion/Wg = qNs'Uinj- (12)

Another factor limiting the drive current is the resistance between the source/drain
contact and the channel (R access)- AS Ly is scaled closer to the ballistic limit Riccess
will become a larger fraction of the total on-resistance (R,,), which decreases the
energy efficiency and degrades the drive current and the transconductance.

Minimize the subthreshold swing

The off-state current is limited by thermionic emission of charges from the source
into the channel. The potential barrier limiting the current is controlled by Vs and
the current in the subthreshold regimeis proportional to exp(q¢(Vas — Vin)/ (kbT1)),
the room temperature limit of the switching of current in the subthreshold regimeis 60
mV/dec. Toredlizethisideal operation requiresagood el ectrostatic coupling between
the gate and the channel, which is not possible if the MOS interface suffers from a
high density of interfacetrap states (D;;), which screens the vertical field. By keeping
athin interfacial layer of SiO between the Si channel and the high-« gate dielectric
it has been possible to keep D;;, at an acceptable level.

It is also imperative that the device does not suffer from short channel effects, i.e.
draininduced leakage currents. To ensurethat the device el ectrostaticsis controlled by
the gate potential and not the drain potential it is essential that the channel is kept thin.
The restriction on the channel thickness may be relaxed if the channel is controlled
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Figure 17: (a) Resistive contributions to the on-resistance of a FET. (b)

Shows a schematic cross-section of the MOFET described in this thesis
and (c) and (d) shows a standard HEM T and Si MOSFET, respectively.

from more than one side. The Tri-gate transistor is such a device and it has demon-
strated improved subthreshold characteristics for both Si and I11-V channels [[50,/51].
A step further is to use a gate all around (GAA) design to gain ultimate electrostatic
control of the channel [52].

The future introduction of I11-V materials will make it possible to use quantum
confinement in the channel by heterostructure engineering. Thisis a simple way of
thinning the channel to ensure good 2-D electrostatics. On the down side, I11-V ma
terials have adightly higher permittivity which makes them more susceptible to short
channel effects and the lower band gap also gives a larger lower bound on the mini-
mum Ig [53].

3.2 1Il1-V MOSFET device architecture

To further increase I,,, and decrease S'S requires new innovations that goes beyond
what is currently regarded as "business as usual”, I11-V channel materia is one such
example. High electron mobility transistors (HEMTSs) has for a long time demon-
strated the superiority of the 111-V channel materials as compared to Si [[54,55]. One
of the reasons that HEMTs have not found their way into VLSI applications is that
the scaling of these devices to short gate lengths implies a reduction of the thickness
of the Schottky gate barrier layer, which at short gate lengths results in a large gate
leakage current [[49]. Thereis currently abig effort at both universitiesand in industry
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across the globeto find a suitable high-« dielectric that limits the gate |eakage current
and gives good control of the chargesin I11-V channels.

A second big challengeis to integrate this high quality gate dielectric while main-
taining a low on-resistance device architecture. Figure 17(a) illustrates the different
resistive contributionsto the on-resistance

Ron = Raccess + Rka Raccess = 2-Ren + 2'Rgca (13)

of aFET, where R..,, isthe contact resistance, R, isthe gate-to-contact resistance, and
Ry is the channel resistance. The lateral dimensions associated with these resistive
contributions are the contact length L ., and the gate to contact spacing L 4.

Scaling scenariostarget a R ccess Of 145-228 )um at the 15 nm node with 2- L .=
20 nm [411/56]. This challengeis one of the main motivations behind the design of the
regrown MOSFET reported in this thesis, which is shown in Fig. 17(b) together with
a schematic layout of a standard HEMT in Fig. 17(c), and a standard S MOSFET in
Fig. 17(d), for comparison. The following considerations, labeled A to E, were taking
into account when devel oping the regrown MOSFET fabrication process.

A. Avoid heterostructure barriers in the path of the current = Epitaxial regrowth
of source and drain access regions

HEMT devices rely on a heterostructure barrier Schottky gates, these devices are
fabricated by performing a gate recess etch which is selective to the barrier on top of
which the gate contact is formed. This means that the heterostructure barrier will also
be present in the source and drain access regions, as shown in Fig. 17(c), which may be
avoided by epitaxially regrowing the source and drain access regions. Metal-organic
chemical vapor deposition is the preferred choice for selective area regrowth due to
the possibility of growing under high ambient pressure, which gives along diffusion
length of the precursor molecules and hence high uniformity growth.

B. Minimize the gate-to-contact resistance = Self-aligned device

When scaling transistors to short gate lengths it is important that the parasitic resis-
tance originating from L., is kept small. The L, is targeted to be 15 nm at the
15 nm node [41,/56]. This implies that the highly conductive access regions must be
self-aligned to the gate in order to have areliable fabrication process. Thisis hard to
realize for short gate length devices relying on recess etch to form the gate. Si based
devices traditionally use ion implantation to form the self-aligned access regions, as
illustrated in Fig. 17(d). This approach would be a desirable choice for I11-V MOS-
FETSs, as many of the well established fabrication processes in the Si industry could
be reused for the I11-V channels. However, studies has shown that it might be atough
challenge to implant high quality, shallow, abrupt, and highly doped junctionsin 111-V
materials and thisis especially true for the low thermal budget processing required for
In,Ga; _,As compounds [57,58].

C. Thedevice should be scalable to short gate lengths = Surface channel device



3.2 |Il1-V MOSFET device architecture 27

The excellent performance of HEMTs are mainly attributed to the high quality inter-
face between the channel and the Schottky barrier. This knowledge has inspired the
development of MOSHEMTs [[59], where the gate oxide is separated from the chan-
nel by a heterostructure barrier to give improved transport properties. The equivalent
oxide thickness (EQT) is given by the barrier and the gate dielectric, which requires
that these layers are kept very thin [43]. It might be a challenging task to manufacture
these devices in a controlled way at very short L. It would be desirable to have the
gate oxide directly on the channel to improve the gate to channel coupling. This has
been the traditional CMOS approach facilitated by the high quality Si-SiO» interface,
and lately the Si-SiO,-high-« interface. To find a high quality MOS gate stack is the
main challenge for the In compound transistors.

D. High quality MOS interface = Gate-last process

As mentioned earlier, Si based MOSFETSs rely on ion implantation processes, which
are followed by high temperature annealing to activate the dopants and to form the
intended doping profile. High temperature annealing is also used to improve ohmic
contacts. A fabrication scheme where no high-temperature annealing is used after the
formation of the gate is referred to as a gate-last process and the benefit of such a pro-
cesses is that the temperature budget for the MOS interface can be designed indepen-
dently of the temperature during the formation of the contacts and the access regions.
Moderate annealing has shown to improve the quality of the MOS interface [[60].

E. The device should be high frequency compatible = Trade off between R ,ccess
and parasitic gate capacitance (Cyp)

Transistors for VLS| applications are mainly evaluated based on the highest 7, for
a fixed off-current. Less attention is paid to parasitic capacitance contribution, as
discussed in Section 3.1. The trade-off between R.ccess and Cyp, is more important
for anal og applications, where the transistor is used to deliver gain at high frequencies.
Thisisillustrated by the expression for the current gain cut-off frequency of astandard
FET 1 Cg+Cy
27 fi Im
which includes the source and drain resistances, R and R4, and the gate-drain and
gate-source capacitances, Cyq and Cys. This is further discussed in the following
section together with a description of the key features of the fabrication process and
how they affect this trade-off.

(1+ (Rs+ Ra)gas) + (Rs + Rd)ng, 14

321 Theregrown InGaAsMOSFET, design and fabrication

A thorough description of the fabrication of the regrown MOSFET is found in Pa-
pers VI and VII, this section addresses fabrication considerations related to the design
trade-off between |ow R ,ccess andlow Cyp,. Figure 18 shows a schematic cross-section
of the regrown MOSFET, indicating key design parameters. Here L . is the contact
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Figure 18: Schematic cross-section of the regrown MOSFET indicating
the key dimensions related to the resistive and capacitive parasitic of the
device.

length, L, isthe gate to contact spacing, L., is the T-gate overhang, ¢, is the stem
height of the T-gate, and ¢ is the thickness of the access region semiconductor mate-
rial.

The presented device topology possesses the numerous benefits discussed in the
previous section, al of which minimizes R,.c.ss. One of the key properties is the
absence of heterostructurebarriersin the accessregions. Hence, it is possible to model
Raccess USing asimple one layer distributed transmission line model, as presented in
Fig. 18, contrary to the more complex models used for heterostructure FETs [[61].
Here GG’ isthe distributed contact to contact layer conductance per unit length, and R’
isthe distributed contact layer resistance per unit length. The differential equation

d*V (x)
dz?

—1dV(z
~RGV(@) =0,V(0) =V, df) — I, (15)

governs the voltage drop V() at a distance 2 underneath the contact, assuming that
the resistance in the metal is negligible. The solution to (15) is,

Vo RanlLyg L Pe
cn — 7 — th { — s Ly = ) 16
& Io We “ (Lt> ' Rgn (16)
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Figure 19: (8) Raccess @ afunction of L. for different L. and Rgy,. (b)
Raccess @ afunction of p., Ly.=15nmand L.=10 nm.

Table 4: The influence on Raccess; Cep1, aNd Cypa, by increasing the listed design
parameters.

te | te | tox | Le | Lge | Liw
Raccess | + | O | T | 4 | T )
Ceop1 | 110 L | O] O 0
Cepz [ O] L1 O 1| )

where Ry, is the semiconductor sheet resistance, p. is the specific contact resistivity,
Ly isthetransfer length, which is defined as the point where the current has decreased
by afactor e, and I, is the width of the contact. Thetotal Rccess IS

Raccess =2+ (ch + Rgc) =2 B L coth <&> + 2'R5h'LgC' (17)

Wy Ly
Figure 19(a) shows R.ccess @ afunction of L for different L. and Ry,. At long
L. both Ry, and L. have agreat influence on R access, but as L. is scaled below Ly,
p. becomes the single dominant factor. Thisis further analyzed in Fig. 19(b), which
Shows Rccess @ afunction of p. for different Ry, given L.=10 nm and L4.=15 nm
as targeted at the 15 nm node [41]. When considering devices this compact, Ry, has
only a small influence on R,...ss and p. is recognized as the single most important
parameter to minimize Raceess- A pe below 0.7 Qum? isrequired to fulfill the target at
the 15 nm node. Contacts to InAs, which fulfill this requirement, have been reported

in [62] for an active doping concentration of 8.2-10'% cm—3.
As shown in Fig. 19(a), the access resistance is minimized by increasing ¢ (de-
creasing Rg,) and decreasing Lg.. This is in contrast to the parasitic capacitance
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Figure 20: Illustration of the fabrication of the regrown MOSFET, (a) for-
mation of HSQ dummy gate, (b) after regrowth, (c) after deposition of gate
metal, and (d) completed device.

which is increased by increasing ¢. and decreasing L,.. The parasitic capacitance
may be separated into the semiconductor to gate capacitance (C'4p,1) and the gate to
contact/contact layer fringing capacitance (Cgp2), as illustrated in Fig. 18. To min-
imize Cyp1 implies decreasing the contact layer to gate overlap, which can be done
without deteriorating R..c.ss if the contact layer is buried fully or partly below the
gate. Another option is to remove and replace the high- spacer. To ensurethat C' zp,0
is kept small ¢, should be large and L, small, as these parameters have no impact
0N Riccess. T0 further decrease Cypo requires that L, is kept large to separate the
gate from the contact. Table 4 summarizes the influence of the design parameters on
Raccess and ng-

The regrown MOSFET fabrication scheme is described here to illustrate the pos-
sibilities and constraints of the design parameterslisted in Table 4. Figure 20 summa-
rizesthefabrication process, where thefirst step isto define ahydrogen sil sesquioxane
(HSQ) dummy gate on top of the channel, as shown in Fig. 20(a). The HSQ dummy
gate will be used as a hard mask when selectively regrowing the source and drain
access region. The gate length is defined by the width of the HSQ dummy gate and
this processis scalable to HSQ line widths below 10 nm [[63]. Figure 20(b) shows the
samples after MOCV D regrowth of the contact layer and the support layer, the thick-
nesst., defined in Fig. 18, is determined by the growth time of the contact layer. By
orientating the HSQ lines in different crystal directions on the surface of the channel
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Figure 21: Benchmarking of state of the art InGaAs FETs. *Extracted
from graphical representation of data

it is possible to control the development of the facet adjacent to the dummy gate. If
the HSQ lines are parallel to the (001) direction, the vertical facet will be (111), un-
der certain growth conditions, where the /111 ratio plays an important role [[64]. The
selective growth also gives the opportunity to grow the support layer thicker than the
height of the HSQ dummy gate, which increase the gate stem height ¢ ,..

The HSQ dummy gate is then removed and the samples are transferred to an
atomic layer deposition system, where the gate oxide of thicknesst ., isformed. The
properties of the gate oxide also determines C',,1. Gate metal is then deposited and
Ly, is defined by lithography, as shown in Fig. 20(c), and increasing L, will de-
crease the gate resistance R, but increase Cyp2. For VLSI applications L, should be
small enough to comply with the required gate to contact length L .., which at the 15
nm node is 15 nm [56]. The gate oxide and the support layer is then removed by wet
etching. The L, is determined by L, and the tilt of the sample when evaporating
the source and drain contacts and L. is defined by lithography. Figure 20(d) shows
the completed device.

The described fabrication steps provide the opportunity to control the dimensions
indicated in Fig. 18, which gives the flexihility to design adevice that is optimized ei-
ther for analog or digital applications. Analog devices are typically wide and require
a T-gate to minimize the gate resistance to increase the high frequency gain. Digi-
tal devices are rather designed to occupy as small area as possible, and to minimize
Riccess, Whereas the trade-off between Cy;, and Rccess 1S @n important parameter for
high frequency analog devices.
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Figure 22: Illustration of avertical nanowire MOSFET.

3.22 111-V FET benchmarking

The performance of the regrown MOSFET is reported in Paper VI and Paper VI,

Fig. 21 presents a comparison with state of the art InGaAs FETs [[54,59,/65-70]. The
result is that the regrowvn MOSFET showsthe lowest reported R, and R ,ccess, Which
is attributed to the epitaxial regrowth of the source and drain access regions.

The regrown MOSFET also shows the highest Q=¢.,, /5SS for surface channel de-
vices in part due to the use of a gate-last process. The HEMT and buried channel
devices demonstrate the potential of the I11-V technology and the importance of hav-
ing agood quality gate interface to the channel.

3.3 Nanowire MOSFET

Papers IX and X presents vertical nanowire (NW) MOSFETs which combines I11-V
channel material with a GAA architecture, asdepicted in Fig. 22, which isaschematic
illustration of the basic device configuration where the current is flowing perpendic-
ular to the surface of the substrate. The nanowires are epitaxially grown from a seed
particle, which allowsfor integration of high quality INnAsMOSFETsonaSi substrate,
as reported in Paper X. The vertical geometry also has other interesting features such
as the possibility for vertical stacking of transistors, control of L , by the thickness of
the deposited gate metal, and radial and axial epitaxial channel engineering toimprove
transistor performance [[71]]. The processing required to fabricate NW MOSFETSs has
a number of challenges such as accurate positioning of the gate to the channel, and
trade-off between access resistance in the thin wire and parasitics due to overlapping
gate-source and gate-drain electrodes [[72].
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Figure 23: Small signal model of the regrown MOSFET with L ;=55 nm
and W,=21.6 um. The value of the circuit elements are deduced from S-
parameter measurements.

3.4 Small-signal modeling

The devices presented in the papersincluded in this thesis were eval uated by scattering
(S)-parameter measurements using a vector network analyzer (VNA). The measure-
ments are done by imposing a voltage wave on the device under test and measuring the
ratio between transmitted, or reflected, and incident voltage. Thisis done at an inter-
face with known impedance, which is usually 50 €. The measured S-parameters can
then be converted into different sets of parametersto facilitate the analysis of the data,
admittance (Y)-parameters are commonly used for field-effect transistors. Based on
these measurementsit is possible to create small-signal model sthat may be used when
designing circuits by computer aided software simulations. Such models could be a
"black box" representation of the device, relating input to output, but if the model is
based on the physics of the device it may also be used to investigate factors that limit
the device performance and the implications that these limitations have on the cir-
cuits they are integrated into. An example of such a physics based model is shown in
Fig. 23, representing the regrown MOSFET reported in Papers V1 and V11, the model
accounts for impact ionization, band-to-band tunneling and the wideband response
of gate oxide border traps. These phenomena are further described and analyzed in
Section 3.4.1 and Section 3.4.2.
The MOSFET model was extracted using the following approach:

1. Suggest a physics based model for the device.

2. Derive analytical expressions for the intrinsic Y-parameters of the suggested
model.

3. Estimate the parasitic source and drain resistances (R and R4) from DC mea-
surements and subtract them from the measured S-parameters.

4, Comparethe measured Y-parameterswith the analytical expressions and isolate
the device elements one by one.
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5. Minimizetherelative error

Ymod Y meas 2
6—10042(2‘ L ‘) ! (18)

meas N
ij  \freq Yj | frea

between the measured and modeled databy using R and Ry as parameters for
the optimization.

The derived Y-parameters of the model in Fig. 23 are:

Yin = :;_11|v2:0 = gga(W) + ggs(w) + Rgw?(Cgs + Cga)? + jw(Cys + Cga)  (19)

1 .
Yip = 'U_12|v1:0 = —gga(w) — Rgw?Cya(Cia + Cos) — jwCled (20)

v
Yo = U—21|UQ:0 = g — git + giz — w?CgaRy(Cys + Cya)
- jWRg(gm — gi1 — gi2)(cgs + ng) - jwcgd (21)

Yoo = :)_22|v1:0 = gdas + g1 + ng2cg2d
+ w?R}Cya(Cys + Ca)(gm — g1 — gi2) + jw(Cas + Cea)
+ jwRgCya(gm — gi — giz) — jo’ R(Cos + Cya) Cia (22)
The expressionsin (19-22) have been simplified under the condition
w?(Cgs + Cga)’R3 << 1, (23)

which is valid for the model in Fig. 23 in the 10 MHz to 30 GHz freguency range
considered here. To further simplify the expressions the effect of oxide border traps
have only beenincludedin the derived Y-parameterswhereit most significantly affects
the device response, thisis further discussed in Section 3.4.2.

The gate source capacitance is obtained from

$(Y11) + S(Yi2)

Cgs =
& w

(24)
and the remaining parameters in Fig. 23 are deduced accordingly. This approach is
similar to the one presented in [[73].

Figure 24(a) and (b) showsthe measured and extracted Y-parametersand S-parameters,
corresponding to the small signal model in Fig. 23. The absolute square of the relative
error averaged over all measured frequenciesislessthan 0.1% as cal culated from ( 18).

A similar approach as the one described herewas used in modeling of the nanowire
MOSFET in Papers IX and X, the GTD model in Paper 1V, and the GTD model in
Section 2.3.2.
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Figure 25: Schematic band diagram illustrating impact ionization, band to
band tunneling, and the accumulation of holes in the gate-source region.

3.4.1 Modeling of impact ionization and band to band tunneling

The S-parameters S5, and Sso, shown in Fig. 24(b), experience a change of phase at
low frequencies. This phenomenon is also observed in Paper VI-X and is attributed
to two effects that are present at the output of FETs at high gate-drain electric fields,
namely electron impact ionization (Ell) and band-to-band tunneling (BTBT).

Ell is the process in which an electron is accelerated by the electric field in the
gate-drainregion. If the electron gains enough kinetic energy it may, uponimpact with
an atom, transfer this energy to another electron, which isthen lifted to the conduction
band, asillustrated in Fig. 25. This electron may in turn be accelerated by the electric
field and transfer its energy to anew electron. Ell isobserved already at low drain-gate
potentials (Vp) in small band gap semiconductors as the required energy to ionize
an electron is related to the magnitude of the band gap. The Ell current also depends
on theinitial amount of electrons entering the gate-drain region.

BTBT is the process in which an electron tunnels from the valence band into the
conduction band, in the gate-drain region. At high enough V¢ the bands bend and
present atunneling path, asillustrated in Fig. 25. The tunneling distance is decreased
as Vpg isincreased and the tunneling barrier height is dependent on the band gap.

The holes generated by these processes drift towards the source region where they
accumulate before they recombine with an electron, or are injected into the source, as
illustrated in Fig. 25. The positive charge in the gate-source region gives a feedback
effect, which increases the drain current. Hence, the small signal model describing
these phenomenons needs to include two elements, one that is related to the electric
field at the output and onethat is dependent on the gate-source potential. Themodel in
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Figure 26: (a) Extracted parameters of (25) and (26) as a function of Vpg
for aregrownn MOSFET with L ;=55 nmand W,=21.6 pm.

Fig. 23implementsEll and BTBT astwo voltage dependent current sources controlled
by vge and v, the corresponding transconductances are

gi10
i1 = - 25
g 1 + JWT ( )
and gi20
2 = ———, 26
gi2 1+ jor (26)

respectively. The current source, gi2ves, aso includes the dependence on the initial
current entering the gate-drain region [[74]. The time constant 7; represents the effec-
tive rate of the process. By incorporating these two current sources it is possible to
obtain a good fit between the measurement and the model, as shown in Fig. 24. Fig-
ure 26(a) shows the parameters of (25) and (26), as a function of Vg, deduced from
S-parameter measurements using asimilar approach as in Paper X. The extracted data
shows that 7; decreases for increasing Vpg, this is equivalent to an increased rate of
the Ell and/or BTBT process. The parameter g;19, Which represents the el ectrons gen-
erated in the gate-drain region, increases with increasing V¢ and the current source
modeling the influence of theinitial electron current and the hol e feedback effect (g 120)
is negative for small Vpg and turns positive as Vpg isincreased to 1.2 V. Thisis pos-
sibly related to the decreasing influence of the hole feedback effect and the increasing
influence of the primary current, which indicates that the dominating processis Ell at
high Vpg. Both g;; and g;» are dependent on the same effective generation rate 1/7; .

3.4.2 Modeling of border traps

The real part of the Y-parameters Y7, and Y35, shown in Fig. 24(a), experience
an amost linear dependence on frequency, instead of the expected sgquare behavior
of the input low pass filter, or constant frequency dependence due to conductive gate
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Figure 27: (a) Schematic band diagram illustrating the charge exchange
between border traps and the semiconductor surface. (b) Gate oxide con-
ductance calculated from (28). A constant Ny, of 9 - 10 cm=3 ev—!
was used, which was obtained from fitting to the measured Y -parameters
inFig. 24.

leakage. This phenomenon is also observed in Paper VII, IX, and X. In the case of
the regrown MOSFET, the input is isolated by a 7-nm-thick gate oxide, which gives
an insignificant DC gate leakage, less than 10 pA/um, and the frequency response
in Fig. 24(a) is instead attributed to the wideband nature of gate oxide border traps.
These traps are present throughout the gate oxide and they exchange charges with
the semiconductor surface through tunneling, as illustrated in Fig. 27(a). The time
constant associated with this processis given by

7(x) = 10e*", Kk = \/2m*(E> — E)/h, (27)

where m* isthe electron effective mass in the dielectric, F isthe electron energy and
Eo* is the energy barrier presented by the gate oxide [[75]. Following the approach
in [[76] it is possible to calculate the admittance Y of the gate oxide by modeling the
border traps as a distributed RC' network. The resulting differential equation is

ay  Y? Jwg® Nig

ar _ LY (2= 0) = jwCs, 28
dx JWeéox * 1+ jwrges® (= ) = v (28)

where Ny is the border trap density, Cy. is the semiconductor capacitance, and €
is the permittivity of the gate oxide. Solving this equation under the condition of a
constant Ny, gives the conductance shown in Fig. 27(b). Three distinct regions can
be observed. The low cut off frequency is the frequency at which all border traps at
acertain E are able to follow the applied voltage, henceit dependson ¢ ... The high
cut-off frequency isthe frequency at which none of the border traps are able to respond
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Figure 28: Measured 3(Y>;) as a function of frequency for a regrown
MOSFET with L,=140 nm and W,=21.6 um. The blue and black traces
are obtained from network analyzers with a frequency range of 20 kHz to
8 GHz and 10 MHz to 67 GHz, respectively.

to the applied voltage. The intermediate region where border traps at increasing depth
respond to lower and lower frequencies has a very wide bandwidth and overlaps with
the frequencies of the measured S-parametersin Fig. 24. The effect of border trapsis
included by adding the calculated gate oxide conductance in two equal parts, g gq(w)
and g, (w), to the small signal model in Fig. 23. It is especially important to include
this effect when modeling the unilateral power gain, as the conductances at the input,
R(Y71) and R(Y12), have alargeimpact on the result, given by

Yo, — Y12|2

U= RO R (Vo) — R(V12) R(Va1))

(29)

Paper V11 aso addresses the fact that for high Vg the transconductance extracted
from DC measurements differsfrom the transconductance extracted from S-parameter
measurements. Thisislikely due to the increased trapping by gate oxide border traps
at high V5s. Thetrapped charges screen the gate field and decrease the gate to channel
coupling, which decreases the transconductance. Only asmall fraction of these border
traps are able to respond at the frequencies at which the transconductanceis extracted
from the S-parameter measurements. Figure 28 presents a measurement of R (Y2;)
(=~transconductance) from 20 kHz to 67 GHz on a regrown MOSFET. It is seen that
the transconductance decreases with decreasing frequency. This effect has also been
reported in [[77].






Chapter 4

ThelnGaAsMOSFET and RTD

Chapter 3 discussed the considerations that were taken into account when designing
the regrovn MOSFET. The motivation of this design is to minimize the on-resistance
to improve transistor performance both for digital and analog applications. However,
the main purpose of the regrown MOSFET for the work of thisthesisisits operation
in ahigh frequency wavelet generator, where it is integrated in series with an RTD to
form avariable negative differential conductance component. The RTD-MOSFET op-
eration differs from that of the GTD, but the basic concept, of switching the output of
the device between PDC and NDC using an isolated input, is the same. An important
difference is that the RTD is designed separately from the FET, which provides the
possibility to choose the AV, AI, C¢., and V;, that gives the optimum performance
for a specific application, which was not possible when designing the GTD.
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Figure 29: (a) Schematic cross-section of the RTD-MOSFET component.
(b) Measured I¢s as afunction of Vg, the dashed trace is the output char-
acteristics of the MOSFET. The RTD areais 26.4 xm? and the dimensions
of the MOSFET are L,=55 nm and W,=160 pum. The inset shows the
configuration of the RTD-MOSFET component.

Figure 29(a) shows a schematic cross-section of the RTD-MOSFET component.
The RTD isfabricated in parallel with the regrown MOSFET. The collector contact is
defined by lithography and is used as a mask when isolating the DBH mesa by means
of wet etching. The emitter contact is deposited by thermal evaporation at the same
time as the source and drain contacts. Paper VI contains a thorough description of
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Table 5: Epitaxia structure

Layer Material Thickness (A) | Dopant level (cm~3)
SCR INg.53Gag.47AS 1000 2-1017
Spacer | Ing 53Gay 47AS 30 N.I1.D
Barrier AlAs 14 N.I.D

Well 1Ny 53Gag.47AS 9 N.1.D

Notch InAs 20 N.I.D

Well 1Ny 53Gag.47AS 9 N.1.D
Barrier AlAs 14 N.I.D
Spacer | Ing.53Gay.47AS 30 N.I.D
Emitter | Ing.53Gag.47AS 200 4.10'8

the fabrication process.

The purpose of the MOSFET is to act as a variable resistor, which short circuit
at high Vgs and limits the current through the RTD at low Vs. Figure 29(b) shows
the measured collector to source current (I ¢s) as afunction of the collector to source
voltage (Vos) and the dashed trace represents the measured output characteristics of
the MOSFET. The MOSFET has a gate length of 55 nm and a width of 160 ym, to
enable low resistive losses. The short gate length gives rise to short channel effects,
which limit the off-state performance, and Impact ionization and BTBT, which were
described in Section 3.4.1, are also present and adds to the off state current at high
VDS-

The epitaxia layers of the MBE grown DBH are shown in Table 5, they were
designed based on the considerations in Section 2.1. A 100 nm thick space charge
region was included to obtain high frequency operation at high output power, the InAs
notch was incorporated to lower V,, and the emitter side doping was kept high to
increase J,.

The DBH design in Table 5 shows a J,, of 1.22 mA/um?, high performance In-
GaAsRTDswith 1.2 nmthick AlAs barriersdeliversa.J,, ashigh as 24 mA/um? [78].
Thehigher J,, comesat the expense of ahigher J,,, however, aslongas A isincreased
for agiven Agrp it isbeneficia to thin down the AlAs barriers to improve the oscil-
lator output power of the RTD, which will be further discussed in the next chapter.



Chapter 5

The Wave et Generator

From the moment the resonant tunneling diode was first proposed [[79], it has been
recognized as a circuit element capable of generating high frequency signals, due to
its inherent NDC property that extends from DC well into the THz region [[27,/40].
Various oscillator circuits utilizing the RTD has been implemented, and might be cat-
egorized as follows;

o Relaxation oscillators [[80].

e Transmission line resonators [[81].

e Antenna coupled quasioptical cavity resonators[[27].
e L C-tank oscillators [82].

The relaxation oscillators are characterized by having an large inductive element in
series with the RTD. The inductance counteracts any rapid current change through it,
whichisused to switch the RTD through the NDC region to generate sharp transitions.
The relaxation oscillator is described in more detail in Paper 1V. An RTD transmission
line oscillator circuit is based on a configuration which has three possible operating
pointswhen biased in the NDC region. When triggered to switch between these points
the circuit generates a pulse that is sent through a short or open circuit terminated
transmission line. As the pulse is reflected it induces another switching through the
NDC region, which in turn generates a new pulse that is sent through the transmission
line. The length of the transmission line hence determines the oscillation frequency.
Antenna coupled quasioptical cavity resonators are based on an RTD connected to
an antenna, commonly an inductive slot antenna that is integrated into a resonator
cavity. The properties of the RTD, antenna, and cavity determines the oscillation
frequency. The to date highest oscillation frequency generated from an RTD oscillator
was obtained by integrating an Ing.53Gag.47As RTD with a ot antenna, it delivered
0.1 W at 1.11 THz [[39]. The circuits considered in this thesis belong to the L C-tank
category of oscillators. In such acircuit the availabl e energy oscillates between energy
stored in inductive and capacitive circuit el ements on-chip.

Whilethe GTD and RTD-MOSFET devices may be applied in various circuits uti-
lizing NDC, it is asthe key component in high-frequency wavel et generatorsthat they
demonstrate uniquefeatures. The following sections describe the basic design and op-
eration of aNDC driven wavelet generator and different alternatives of stabilizing the
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a)

RTD-MOSFET/ GTD

Figure 30: (&) Equivalent circuit of the wavelet generator. (b) Optica
micrograph of the wavelet generator illustrating the different components.
This particular image shows an RTD-MOSFET with a capacitive bias sta-
bilizing network and a CPW of type A.

Table 6: Extracted small signal equivalent model of CPWs with different length
CPW type | length (um) | L. (pH) | R: ()
A 55 8 0.15
B 85 23 0.20

operation point of the circuit. Thisis followed by a detailed description of the startup
and decay time of the oscillator. The last section gives a brief introduction to the use
of the wavelet generator circuit as a super-regenerative oscillator detector.

5.1 Wavelet generator operation

Figure 30(a) shows the layout of the wavelet generator, and Fig. 30(b) shows the
corresponding optical micrograph. The wavelet generator consists of three parts; a
bias stabilizing network (BSN), a coplanar waveguide (CPW), and a quenchable tun-
nel diode (QTD), which is integrated in parallel to the CPW. Here, the QTD is either
the GTD, which was described in Chapter 2 or the RTD-MOSFET, which was de-
scribed in Chapter 4, however, the discussion in this chapter applies to NDC circuit
elements in general. The wavelet generator is loaded by a 50 2 measurement load
(Ry) and biased through a bias-T, which is characterized by L, C},, and Ry,. An
equivalent small signal model of the CPW is given by L and R;. Table 6 shows the
value of these elements extracted from S-parameter measurements on CPWs of two
different lengths. The inductive CPW and the capacitive QTD forms a resonance
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Figure 31: Measured oscillation frequency of fabricated RTD-MOSFET
wavelet generators with CPW B (circles). The dashed trace is calculated

from (30).

circuit at the output node, which will oscillate with the frequency

~ L Ly 2
R ot \/ Cocl (Ron + Fo T R)Go T 12 10 =0

if the RTD presents enough NDC to compensate for the resistive losses in the cir-
cuit [83], which requires that

Go + (Re + R+ Ron) (o + (woCee)?) | 1 R, T
((Re + RC + ROH)GO + 1)2 RL R% + ((JJQLt)2 o

where G, is the large signal output conductance of the DBH. Figure 31 shows the
measured oscillation frequency of the RTD-MOSFET wavelet generator for different
area of the RTD (AgrTp), the dashed traceis calculated by solving (30) and (31). The
maximum freguency of oscillation of the RTD is given by the frequency at which the
RTD no longer presents NDC &t its outpult:

90| 1
RTD = 1. 32
f RTD 2770@9 |go| (Re + Rc) ( )

In general it is beneficial to choose the smallest practical L and the largest Agrp,
i.e Cc., When designing for a specific f, as this will maximize the available output
power. Thisis discussed in Section 5.1.3.
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Figure 32: (a) Output signal from the RTD-MOSFET wavelet generator.
(b) Input signal to the wavel et generator. (c) Fourier transform of the signal
shownin 32(a).

Wavelet generator operation is achieved by applying a baseband signal to the in-
put, which switches the output of the QTD between PDC and NDC. This turns the
oscillator on and off, as illustrated in Fig. 30(a) and as shown in the measurement
in Fig. 32(a). Figure 32(b) shows the corresponding input signal, and Fig. 32(c) isa
Fourier transform of the output signal in Fig. 32(a).

5.1.1 DC stabilization

As discussed earlier, an RTD has the inherent property that it exhibits NDC at DC
as well as at high frequencies. NDC at DC is an attractive property in the sense that
the device may be used in applications where it is desirable to have a bistable load
line configuration, for instance A/D converters[29] or memory cells [[84]. However,
when constructing high-frequency L C-tank oscillators it is necessary to have a stable
bias point in the NDC region, any low frequency bias network oscillations need to be
suppressed. Figure 33(a) shows an RTD oscillator circuit biased through abias-T with
alargeinductor Ly,. Thisisthe same circuit asin Fig. 30(a), except that the QTD has
been replaced by an RTD, which is donein order to simplify the analysis of the bias
stability. A DC blocking capacitor C has also been included in Fig. 33(a) to limit
the power consumption. As described in Section 5.1 the oscillator circuit in Fig. 30
will oscillate at a frequency given by the QTD and the CPW, if the bias point is kept
stable. In order to investigate the bias stability of the oscillator circuit in Fig. 33(a) it
is simplified under the assumption of low frequency operation, the resulting circuit is
shown in Fig. 33(b). The impedance between V},;,.s and ground is

1
Zp=Re+ Re+ Ry + ——————— + jwLy,. (33)
o + jwCee
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Figure 33: (@) Shows an RTD oscillator circuit that is equivalent to the
QTD oscillator circuit presented in Fig. 30. (b) Simplification of the circuit
in Fig. 33(a) under the assumption of low frequency oscillations.

If R(Zp)<0, at theresonance frequency, given by theimaginary part of (33), the RTD
will oscillate with the bias network [[85]. Solving *(Z5) = 0 gives the maximum
frequency of operation

90| 1
= -1 34
Fu 27Cee \| 90| (Re + Re + Rp) (34)

and solving &(Zg) = 0 gives the resonance frequency

1 92
fB = Coly  CZ (35)

The condition for maintaining a stable operating point is then rewritten as fy < fg,
which is tranglated into the inequality

Cl. > Arrp-g2 Ly, (36)

where C/, and ¢/ are per RTD areaunit. To obtain a stable bias point either L, should
be small or Agrrp should be small. In practical circuits it is hard to make L, small
enough, which imposes constraints on Agrp. The RF output power is proportional
to ArTp, Which means that bias network stability can only be achieved by imposing
constraints on the available output power, which makes RTD circuits less attractive as
a high-frequency source.

The operating point will not be stableif fn > fg, which will cause oscillationsin
the bias network. Depending on the ratio between g, and the positive resistancesin the
circuit, the oscillationswill be either sinusoidal or growing exponential [[85], wherethe
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Figure 34: (&) Oscillator circuit which achieves bias stability by short cir-
cuiting the CPW to ground, in (b), bias stability is provided by an on-chip
bias stabilizing network consisting of a Schottky diode, which is modeled
by ¢gs(Vee), and aMIM capacitor.

growing exponential solution results in what is known as a relaxation oscillator [[86],
which is further considered in Paper I V.

Itisimportant to be able to implement RTD circuitswithout having to rely on small
device areas to ensure a stable operating point. A straightforward approach is to make
the bias point stable by introducing an element in parallel to the RTD that ensures that
the output node conductance is larger than zero at fg. The simplest approach is to
short circuit the CPW to ground as shown in Fig. 34(a), this approach was used in
Paper |. To ensure that the operating point is kept stable requires that

9o(go(Re + Re) + 1) + (wpCee)?(Re + Re) 1
R(Y; = —
|R(Yerp)| ((Re + Re)go + 1)2 <E

is fulfilled. This configuration however imposes the restraint that it is not possible
to design the CPW and the current limiting element independently. Figure 34(b)
illustrates an approach where this is possible. By implementing a bias stabilizing
network consisting of a Schottky diode, and a large metal-insulator-metal (MIM) ca-
pacitor (Cs), it is possible to design the CPW solely for high-frequency operation
and the Schottky diode conductance g (V) for bias stabilization [[47], this approach
was used in Paper 1l and Ill. The lowest power consumption is achieved by using
the smallest possible Schottky diode area that still fulfills (37), with R replaced by
1/gs(Ver)+ R:. Figure 35(a) shows ameasurement wherethe Schottky diode areahas
been matched to the NDC of the RTD. The MIM capacitor C' islarge enough to keep
gs from loading the circuit a fo, but it aso has other purposes as will be discussed.
The circuit shown in Fig. 34(b) is fabricated by processing the CPW, the Schottky
diode, and the MIM capacitor in parallel to the QTD. C'; has a value of 300-700 pF
and is implemented in Au-HfO,-Au MIM stack, where the thickness of the HfO, is

37
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Figure 35: (a) DC output characteristics of the GTD (black trace) and the
GTD shunted by a Schottky diode (blue trace). The non ideal GTD V-
characteristics is due to bias network oscillations. The dashed red trace
shows the DC characteristics of the Schottky diode. (b) Schematic layout
of the fabricated GTD oscillator circuit, including Schottky diode and MIM
capacitor BSN.

15-20 nm, the area of the capacitor is 0.02-0.05 mm?2, and the relative permittivity of
the HfO,, layer is roughly 20. The capacitor was evaluated by S-parameter measure-
ments. An illustration of the fabricated GTD wavelet generator circuit is shown in
Fig. 35(b), which relatesto theillustrationsin Fig. 10 in Chapter 2, where the fabrica-
tion of the GTD was described.

The previousdiscussion appliesif acontinuousoscillator signal isdesired, the bias
point needs to be kept stable at al time. However if the circuit is to be used solely as
awavelet generator, then the conductance that was introduced in paralel to the QTD
may be neglected, hence limiting the DC power consumption to that of the QTD. This
isthe approachin Paper I11-1V and VI1II. Thus, thecircuit in Fig. 33(a), that was found
to have constraintson its available output power, is now considered again but thistime
only from awavelet generator perspective.

A large signal model of the GTD wavelet generator is shown in Fig. 36. If this
circuit is biased in the NDC region, with the intention of generating a continuous RF
signal, the result will be a low frequency bias network oscillation. However, if the
circuit is operated as a wavelet generator, then it will be able to produce short pulses
of RF signal. This is thoroughly analyzed in Paper 1V, a brief description is given
here, which is illustrated by the insets of Fig. 36, where the actual high frequency
oscillation has been neglected for clarity. The GTD is biased in the PDC region in
such a way that a decrease in the input voltage will switch the output of the device
to NDC, which triggers high frequency oscillations, as discussed in Section 5.1. The
input pulse, shown to the left in Fig. 36, is trandated into a decrease in the output
current of the GTD, which cannot be supported by the large bias inductor L+,. If C;
is large enough to support an increase in current that is equal to the decreases in the



50 Chapter 5: The Wavelet Generator

i

NN

Input CPW
. GTD
t

v

NN

Figure 36: Large signal equivalent model of the GTD wavelet generator,
without bias stabilizing Schottky diode. The insets illustrate the currents
and voltages in the circuit when triggered by the baseband pulse shown at
the input.

current through the GTD, without a significant increase in the voltage at the output
node, then the bias point will be quasi-stable and RF oscillations will be produced.
The change in voltage across C'; during apulse of length ¢, is

Av ~ Ait,/Cs. (38)

A large C and small ¢, will ensure that any modulation of the oscillation frequency
or output voltage during ¢, is kept at an acceptable level. Thistechnique providesthe
possibility to generate wavel ets at the lowest possible power consumption, asit isonly
the active device that consumes current.

5.1.2 Startup and decay of wavelets

When designing wavelet generatorsit is important to have exact control of the startup
and decay behavior of the oscillator. This alows for direct shaping of the wavelets,
which may be used to optimize the spectral efficiency of the output signal. A rapid
startup and decay also gives the possibility of generating very short wavelets, which
isimportant for high bit rate impulse radio transmitters.

Paper | describes the startup and decay lapse of the QTD wavelet generator when
triggered by an input pulse with arelatively slow risetime. The startup behavior isin-
vestigated by considering the circuit in Fig. 37(a), which isasimplified version of the
GTD wavelet generator model in Fig. 30(a), including the GTD model in Fig. 13(b).
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Figure37: (a) Simplified version of the output circuit of Fig. 30(a). (b) The
solid trace shows g, (vpp ) derived from the third order polynomial in (42),
the parameters used are A7=12 mA, and AV =260 mV. The squares shows
theintrinsic output conductance extracted from S-parameter measurements
onthe GTD biased at Vin=0V.

Thecircuit elementsin Fig. 37(a) are

Coq = Cee/(((Re + R)Go + 1)* + (woCee(Re + Re))?), (39)
Leq = (RY 4 (woLt)?)/ (w3 Le), (40)

and
Gleq = 1/Ry, + Ry/(RE + (woLy)?), (41)

which is the equivalent load seen by the GTD at fo = wo/27. The equivalent out-
put conductance of the DBH of the GTD (g.(vppn)) is derived from a third order
polynomial representation of the current through the DBH, given by

] AT
iDBH = JominUDBH + 2WU%BH- (42)

Here, gomin = —3AI/2AV isthe negativedifferential conductance of the DBH when
biased in the middle of the NDC region, Al and AV are the peak to valley current
and voltage difference, respectively [[86]. Figure 37(b) shows the DBH output conduc-
tance dippu/dvpsn = go(vper) caculated from (42) and the output conductance
extracted from S-parameter characterization of the GTD reported in Section 2.3. Dif-
ferentiating (42) with respect to time gives

dippu . Al .
q ~ Upen (gomin + GWU%BH) = UDBHYo(VDBH)- (43)

The resistances R, and R, are accounted for by deriving the equivalent output con-
ductance goeq(v) of the GTD

gO(U) + (Re + RC)(gO(U)Q + (wcce)Q)

Re + Re)go(v) +1)2 + (wWCee(Re + Re))?

goeq(v) = (( (44)
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The difference between v and vppy isalinear voltage drop across R, and R and will
not affect the analysis of the startup and decay time.
By Taylor expanding (44) to second order

JoeqT (V) = Goeq(0) + g;/eq(O)v2/2 (45)
the time differentiate of the current through the GTD may be written as

d . .
&ZGTD = GJoeqT (’U)U, (46)

and summing the currents at the output node of Fig. 37(a) and differentiating with
respect to time gives

1
Leq

Ceqb + (gleq + goeqT)i) + v=0. (47)

Defifing vo = 1/ ~2(g1cq + Goca(0))/Fieq (0). € = ~(91cq + Goca(0))y/Lea/ Ceq. and
replacing v with v,y makesit possible to write (47) as

§+ewo(y* — 1)y +wiy = 0, (48)
which is transformed into the van der Pol equation
wot—=T,y(t)—=a(r) =& +e(2®* — )i +x=0 (49)

that can be solved using the averaging method [[87]. The amplitude » and phase ¢ are
functions of time

x(7) = r(7) cos(T + (7)) (50)
z(1) = —r(7) sin(r + ¢(7)) (51)

and together with the fact that the time differentiate of (50) has to be equal to (51),
makes it possible to write

7= —esin(T + ) (r? cos® (7 + ) — Drsin(r + @) (52)

p= —% cos(T + ¢)(r? cos*(1 + ¢) — 1)rsin(r + ). (33)

Asr and ¢ areassumed to vary slowly compared to onecycleof oscillations, i.ee < 1,
(52,53) are averaged over o—27 + . Theresult is

7= 567“(1 - —) (54)
o= 0. (55)
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Figure 38: Envelope of the oscillator signal calculated from (57).

Separating variables of (54) and integrating resultsin
,',.(0)61/267'

r(r) = , (56)
\/1 +1r(0)2(e — 1)

where the initial condition (0) has been introduced. Transforming back to voltage
gives
2’[)0

\/1 + ((3&;3)2 - 1)

which describes the voltage at the output node of Fig. 37(a) as a function of time, ¢
is set by itsinitial value ¢ = (0). The startup of oscillations is mainly determined
by two factors, the initial condition v(0) and the damping factor ¢, which may be
rewritten as

u(t) = cos(wot + ¢), (57)

Le 1
€= — (goeq(o) O 4 + Qt k) ) Qtank = 1/(glqu0Leq)~ (58)
eq an

Here the quality (Q)-factor of the tank circuit (Q tank), Shown in Fig. 37(a), has been
included. The Q-factor is defined as the ratio between maximum instantaneous energy
stored in the tank circuit and the energy dissipated per cycle. To ensure rapid startup
Q+ank Should be large and hence g1 small, i.e. low tank circuit loss. Figure 38 shows
the result of (57) for different Q.. illustrating its influence on the startup time. The
value of the reactive elements were kept constant in the calculations, increasing L ¢
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Figure 39: Large signal equivalent model of the GTD wavelet generator.
The insets illustrate the currents and voltages in the circuit when triggered
by the the falling edge of a baseband pulse, as depicted at the input.

by afactor 5 while keeping L. /Ceq constant to maintain f, can decrease the startup
time for circuit configurations were g, does not scale with C.,. Thisis not the case
for the oscillator considered here as both ¢, and C... are proportional to ArTp and
increasing L.q by 8 would only have asmall impact on the startup time.

The calculated 10% to 90% startup time of the GTD oscillator when loaded by
Ry, =509 (Q+tank=2.4) is 20 ps. However, faster startup may be achieved by adjusting
theinitial condition v(0) in (57), which is the approach in Paper 11-1V, and VIII. This
is realized by controlling the rise time of the input signa to the wavelet generator,
as illustrated by the insets of Fig. 39, describing the current and voltage in different
nodes as the input is triggered by a negative baseband pulse. The input signal causes
the current through the GTD output to decrease and forces an equivalent increase in
current to Cs, asthe current cannot be supplied by the largeinductance L ,. Thisrapid
increase of current through L calls for a rapid increase of the voltage at the output
node of the wavelet generator
dip,

dt
Here, di;, /dt may be atered by adjusting the rise time of the input baseband pulse,
which effectively alows for direct control of the initial condition v(0) governing the
startup of oscillations. Figure 40(a) shows experimental data, where the output signal
of the oscillator is measured for three different rise times of the input baseband pulse,
shown in Fig. 40(b). The calculated startup condition is shown in Fig. 40(c) and it is
clearly seen that the output signals have different startup time depending on the rise
time of the input signal (¢,i,), i.€. theinitia condition of the oscillation. For the input

(59)

Vout = Lt
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Figure 40: (a) Measured output signal of the GTD wavelet generator when
triggered by the baseband pulses shown in (b), the calculated initial condi-
tion is shown in (c). Three different values of ¢,y is used to illustrate the
significance of controlling the initial condition of the oscillator.

pulse with ¢.;,=12 ps (20% to 80%) the initial condition is almost set to the amplitude
of the steady state oscillation and the startup time of the oscillator is then limited to
therise time of the input signal. The time constant of the input low pass filter of the
GTDis

trg ~ I1(9)Cye(Re + Rg), (60)

which for the circuit and bias condition of the measurement in Fig. 40 is calculated to
3 ps and has no significant influence on the startup of the oscillator.

As discussed previously, a high Q... ensures rapid startup of the QTD wavelet
generator. However, when considering the decay of the oscillator a low @ ¢ank IS
required to rapidly quench the oscillation, as given by

—wg
U(t) — 2U0€ 2Q¢ankPDC t COS(th)7 QtankPDC = 1/((gleq + goeqPDC)WOLeq)a (61)

which is the solution to (47) when g..qr has been replaced by the the output con-
ductance of the GTD when biased in the PDC region (goeqppc)- HeEre, goeqppe is
approximated to be constant with respect to vouT. The maximum amplitude of the
output signal is equal to 2v, at the instance the oscillator is switched off, as given by
(57). Figure 41 depictsthe result of (61) for different Qankppc. Equation (61) illus-
trates that even though a high Q.. IS used to ensure rapid startup, the oscillations
may be rapidly quenched by alow tank Q-value as the circuit is switched off. Thisis
due to the output circuit being loaded by ¢,eqppc When the QTD is switched to the
PDC region.

Figure 42 shows a measured wavelet from a GTD wavelet generator, the imposed
envelope represent the result of (57) and (61), starting from the initial condition in-
dicated in the figure. The parameters used in the calculations are those of the GTD
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Figure 41: Envelope of the oscillator calculated from (61) for different Q ¢anx.
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Figure 42: Output signal from the GTD wavelet generator. The envelope
is calculated from (57) and (61). The measured data has not been compen-

sated for measurement losses and the cal cul ated envel ope has been rescal ed

to show the agreement between the measured and modeled startup and de-
cay behavior.
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small-signal model in Fig. 13(b), CPW B in Table 6, g,ppc=5 mS and the third or-
der polynomial given by the parameters listed in the caption of Fig. 37(b). The good
agreement between theory and experiment confirms the operation of the wavelet gen-
erator.

5.1.3 Output power and design considerations

The peak output power of the wavelet generator delivered to theload ¢ 1, is given by

2_9_L(AV)3
3 Al

Poear = 208~ 22 (AV) (62)
neglecting the loses in the QTD and CPW. Equation (62) shows that alarge A7 and
AV maximizes the output power, hence, Arrp should be as large as possible. The
optimum load is derived as g1, = —gomin/2, Which gives Ppe,=(3/16)AIAV . Based
on these derivations the efficiency of the oscillator does not depend on A grp as both
Pyeax @and the DC power consumption scales linearly with Arrp.

In conclusion, the optimum wavelet generator performance, in terms of output
power and the possibility to generate short wavelets, is achieved by implementing
the smallest practical L; and choosing the largest Agtp given the desired fy. This
Maximizes Ppeak, Qtank, 8Nd goppc, Which allows for rapid startup and decay of the
wavelets. To improve the efficiency, given a desired Ppc.x and fo, V;, and J, should
be as small as possible, as discussed in Section 2.1. These conclusions are based
on the analytical derivationsin this chapter, starting from the third order polynomial
description of the RTD currentin (42), whichisvalid to afirst order of approximation.
To obtain a more reliable and optimized design it is recommended to use computer
aided simulations incorporating the small-signal modelsthat were devel oped as a part
of thisthesis.

The wavelet generator theory described in this chapter applies to NDC oscilla-
torsin general. The GTD and RTD-MOSFET wavelet generators are two examples
and aternative implementations are possible. The NDC element could be a Gunn
diode [[88,[89] or atransistor implementation [[25,90] and the variable resistance could
be realized using any type of switch with a high dynamic range. The main benefit of
the QTD wavelet generator presented here is the extremely fast startup and decay of
coherent wavelets and the possihility of only consuming energy during the generation
of the wavelet.

5.2 Super regenerative oscillator detector

The QTD wavelet generator has many features which makes it suitable for use as an
impulse transmitter. In addition, the same circuit topology may be used as an impulse
receiver by simply reconfiguring the input control signal, which alows for savingsin
terms of size and manufacturing cost.



58 Chapter 5: The Wavelet Generator

Y

ED

VQU ENCH

Figure 43: lllustration of a receiver topology based on the QTD super-
regenerative oscillator.

The receiver topology is known as a super regenerative oscillator (SRO) detector
and is reported in Paper V. Figure 43 shows the QTD circuit configuration and its
functionality in an non-coherent receiver, where the control signal (Vque~ca), as
compared to the QTD wavelet generator, is a sawtooth wave with a slow rise time.
Thissignal turns the output conductance of the SRO from positive to negative, which
will start a slow build up of oscillation, governed by ¢ in (57). If energy is received
at the output node during the early phase of the build-up it will speed up the process,
much like the initial condition v(0) of (57), and if no energy is received the build-up
will be purely from noise. The SRO output during build-up from noise and build-up
from received wavelet is illustrated in Fig. 43. An energy detector (ED) transforms
the signal into an envelope, which is delivered to an analog-to-digital converter that
returnsa"1" if awavelet was received and a"0" if no wavelet was received.

The SRO may be programmed to detect in different time slots making it possible
to get time resolution already in the RF front-end. The time resolution may be further
improved by relating the amplitude of the envelope of the SRO at a given time to the
actual timein the sample when the energy was received.



Chapter 6
Conclusions and Outlook

The work of this thesis has demonstrated field-effect and tunneling based devices
in millimeter wave (mm-wave) impulse radio circuits. The main research results are
that novel device concepts can be used to improve and even create new circuit func-
tionality. An exampleis the quenchable tunnel diode wavelet generator, which shows
promising features for use in mm-wave communication, as well as in other applica-
tionsasillustrated in Fig. 44. The figure represents, from top to bottom, on-off keying
communication, radar, spectroscopy, localization, and imaging. The ultra-short mm-
wave wavelets may be used to increase bit rates, improve ranging accuracy, enhance
positioning exactness, perform time resol ved wideband characterization, and improve
range resolution. These are important properties, but it is the possibility of combing
them with a small energy consumption that makes the research presented here attrac-
tive for the applications described by Fig. 44. The next step will be to integrate the
wavelet generator with a suitable antenna that supports the very wideband nature of
the wavelets, which may be done by embedding the antenna as a part of the circuit.
Thisisthe main goal for the continuation of the project.

The RTD-MOSFET wavelet generator shows superior features when compared to
the GTD wavelet generator. Thisismainly related to the choice of DBH materials, and
to the excellent properties of the demonstrated In 535Gay.47ASs MOSFET. The novel
device architecture was designed with minimization of the on-resistance as the main
target, which was achieved by using epitaxial regrowth of the source and drain access
regions. The fabricated devices show the lowest R,,,, reported for any InGaAs FET.

The future development of MOSFETS for VLS will include 111-V channel ma-
terials. However, many challenges remain, such as the impact of gate oxide border
traps on high frequency performance, and increased off-state current due to impact
ionization and band-to-band-tunneling. These phenomena were investigated in this
work and should be subjected to continued investigations, preferably by temperature
dependent S-parameter characterization. The techniqueof epitaxial regrowth of MOS-
FET access regions, which was presented in this work, is applicable to Tri-gate and
gate-all-around device architectures and should also be the focus of future work.
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Figure 44: Illustration of wavelets in communication, radar, spectroscopy,
localization, and imaging applications.




Appendix A

Calculation of Current Density Through the
DBH

This appendix outlines the calculation of the transmission probability that was pre-
sented in Section 2.1. The 1-D time-independent Schrddinger equation, describing the
transmission through the DBH discussed in Section 2.1, is given by (63).

2
- %v (ﬁv) V() + V(2)0(2) = BU(z) (63)
Here, V(z) is the confining potential of the DBH. The transmission probability is
obtained by looking at the relation between the amplitude of the wavefunction at the
emitter and collector side.

A simple approach is to use the transfer matrix theory described in [[32,[33]. The
idea is to approximate the potential of the DBH by a series of small steps, and to
calculate the scattering parameters for each of these steps, before multiplying them
together to give the total transfer matrix T of the DBH. The division of the DBH into
segments, used in calculating the current in Fig. 9 is shownin Fig. 45, each segment
is 0.1 nm wide. The wavefunction in each of these segments may be expressed in
plane-wave form, according to (64).

¥; = Aie™™® + Biem™i® (64)

Here, the index ¢ refers to which of the segments is considered, A; and B; are the
amplitude of the part of the wavefunction travelingin positive and negative z-direction.
The wavenumber k; is given by the parabolic effective mass approximation when
energies above the conduction band are considered. However, this approach is not
adequate when considering tunneling through the band gap of semiconductors, instead
the theory of complex band structure has been employed in the calculations [[91].

As the particle flux through the DBH is conserved, the following conditions ap-
pliesat al boundaries between the segments (65,66).

U, =0, (65)

1 8\1/1 . 1 8\I/i+1 (66)

* - *
m; 0z my,, 0z
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Figure 45: (a) Shows the DBH under bias and (b) illustrates the division
into segments and the corresponding wavefunctions and potentials.

The relation between the amplitude of the wavefunctions on the emitter and collector
side of the DBH is then given by (67), where each segment contributes to the overall

transfer matrix. N N
c | E
5 =T ©

The ingoing amplitude on the emitter side, A g, isthus related to the outgoing ampli-
tude on the collector side, A¢, by T4;. Using 7%, as the transmission probability in
(7) gives current density through the DBH, as a function of applied bias, reported in
Fig. 9(d).
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