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ABSTRACT

The continued scaling of feature size incaih (Siybased complimentary metal
oxide-semiconductor (810S) technology hated toa rapid increase in cqate power
Resulting fromincreases irdevice densities anddvancesn materialsand transistor
design, integrated circu{iC) performance has ctinued toimprove while operational
power {/op) hasbeen substantially reducediowever, as feature sizes approach the
atomic length scalefundamental limitations in switching characteristicsugh as
subthreshold slope&sS and OFFstatepower dssipatian) pose key technical challenges
moving forward Novel material innovations and device architectures, such as group IV
and -V materials and tunnel fieldffect transistors (TFETS), have been proposed as
solutions forthe beyond Si era. TFETSs benefitritsteep switching characteristics due to
the baneto-band tunneling injection of carriers from source to channel. Moreover, the
narrow bandgaps of HV and germanium (Gahake them attractive material choices for
TFETs in order to improve Of§tate currenand reducé&sS Further, Ge grown on iba-
xAs experiences epitaxipduced strain Q) , further reducing
improving carrier mobility.Due tot hes e r e aGelinGsAs dystemis B
promising candidate for future TFET architectures. In addition, the ability to tune the
bandgap of Geiast r ai n engi +GelleGa xAsgheterstkuetuseattthctive
for nanoscale group Mdased photonicsherebybenefitting the monolithintegration of
electronics and photoniasn Si This research systematically investigates material
optical, andheterointerfaceropert e s -Ge/nGakAs heterostrutires on GaAsnd
Si substrates. The effect of strain on the heterointerface band alignment is
comprehensively studied, demonstrating the ability to modulteesffective tunneling
barrier height Ewe) and thus thehreshold voltage (), ON-state current, an&Sin
future UGe/InGaxAs TFETs.Further, land structure engineeringa strain modulation
is shown to be an effective technique tianing the emission properties of Géoreover,
the ability toheterogeneouslyntegrate these structures on Si is demonstrated for the first
time, indicating their viabilityfor the development of nexteneration high performance,
low-power logic and photonic integrated circlots Si
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Chapter 171 Introduction

1.1. Saling Limitations for Si-based Complimentary MetatOxide-

Semiconductor and Interconnect Technology

The aggressive reduction of feature size in conventional silicon (Si)-metis
semiconductor fieleffect transistor (MOSFET) technology over the past filecades
faces several key technical challenges moving forward. As device dimensions approach
the atomic lengtiscale, reduction of supply voltagést) below 0.5 V while maintaining
low OFFstate current,lorr, becomes increasingly difficult due to theartsport
mechanism governing traditional MOSFETis., the thermionic emission of charge
carriers from the source into the channel. This fundamentally limits conventional
MOSFET switching characteristics, resulting in increased leakage current, a salhgtant
reduced on/lorr ratio, and increased static power consumpfior]. Fig. 1.1[1] shows
the trends in subthreshold (red) and active (blue) power densities as a function of
decreasing gate length for commercial Si MOSFETS, suggesting thast@ieFower
consumption will surpass Oblate power consumption as gate lengths approach the 22
nm technology node. Further, whiyp scaling is necessary for maintaining device
performance and minimizing active power dissipation as gate length is reduced, a
fundamental tradeff exists between lowering threshold voltayey, and the OF¥state
leakage current. The relationship betwégi andVry is given by[5]:

Iopr = Ips - 107/TH/SS (1.1)
wherelpsis the drain to source current a8 the subthreshold slepf the device, is the

required change in gate voltagéss necessary to increase the output current by one
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In standard Si MOSFET technology, the subthreshold current is independés arfd

can be written a§/]:

o

SS——%I_ In(l()(% % (1.3)

where kT /q is a thermal factor,Cpwm is the depletion capacitance, a@dx is the gate

oxide capacitance. Feg"tg?ﬂ close to zero, (1.3) approaches a lower limit of approximately
0Ox

60 mV/dec at T = 300 K; however, practi&bis limited to 7090 mV/dec due to shert
chanrel effects as gate length are scaled below 1[um2]. Fig. 1.2[4] shows an
approximate representation of the effect of decrea¢ingon the OFFstate current by
plotting the transfer characteristickbd vs Vgg for conventional MOSFETs (black)
assummg an idealSSof 60 mV/dec. As suggested by (1.1), Fig. 1.2 shows th&tras
decreases, the fundamental limit $& necessitates thdbrr increase exponentially in
response. To circumvent the degradatiomoi+ while still allowing for scaling oy,

steep subthreshold slope switches (green) have been proposed, thereby drastically
reducinglorr While maintaining high drive current. Due to the substantial decrease in
lorr and the loweil/tH of steep subthreshold slope switches, such transistors ardezkpec

to significantly reduce subthreshold and active power consumption. One such transistor
architecture, the tunneling fiekelffect transistor (TFET), is being extensively investigated

as a potential replacement for Si MOSFET technology in the én ulta-low-power
regimes (< 0.5 V and < 0.3 V, respective[@i 6]. Operating on the bartd-band
tunneling injection of carriers from the source into the channel, TFETs have the potential

for steep subthreshold dynamics suitable for -fmwer logic applicatins [271 4].
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Although several current effor{8i 14] have focused on compositionatlilored IlI-
V typell staggered gap materials, such agGl® xAs/GaAsShi.y heterostructuregor
low-power TFET applicatios) less attention has been devoted to G&dnxAs TFET

heterojunction$15i 17]. In such TFET architectures, the heterointerfaamedbalignment,

and therefordon, can be tailored by varying the indium (In) alloy composition in the



InnGaaxAs fivirtual substrateodo and2 3 bh5el6d8pi ng of
Additionally, the low bandgaps and low carrier transport andelimy masses of Ge and
InGawxAs are expected to further enharleg. Moreover, the incorporation of biaxial
tensilesttan  ( U) i nt aefaxythroughinGd «Ad stresn templates allows
for further control over the band offsets at the G&HlaxAs interface as well as
improved carrier transport and tunneling properties. Whereas recent [@rkhas
demonstrged control over the heterointerface band offsets through tengile ai n-ed Ge ( (
Ge)/InGa-xAs heterostructures with moderate strain, one of the objectives of this thesis
is to comprehensively -GefinGagAs hetemjunetionsone sui t a
TFET applications utilizing a wide range of strains on both GaAs and Si substrates.
In addition to the increased total power consumpt&sulting from enhance@FF
state leakage currenmmetal interconnect are estimated to account for hadf three
guartersof the total power dissipation in statéthe-art Si CMOS[19, 20|, thereby
significantly limiting energyefficient performance scalingh highly-scaledtechnology
nodes Due to the necessity of charging interconnects with a signaling voltaipg diata

transmission, the total energyecessary for a transmission event using metal lines is

challenging to reduce. This signaling energy is givefilby:

E2GV (1.4)

whereC; is the metal line capacitan¢m F) andV; is the ggnaling voltage. In current Si
CMOS technology, metal interconnect capacitarare on the order of ~2 pF/cm, thus
limiting avenues forthe reduction of the signaling energy tiwe optimization of the
signaling voltage,V,. Although presentsignaling schmes utilize signaling voltages

below logic voltagei.e., low swing signaling, increasing noise leveiske it difficult to



further scaleV;. Furthermore due to the resistive loss in electrical interconnects without
integrated repeatingignalamplifiers,the bit rate transmitteda electrical lines is limited

by [19]:

B¢ %PA L5

whereA is the crosssectional area of the interconnelcts the length of the interconnect,
and Bo is a constant based on the interconnect resistandecapacitancdtypically
Bo~10'® b/s for onchip metal lines).One can find from(1.5) that as the metal
interconnect crossectional area is scaled down and the interconnect length extended, the
bit rate supported by the line is considerably reduced.

In order to address these challenges in interconnect scaling, optical data transmission
has been proposed asaternativeapproach to realizing lov@nergy,low-loss, and high
bit rate on- and offchip communication[19-22]. In contrast to metal interconnect
technology, optical data transmission requires phgemeration and photeshetection,
both best described quantum mechanically rather than classically. As a result, the
corollary to the metal interconnect signaling energy in optics is the optical energy
required to discharge the total photodetector capacit&hiceand the electrical input to

which the photodetector is connected by the necessary signal vokafe):
B2 Qv (1.6)
e
wherethe (hWG) term is he photon energy in e\Examining (1.6) one can find that for

optical interconnection to be feasible, the photodetector capacitance must be substantially
smaller than the metal line capacitance (by a factor of 10 or more) due to the larger

photon energy ten. Therefore, this places a lower limit on the interconnect length at



which the benefits of optical data transmission will become viddiee to the
interconnect capacitance being proportionalbtith length and crossectional area).
Whereas some researe r s have reported esti madves as
point [19], it is clear that photodetector capacitance is critical in realizing energy
competitive orchip optical data transmission. However, it is also clear that fechbf
(intra-chip) communication to external processing nodes far exceeding the predicted
crossover point in length, optical data transmission offers increasing advantages in both
energy efficiency and data rates.

Consequently the integration of photonic devicder optical signal generation,
detection, and modulaticon the Si platform is urgently neede&dthoughthe monolithic
integration of Sibased optoelectronids an obvious choicehe indirect bandgap of Si
limits the realization of Sbased photonic devicg23]. Therefore, lhe hybrid integration
of Ge and llI-V optoelectronic devicesvith stateof-the-art Si CMOS technology is
necessary for demonstrating feasible and oftchip optical interconnectsVloreover,
Gebased light sourcesmnd detectorson Si areindispensable for the successful
implementation of intraand interchip optical data transmissiof24-26]. Whereasthe
lII-V laser bonded to Si waveguide appro§Zh 28] is limited in area and cost by the
evanescenthgoupled lasing modend the high tramstor count requirement of HV
transceivers, &unable wavelengte lasercould alleviate these constraints and provide
a more scalable solution as device size decreases and integration density inEheases.
the other primary goal of this thesis & ¢comprehensively study the effect of epitaxial
strain on thesuitability of band structure engineered GeBGa.xAs heteroguctures for

Gebased light sourceand detectorbeterogeneously integrated on Si



1.2. A Brief History of Tunnel -Field Effect Transistors

The gated p-n TFET structure was first proposed in 1978 by Quahal at Brown
University [29]. Nearly a decade later, Banerje¢ al at Texas Instrument§30]
examined the electrical properties of a gated, ttegminal pp-n Sibased tuneling
device. Following these results, Takeelaal at Hitachi[31] demonstrated one of the
earliest Skbasedbard-to-band tunneling MOS devices, whi&xhibiteda lack of \fH
roll-off with further device scalingand showegromise for continuingransisor scaling
deepinto the submicron regimeIn 1995, Reddick and Amaratunga at Cambrif#
investigated the use of -Based surface tunneling transistors as replacements for
traditional MOSFETs in order tgreserveperformance and operational frequency
improvemeng while circumventing standard CMOS scaling challeng&hortly
thereafter, Hansclet al at the University of the German Federal Armed FoifG&$
demonstrated experimental results from one of the earliest vertical tunneling transistor
structues grown by Si molecular beam epitaxy (MBE). The epitaxial growth technique
and vertical structure allowedr the inclusion of an abrupt, heavily doped pocket layer,
substantially improving the output characteristicss-fcs) of the fabricaéd devices.
Subsequentlyjn 2004, Appenzelleet al [34] reported the observatioof the baneto-
band tunneling phenomenon in carbon nanchdmed tunneling deviceproviding a
path towards ultimate device scaling by utilizing emerging-éimoensional materials
Stemming from increased industry pressure to maintain transistor performance and
feature size scaling below the 90 nm technology node, research into alternative MOSFET
architectures, including TFETSs, has since undergorsmvift expansion.As a result,

different material systems, including 35, 39, Sh-xGe( [32, 33, GaxSn [37, 39, and



[I1-V [4], [9-14] materials and device architecturéiine vs. vertical TFE$) have been at
the forefront of statef-the-art tunnel transistor research.
Most recently,TFETSs utilizing binary and ternary ¥ materials have seen rapid and
substantiajprogressin operational characteristics, e.guccessiveenhancements iton,
tunneling devices operating near or beld@vmV/dec SS, anonprovements in effective
lon/lore ratios Researchers have continued to exceed prepeu®rmanceboundaries
by leverging novel, multi-material heterostructurepitaxial strain engineeringand
improved higho gat e dielectric/ chdadawegdt ali[I8t er f ace
demonstrated the first st mV/dec IIFV TFET device operating at room temperature
using an Ips3Ga.47As homojunction with an ultrghin Ing 7Gay 3As heavilydoped pocket
layer at the surce/channel interface. Although exhibitingsdiigb e havi or , t he de\
drive current was inherently limited by the largswurce/channetunneling barier
resulting from the deviceds homojunction nat
et al [14], [39, 4Q investigated the role of In composition on the electrical characteristics
of InkGaxAs homojunction TFET devices, observing that an increase in In composition
from 53% to 70% resulted in a 167% increaseoip from 24 pA/um to 60 pA/umThe
significant enhancement il was attributed to the reduction of the tunneling barrier
height at the source/channel interface as a result of the decrea&hag«Bs band gap
with increasing In atly composition.Following this work, Haret al [41] demmstrated
an InsGa.47As homojunction TFET with anok of 50 pA/um and SS of 86 mV/dec
operating at room temperatubg utilizing a heavilydoped 18.7:Gay.3As pocket layer at

the tunnel junction and an Hi@ate dielectric



Further heterostructure bandgineering was exploredia the development of the
lattice-matched InGaixAs/GaAsShi.y staggered gap tunnel heterojunction. Particularly,
Mohataet al [14], [42] reported several of the earliest@®a.-xAs/GaAsSh.y staggered
gap TFETs with tunable efttive tunneling barrier heightsa engineering of the In and
Sb compositions, respectively. By reduction of the tunneling barrier height through
careful selection and control over increased In and Sb compositionsnted bn/lorr
ratio of the fabriated vertical tunndransistors was substantially improved with respect
to similarcomposition IRGayxAs homojunction TFETSs. Using a
GaAs 35Shy e5/lNo.7Gap 3As staggered gap tunnel heterostructure, Moletaal [42]
demonstrated a heterojunction TFET®hna high by of 135 pA/um and andw/lorr ratio
of 27,000. Subsequently, in 2013, Bijeshal [43] reported a nedoroken gap TFET
utilizing an In.oGa.1As/GaAs.1sShy 2 tunnel heterojunction that exhibited a rectigh
lon Of 740 pA/um operating a@.5 V and with a cubff frequency of 19 GHz. However,
the SS characteristicd the device werdimited to greater than 60 mV/dec as a result of
increased trajassisted tunnelinduring subkthreshold device operation.

In parallel to this work, several wigties have investigated the use of-lizsed
materials in homojunction and heterojunction TFET applications.ebab [15] recently
demonstrated the first experimental Getf®a.47As staggered gap heterojunction tunnel
transistorsvia relaxed Ge growtlon an IR.ssGay.47AS strain template. However, due to
the etchback and regrowth procedure used in the formation of tHeepsource, as well
as misfit dislocations at the GefaGa .47As tunneling heterointerface, the drive current
of the fabricated TETs wasnoticeablylimited. Also leveraging Géased TFET material

systems, Haret al [37] demonstratedelaxed and uniaxialtgtrained GgosSrv.o7 p-
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TFETs on Si with the highest reported drive current (~22 pA/um) for a grotlmbéd
p-type tunnel transtor. Moreover, the reportecbN was comparable to brokeyap
InAs/GaShbbased prFETS, indicating the viability of adopting Gmsed material
systems for ghannel devices in CMOSFET logic applicationsFurther improvement

in GewxSr buffer technologyto reduce activwdayer, electricallyactive defects and
increase bantb-band tunneling carrier generation is expected to enhance theu@éht

of such GexSn« TFET devices. Additionally, the adoption of a heterojunction device
architecture (e.g., gberxySn/GeixSn) has been proposd@7, 3§ as an alternative
path to mprove Gebased TFET drive current and .SBable 1.1 summarizes the latest
experimental results for group IV, 4V, and IV/IlI-V homojunction and heterojunction

TFET devices.
1.3. A Brief History of Ge-on-Si Photonic Devices

The earliest attempts to develop Ge/Si heterojunction photonic structures date back to
the 1960s. In 1963, Oldhaet al [44] described a photodiode heterostructure formed by
the chemical vapor deposition (CVD) gvith of nGe on a fSi substrate. Although the
device exhibited weakly rectifying behavior aaciasdependent photoesponse up to
~2.5 um, the isotype nature of theGe/nSi heterostructure limited the photooemt of
the fabricated devices.

Little progress was made following the initial investigations into Ge heterointegration
onto Si until the early 1980s, when industrial interest was revived following the
successful development and implementation of optical -filased telecommunications.
Particularly of interest were photonic devices operating in the key communication

wavelength ranges of 1.3 um and 1.55 um. By this tisigmificant advancementsad
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also been made in the development of epitaxial techniques,asu€vD and the nen
equilibrium MBE tetinique. Buffer architectures had been developed to accommodate
the lattice mismatch between Ge and Si, e.g., the gradg@egibuffer in which the Ge
composition can be graded to gradually alter the lattice constant from that of Si (5.431 A)
to that of G (5.658 A). Luryi et al[45] utilized such a buffer (1.8 um in thickness) to
grow Ge on Si and demonstrate the first epitaxialo@&i vertical pi-n photodiode. The
devices exhibited quantum efficiencies as high as 40% at 1;hpwever theywere
limited by their high dark current densityadk, ~50 mA cm?, an approximately 560
fold increase over similar structures fabricated from bulk Ge subst@idsequently,
the introduction of strainethyer superlattices (SLS) utilizing 1S{Gec was proposedn
order to reduce the dislocation density in the active device region. Although Kagtlsky
al. [46] reported moderate success in reducing active region dislocation densipaand J
by two orders of magnitude using the SLS technique, quantum efficemtyphote
response were drastically redudedas low as 3%ln order b circumvent the challenge
of prohibitively-high dislocation densitiesvhen using Géased active regions
researchersttempted to fabricate neanfrared (NIR) photodiodes from SiGec SLS
heterostructures. Temkiet al [47] and J. C. Bearj48] used differing Ge atomic
percentages to realize SlbAased photodiodes that exhibited external quantum
efficiencies(EQE) surpassing 10% at 1.3 um. The best phretgsponse was observed in
SLS heterostructures usingoaGer s, demonstrating lowpdrk (7 mA cm?) and a ~300

ps pulse responsklowever, carrierransport across thauperlatticeheterointerfaces was

suggested to be limiting a factor due to the required 10 V reverse bias operation
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Following this work, rapid progress was made towardsGa-based waveguide
photodetectors throughout the 1990s. In 1994, Setedt [49] demonstrated a SiGe-
based waveguideoupled photodetector by coupling a & .02 waveguide with a 20
perod Sb.esGenss multi-quantum well(MQW) photodetector. The fabricated devices
exhibited 11% EQE at 1.3 um under a 7 V reverse bias, with a veryplgw df 1 mA
cmi?. Similar performing structures were demonstrated by Hueingl [50] utilizing
SisGes SLS heterostructures. Also in 1994, Sudeal [51] reported a simplified, two
step heterointegration scheme for direct Ge growth on Si substratdglBE. By
utilizing a lowtemperature nucleation growth step followedablyightemperature active
region growth, Sutteet al were able to confine lattice mismaticlduced misfit defects
to within ~50 nm of the Ge/Si interface, achieving-liased photodetectors-par with
those demonstrated earlier by Lueyial [45]. As a result, the twatep Ge dictepitaxy
growth technique became a CVD industry standgsd. In conjunction with the
development o selective epitaxy process (typicalia the patterning of defined regions
using SiN4, followed by Ge regrowth and chemical mechanical poligh[b§], the
successful implementation of a direspitaxy scheme for Gen-Si materials lead to a
renewed interest in pure @ased photonic devices on Si.

Leveraging the advances in epitaxy and fabrication techniques made in the 1990s,
recent advances in Gm-Si waveguidecoupled photodetectsr have progressed
significantly beyond the performance tife earliest GenSi devices Utilizing butt
coupled pi-n photodetectors with applicatidgailored intrinsic region (absorption)
thicknesses and vertical devicstructures, G®nSi photodiodes achieving high

responsivity (~1 A/W, or > 80% EQE), large bandwidths (> 30 GHz) and modest dark

13



currents &s low as 29 mA crf) have been realizg84-59]. Due to the high responsivity
and bandwidth of such devices, JLk [20] posited that further reduction of device dark
current could be achievedia optimization of device sideall passivation during
processing. Table 1.2 summarizes the latest experimental results forhaGed

photodetectors integrated onto Si.
1.4. Thesis Objective and Organization

The objective of this research is to systematically and comprehensively investigate
the material, optical, and energy band alignment ptopee s -GalfiGa-\As
heterostructures integrated on GaAs and Si substrates, including: (i) the structural design
and characterization as well -GgInGaAe strain
heterostructur es; -QelinGa-Aehetgroimeeaee, inclugingaht t he
energy band alignment, through alloy composition control and epitaxial strain
engineering for TFET applications; and (iii), band structure engineeriagstrain
engineering and its impacts on the optical properties ofliéestsained Ge thin films for
group IV nanophotonics applications.

This thesis is organized in to six chapt&@sapter 2provides an introduction to the
operating principles of TFETs and discusses in detail the design considerations required
for TFET devce design. In additiorChapter 2provides an outline for the integration of
group IV and I}V photonic devices on Si and offers an overview of several band

structure engineering techniques used to enhance the optical properties and performance

of Ge-bagd optoelectronics.
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Chapter 3 presents the experimental techniques used throughout this research,
including the basic principles of molecular beam epitaxy (MBE) growth and key
material, optical, and heterointerface characterization methods.

Chapter 4preseits a comprehensive investigation of the structural, morphological,
and energy band alignment properties of MBE o wiGe/InkbaxAs TFET
heterostructures on GaAs substrates. A wide range of Ge strain states were studied,
including 0.75%, 1.6%, and 1.94%grown on Ini16GasAs, In24Gay76As, and
INo.2dGan.7:A S strain templ at &e/InGarhsshpterainteifaceedf vy ) . Th
these structures was examined using transmission electron microscopy (TEMyayd X
photoelectron spectroscopy (XPS) toteteine the interface quality, coherence,
uni formity, and abruptness as -@G&ihGaxss t he e
heterojunction, respectively, as a function of strain. Based upon these results, the
sui t a b-iGé/InGayAshdterobtrumres for TFET applications is discussed.

ChapterS5pr esent s t he het erGn&a s heterosirutturesgr at i on
on Si substrates using A metamorphic buffers and the comprehensive examination of
the strain relaxation, energy band alignimemd optical properties of these structures. Ge
thin films with 0.82% and 1.11% strain (grown oR 1fGa.ssAs and In.17Ga.g3As strain
templates, respectively) are analyzed usingaX diffraction (XRD), micreRaman
spectroscopy, and micighotoluminacence (pPL) spectroscopy and were found to be in
good agreement with the expected strain artd iot a | be®Ga.viMMor edv elr , t h
Ge/InGaxAs energy band alignments on Si found via XPS followed the band offset

trends found irChapter4 Based upon these rGednGatAs, t he a
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heterostructures for tunableavelength grop IV (e-Ge)}based nanophotonics on Si is
discussed.
Lastly, Chapter 6summarizes the conclusions of this work and presents the prospects

for future avenues of research and investiga
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Table 1.1Performance compaon of experimental group IV and{ TFETSs.

Reference Source Channel Alisgrr;int Dielectric a?n-l)- o AIOSm) \(/\7)5 \(/\?)3 Vc\J/:N(-V) :22‘2 ( n?\?/’z;gc) (m?/%/g o
lE%“,\j‘?ggeleéf‘l'b] Gasb InAs Broken | Al,OJHfO, | 13 | 380 | 1 | 1 2 7500 | 200 520
IEGDUI\%/BI‘,ngé)eleé[allO] Gasb InAs Broken |Al,OJHO, | 1.3 | 180 | 05| 05| 15 | 6000 | 200 400
Vtﬂsolrl'ggle;alz] GaAsxShyes| Ino:GasAs | Staggered| AlLOJHO, | 2 | 135 | 05| 1 | 15 | 27,000| 169 350
Vtﬂsﬂr"%?f;alz] GaAs.Shye | INoeGasAs | Staggered | Al,OYHIO, | 2 78 | 05| 1| 15 |15000| 179 -
|E'\[/'),c\’,,h,a2tgit1?§9] GaAwsShys | InosiGasAs | Staggered| AlLOJHO, | 1.5 | 60 |075| 1 | 15 | >1,000| ~300 .
ED'E?;S;S‘[[M] INo/GavsAs | 1no7GansAS Sﬁg;gﬂ HiO, | 12| 50 |1.05| 2 ~ |>10000 86 380
|E'g°Mh,aztgitl?é9] oG AS | InoGanAs | (00 | ALOJHIO; | 15 | 60 | 075 1| 15 | 6000 | -200 -
|Ig€)o|vl|(,eggggf4%] N5 4AS | oGy arAs Jz'r?:;gn AL,Os | 45| 24 075 1 15 | 10,000 | ~200 -
|Ege,\,,vt'ez>(l)eltl?li8] INos:GaaAS | NosGav.ahs Jz'r?gglgn Tasio. | 11| 5 |03|08| 09 |70000| 58 190
|E§|i\j/(|a,szhoe1tsa[l43] GaAs:sShhsz | INosGasAs | Staggered| Al,OJHIO, | 2 740 | 05| 2 | 25 ~40 | ~300 .
] Agf‘ggt;}lm] Ge InosGaaAs | Staggered| Al,O; | 25 | 04 |02 2 3 ~300 | 177 -
:g\?,eégié[Asl% GenosStbor | GavesStoor szlgﬂ HIO,/SIO, | - 18 |-05|-15| 25 ~10 . .




Table 1.2Performance comparison of waveguitteupled Ge photodiodepitaxially grown on SiAll data is reported forlV
reverse bias, unless otherwise specifiediapted fronf20].

Responsivity at 1.55 pum

3dB Bandwidth

Reference _ (AW) _ _ (GHz) _ (rr?AngFnz) Bg\s/ii;?l
Maximum Zero Bias Maximum Zero Bias

Opt_VI‘EV)‘(Ef" ezto%% p 1.1 - 37 (at-3V) 17.5 1.6 x 10 Butt p-i-n
opt. FEi’;)ge; 8‘5%5] 1 (at-4V) 0.2 42 (at-4V) 12 60 Butt p-i-n
Opt.%if)?e;gcl)QSG] <11 B 50 (at-5V) B 8900 (at5V) (metal:;zorgi%rgn'\éluscllﬂemeal)
o | 0% |~ | w | - | o=
Opt'\’é’)i(f)’l ?031'258] 0.8 0.78 > 67 40 Gbs 8 x 10 Butt
ey | 015w | - | wway | - |
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Chapter 271 Design Considerations for TensileStrained
Gel/lnxGaixAs Multifunctional Devices

2.1 UGe/InxGaixAs Tunnel Field-Effect Transistors (TFETS)

2.1.1. Fundamental Operation of TFET Devices

As noted inChapter 1 tunneling fieldeffect transistors (TFETs) are fundamentally
different to conventional metalxide-semiconductor fieleeffect transistor (MOSFET)
technology in that TFETs operate on the btmthand tunneling (BTBT) injection of
carriers from the source into the channel, as opposed to the thermionic injection principle
upon which standard MOSFETSs operate. As a result, the basit dé#ce architecture
deviates from current ®iased MOSFETSs. A standard TFET is designed as a gaied
n* diode in which the gate lies over the intrinsic region. One benefit of the gateaf
structure is that it is intrinsically reversed biasedulteésy in ultralow leakage current.
Fig. 2.1 (a) shows the schematic crgsstion of am-type TFET device with applied
source Ys), gate ¥cs), and drain {ps) voltageg1-3]. For ann-type TFET, the" region
is considered the source, the intrinsicioegserves as the channel, and theegion is
considered the drain. The schematic energy band diagramstyjpe andp-type TFET
devices are shown in Figs. 2.1 (b) and 2.1 (c), respectively, wherein thest&EHSs
represented by the red lines and @d-state is represented by the green lifie8]. As
shown in Fig. 2.1 (b), when the applied gatairce voltage bias is zenog(, Ves= 0), the
BTBT process is suppressed due to the energy balEie) petween the source valence
band maximumEy) andthe channel conduction band minimult). As a result, there is
a distinct lack of available states in the channel conduction band that are at an appropriate

energy level to accept electrons tunneling from the valence band. Moreover, the OFF
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Figure 2.1(a) Schematic cisssection of g*-i-n* TFET device with applied sourc¥d),
gate ¥cs), and drain \/ps) voltages. (b) Schematic energy band diagram for-aRrET
in the OFFstate ¥os=0,VosO 0, r ed | i n-state)ssa B dbs>iOngree
lines). (c) Schenatic energy band diagram for efpET in the OFFstate Yos= 0, Vbos C

0, red lines) and in the Oblate Ves< 0, Vbs< 0, green lines)
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statep’-i-n" diode leakage current between source and drain at zero bias is exceedingly
low due to the soureehannel energy barrier. As a positMesis applied to the gate, the
energy band alignment is altered, as shown by the greemifingéig. 2.1 (b)1-3]. The
energy bands of the intrinsic channel region are pushed dowplysdor increasing
positive Vgs. At the point where the channel conduction band minimum is pushed below
the source valence band maximuBker NO longer restricts the BTBT tunneling of
electrons from the source to the channel, and the tunneling barret Wi ( &) i S
significantly reduced. As a result, electrons from occupied states in the source valence
band tunnel to unoccupied states in the channel conduction band within the energy
wi ndow ( o0) shown i n Fig. 2.1 ( bgrrent t her eby
collected by the drain and thus tig of the devicq1-3].

Similarly, Fig. 2.1 (c) shows a schematic energy band diagram fetype TFET
device, which can be conceptualized as a mirror image oftgpe TFET[1-3]. In the
case of symmetricalljdoped p*-i-n" structures, this gives rise to ambipolar TFET
behavior as a result of conduction and current flow for both negative and pa&4itve
which will be discussed further Bection 2.1.3As shown in Fig. 2.1 (c), th& region is
considered thalrain, then® region is considered the source, and the intrinsic region
remains the channel forptype TFET structure. Comparing Figs. 2.1 (b) and 2.1 (c), one
can see that the OFdtate energy band alignment is the same for Ipetand n-type
TFETs[1-3]. Likewise, the BTBT process is suppresseg-iype TFET devices with
zero appliedVgs due to the energy separation betwéenin the source andty in the
intrinsic channel. Fop-type TFETS, the application of a negatMes pulls the energy

bands of tk intrinsic channel up, resulting in a conduction channel for tunneling carriers
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onceEv in the channel is lifted abovec in the sourcd1-3]. Mirroring n-type TFETS,
conduction inp-type TFETs occurs as holes in the source conduction band tunnel into
emgy states in the channel valence band and are collected by th¢3rain
2.1.1.1. ONState Current (Ion)

lon iIn TFET devices is primarily determined by the tunneling probability for the
BTBT tunneling of carriers from source to chanfigl. As shown by tb blue shaded
region in Figs. 2 (b) and 2.1(c), the tunneling barrier in a TFET structure can be
approximated using a triangular poten{) 3]. The tunneling probability can then be

calculated using the WentzKramersBrillouin (WKB) approximation gzen by[3, 4]:

4

- W,
Tywks ¥ e~ Jo Vi)l (2.1)
wherelk(x)| is the absolute value of the wave vector of a carrier inside the barrier, and
x = 0andx = w are the spatial boundaries of the triangular paaébarrier, as shown

in Fig. 22 (a)[3]. The wave vector of a carrier inside a triangular potential barrier can be

expressed gds3]:

e .
k(o) = |55 V- Eo) (2.2)
whereV is the potential energy of the carrien, is the carrier effective mass, ahds

Pl anckds const anhe BTBMumeling process,iit s egsumedjthat the
tunneling carrierdéds potential i's equal

energy barrier height can be expressed in terms of a spatially varying elfedieid.

Thus, the wave vectaf a carrier inside the triangulpotentialcan be reduced {@3]:

k(x) = j”:' (—qEx) (2.3)

h

Substituting (2.3) into (2.1) results[ig]:
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Figure 2.2 (a) Schematic energy band diagram showing a carrier tunneling from
to channel through a triaotar potential barrier. (b) Representation of the trian

potential barrier a carrier must overcome to contribute to tunneling current 1

LAl IvUI\AI rJ\JL\fIII.I\AI RICAL T I TIA VI Iv “A A IRIAAS AN NI " IVAR/ LT IR T A \"" "-'L’:J' ‘-'I‘-'l A I VvV In
Fig. 2.2 (), the general expression for the BTBT tunneling probability can be simplified
to[3]:

.
— 42 'EE"G" z

Tygs ¥ e =t (2.5)
Although (2.5) is the general expression for the BTBT tunneling probability, it can be
further generalized for TFET applications by accounting for the height and width of the
tunneling Barmandr o, (e spect Eing2S5ycanthembea TFET

expressed aE = (A® + E;)/4, allowing (2.5) to be expressed|[&%:

]

—d.'\'ﬁ'fﬂ
TWK x:esqhﬂ¢+f|g_: (26)
whereEci s t he materi al bandgap. | t Ecfipthd ows f r c

triangular potential barrier height that carriers must overcome to tunnel from the source
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to the channel. In order for significant BTBT to occur, severalirements must be met,
including: (i) an availability of states in the source from which to tunnel; (ii) an
availability of states in the channel into which carriers can tunnel; (iii) a sufficiently
narrow tunneling barrier width; and (iv) momentum consgowafor tunneling carriers
[5]. Condition (iv) becomes increasingly relevant when using indirect bandgap materials,
such as Ge, in TFET design. In the case of indirect semiconductors, lattice phonons are
required for the conservation of momemt during tunneling, which results in th&g
term in (2.6) being replaced Bs-Ep, whereEp is the phonon enerdyp|. Additionally,
the effective mass term* must be replaced by the reduced effective mass tefmat
the gamma pointA direct consequencef this is that BTBT current will be reduced for
indirect bandgap semiconductors used in TFET devices. Furthermore, one can also find
from (2.6) that the most effective method for increasing tunneling current is to nefuce
and a.
2.1.1.2. OFFState Current (lorr)

The dominate leakage current mechanism in an ideal TFET in thestateFis thep*-
i-n* leakage diffusion current between the source and the drain. However, in practice,
there areseveralmechanisms that contriteito OFFstate leakage current in a TFE:
(i) leakage through the gate oxide; (i) ShockRgadHall generatiorrecombination
(SRH GR) in the depletion regions of the heavily doped source and diigirdifect and
defectassisted tunneling; andv] ambipolar conduction. This subsection will focus on
the less common later three mechanisms.

Fig. 2.3(a) highlights the SRH R contribution to leakage curref@]. Commonly

found in TFETSs using low bandgap materfgs8], SRH GR is strongly correlatéwith
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(p*) (n*) (p*) (n*) (p*) (n*)

Source Channel Drain Source Channel Drain Source Channel Drain

(@) (b)

Figure 2.3 Schematic energy band diagrams for-&RET in the OFFstate showin
contribution to the leakage cent from: (a) ShockleyReadHall generation in the sour
and drain regions; (b) direct and defassisted tunneling from source to drain; anc

ambipolar conduction in a symmetric TFET device

temperature due to the dependence of SRR G o n a material s i nt
concentration,n; [7, 8]. It is well known thatn; is proportional to bandgap and
temperaturei.e. n, cc e 56/%T whereEci s t h e bamdgap, K is she Bodtzmann

constant, and T is the temperatliré. As a result, SRH @R leakage current increases
exponentially with temperature, degrading TFET device performance significantly at

higher operating temperatures. This behavior has beenrdtrated experimentally for

ntype In./Ga3As/GaAsssShyes TFETS, wherein thdon/lore ratio was found to be

reduced by several orders of magnitude within an operating temperature ranf€ td 25

125°C [8].

Fig. 2.3(b) illustrates the defe@ssistedand direct) tunneling contributions to TFET
leakage currenf6]. As shown in Fig 2.3b), interfacial defects at the source/channel
heterointerface result in the introduction of fixed charge that can act as traps within the
bandgap or raise/lower the @nfacial energy band alignmeff, 10]. If a significant

number of defect states exist at the interface, the band alignment can be altered from a

34



type-ll, staggereehap band alignment to a typk, brokengap band alignment, thereby
causing conduction ithe OFFstate and impairing gate control over the device. This type
of leakage current behavior has been demonstrated experimentally for mix@d As
based TFET heterostructures, and is an important metric to consider for all heterojunction
TFET architectues[9, 10].

Lastly, Fig. 2.3(c) demonstrates the ambipolar current contribution to TFET-OFF
state leakage curreffi]. As discussed earlier in the chapter, symmetrically dgpeeh”
TFET structures exhibit significant conduction when either positivaegiativeVes is
applied to the gate due to the symmetric nature of the energy bands from source to drain.
Section 2.1.3will further discuss ambipolar behavior and methods to control or suppress
the contribution of ambipolar current to OBtate current.
2.1.1.3. Subthreshold SlopeS9S

As discussed i€hapter 1 the predicted lowesSof TFET devices is one of their key
advantages over conventional MOSFET technology. One can find from Figs. 2.1 (b) and
2.1 (c) that the ener gtyofthweiowrthopindc anglyv,actsc r e at e d
as a filter for the higher and lower energy tails of the carrier distributions in the source
and drain regiong2]. The net effect of this filtering is that the TFET behaves as a
MOSFET with a decreased thermal factof/(¥, thereby allowing TFETs to achie®S
lower than 60 mV/dec at T = 300[K].

The expression for the tunneling current for a rewvbiasedp-n junction, given

below, can be used to derive a general expression f&3bka TFET deicg3, 5, 11}

I=aV, e E (2.7)
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whereVett is the applied bias at the tunnel junctiénis the electrical field, and andb
are coefficients determined by the cr@ase ct i on al device area and

propertiesj.e. [6, 11].

_ Agiim'/Eg
a= 4R (2.8)
and
_ WmE (2.9)

Igh®
Utilizing the SSdefinition provided by (1.2) in Chapter 1, tB&for a TFET device can

be rewritten as:

SS—In(l()e %b CE (2.10)

Examining (2.10), one can find that unlike a conventional MEIF theSSof a
TFET is independent of operating temperature (i.e., there k&l'ng thermal factor) in
the ideal casd6, 11] Rather, the ability of the gate voltagéss to modulateVes
(reflected by the terrdV,-/dV;;) is at the heartfol FET SSand energyefficient device
operation. This suggests that thin device bodies and scalesbhigp at e di el ect r i
necessary to ensure that the applied gate bias can efficiently couple with the channel and
directly modulate the channel energy band aligntfiL1]. Furthermore, for highkgcaled
gate oxides in which the equivalent oxide thickness (EOT) approachesdVpup,d V¢
in (2.10) is approximately unity, thus the expression for TEEbecomes inversely
proportional toVes Fig. 2.4(a) [5] highlights this behavior, wherein the increasesBas
a function of increasing/ss is one of the primary differences between TFET and

MOSFET eration. Also shown in Fig. 2.4a) is the effect of EOT on th&S
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characteristics of a THEdevice. Additionally,Fig. 2.4(b) [12] shows the difference in
subthreshold characteristics between a TFET and conventional MOSFET by plotting the
transfer characteristicéok vs Ves) of each. One can find from Fig. 2(d) that unlike the
MOSFET, theSSof a TFET device 10t constant as a function ®&s (as previously
mentioned), and instead exhibits low@Bat lower Ves and higherSSat higherVes
Moreover, this behavior has been observed experimerijtillyas well as in device

simulation[14, 15].
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Figure 2.4 (a) Numerical simulation of the dependend¢d FET point subthreshold slo
(SS¢ on gate voltage up to the threshold voltaye) of the device. Different curv
represent different gate dielectric constants. The inset depjgtnat u n n e |
energy band diagram under applied b, (b) Qualitative comparison of MOSF!
(dashed) and TFET (solid) transfer characteristiss\(cs) showing a clear dependel
of SSt on the applied gate voltage for the TFET device. The inset shows the def
of St and average SSSQyvg), takenas the steepeSSon thelpsVes curve and th
average SS from turnon to Vrn, respectively[5, 16]. Used with permission

Nanotechnology Reviews
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As a result of the strong coupling betwee8and Ves, two definitions forSShave
arisen in the literature,e.: (i) point SS(SS$y); and (i), averag&S(SSQvg) [16]. The inset
of Fig. 2.4(b) [5, 16]illustrates the difference betwe&%: and SSvg One carfind from
the inset of Fig. 2.4b) thatSS: is taken as the lowest possild&value from the transfer
characteristics, typically at the onset of applied gate I8&sg on the other hand, is
taken from the point at which the deviaaches its Ohtate (up tovr) [5], [6], [17],
and is given by:

_ _Yry—Vorr
Ssﬂug o lDE':-t[T_H .-'r.fﬂFF:' (211)

where Ity is the current value whett;; = V5. Therefore, due to the stronger
correlation betweeB8Syvgand the ONstate of a device&sSyg is considered to béhe more
important metric when comparing the transfer and subthreshold characteristics of
different TFET designs.

2.1.2. Engineering of TFET Effective Tunneling Barrier Height Eber) and
Tunneling Width (&)

Fig. 2.5demonstrates the three conventional TFET energy band diagrams based upon
the band alignment at the source/channel interface, including: (a) homojunction, (b)
staggered gap, and (c) broken gap TFET architectdsesan be seen from Fig 2(8),
the homojunction TFET design is based on a singg¢erial p*-i-n* configuration in
which the source, channel, and drain have different dopant concentrations and types. As a
result, the dopant profile and concentration at the source/channel interfaxicakfor
maintaining a steep energy band profile and thus a narrower tunneling barrierayidth (
for carriers tunneling from the source into the chanbak to the typically largea-and

effective tunneling barrier heighEper, as a result of the constant bandgap throughout the
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Homojunction

Figure 2.5 Schematic energy band diagrams for the three conventional

configurations in the OMtate, including: (a) homojunction; (b) staggered gap; an
broken gap. Homojunction tunneling current is limited by the larger tunneling |
width (&) i n comparison to staggered
gap heterojunction TFETsse different materials for the source and channel regic
order to engineer the energy band alignment the source/channel heterointerfa
r e s ul teEnerrcas beasignificantly reduced, thus enhanding In the case of a brok

to

gap heterojun@n TFET,Erertis negative and an additional reverse bias is needed 1
or a

off the device
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heterojunction TFET architecture comprising two materials with different bandgaps for
the source and channel regions. In sucktaggered gap heterojunction TFET, the
source/channel heterointerface exhibits a #ypenergy band alignment, resulting in a
reduce o, and t huos asicomparesl &os & libmojunction TFEIO, 20]
Likewise Fig. 2.5 (c) displays the energy band diagram for a broken gap heterojunction
TFET in which the source/channel materials are selected such that the energy band
alignment at th source/channel heterointerfacaygelll. Due to the lack of arperr at
zero applied bias, & is effectively reduced
gap heterojunction TFET shouftdvethe higheston of all TFET architectures.

Similar o engineeringa- by carefuly selecting the tunnel junction energy band
alignment,Eperf can also be engineered to enhance TFEFs@ite performancdn the
case of am-TFET, Evetris defined as the energy separation between the conduction band
minimum ofthe channel and the valence band maximum of the source, as shown in Fig.
2.1 (b). Correspondingh\Exes for a p-TFET is defined as the energy separation between
the valence band minimum of the channel and the conduction band maximum of the
source, as shawin Fig. 2.1 (c) Note that in both casdS.es is conventionally taken at
zero appliedjatebias As can be seeby examining (2.6), the tunneling probability and
hence tunneling current in a TFET depends exponentially on the effective tunneling
barrier height at the source/channel tunnel junction, indicating Haat is critical to
determiningte ONst at e drive current. Additionally,
naturewith respect tasource/drairdopingconcentratiorand device geometr¥perr a the
drain/channel interface is also significant in determining the-§1&te leakage current of

the TFET device[10]. Homojunction and staggered gap heterojunction TFET
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architectures exhibit positivEpert Values, indicating that an applied gate biasag# is
necessary to turn on the device. In the case of a staggered gap heterojunctioBx¢FET,
can be tailored by changing the materials (or alloy compositions) for the source and
channel, thereby tuning the energy band alignment based upon carefitioselof
source/channel materials. As a reshii« can be significantly reduced in comparison to a
homojunction TFET, dramatically improvirign at lower applied biase#s Epettis tuned
below zero i(e.,, negative), the source/channel energy bandchiaent transitions to a
broken gap heterojunction, effectively eliminating the tunneling barrier for carriers at the
source/channel heterointerface. As a result, substantial enhancemextioexpected
for broken gap heterojunction TFETS; however, the-€d&te improvement comes at the
cost of increased OF$tate leakage due to the lack of a blocking barrier preventing
tunneling at zero gate bias. Therefore, broken gap heterojunction TFETs require the
application of additional (reverse) gate bias in otddgurn OFF the devicg@1].
2.1.3. lon Improvement and Reduction of Ambipolar Through
Source/Channel/Drain Bandga Engineering and Dopant Selection

As shownin Fig. 2.1, the most simplistidesign for a TFET consists of a gaf&d-
n" diode with symmeically doped source and drain regiofsaturing equivalent
geometries A dired consequence of thisymmetric TFET configuration ismatching
electrical behavior of the edice in the ON and OFFstates, otherwise known as
ambipolarity Ambipolar devices exbit n-type tunneling behavioat the sourcehannel
junction under positive gate biand p-type tunneling behavioat the drain/bannel
junction under negative gate hiafhe ambipolamatureof a symmetric TFET thus

contributes significantly to the leage current of the device, degrading kb&lorr ratio
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as well as the subthreshold device characterisfiberefore, the design of a TFET
architecture must carefully consider the impact of ambipolar conduction on device and
circuit performance, and shallminimize ambipolaty through materials selection,
energy band alignment engineering, and source/drain doping.
As discussed in the previous section, engineering,@fcan be accomplished using
different materials or alloy compositis for the sourcend channel regions. As a result
of engineering the tunneling heterointerface band alignment and lovi&singt is often
the case that an asymmetry in bandgaps arises between the source and channel/drain
regions. Thus, if the channel/drain material &darger andgap than the source material,
Everr In the reverse direction (at the drain/channel interface) is largerBhann the
forward direction (at the source/channel interfact)ereby prohibiting OFState
tunneling currentFurthermore, a lagy bandgap channel material also benefits from a
higher joint density of states, allowing for increased BTBT carrier generation and
improved tunneling currentMoreover, selecting a losv bandgap source material has
been predicted to significantly emeelon at the risk ofdegrading orr due to increased
thermal emission across the source/channel interfabe 23. Hence, an effective
approach to suppressigrr while increasinglon would be to select a channel/drain
material with a larger bandgap tharetsource materigR3], creating an asymmetry in
the TFET design to engineer a smaller source/chdtygehnd largedrain/channeEpett
Additionally, the doping concentration of the TFET source and drain regions can be

tailored to maximizelon while minimizing lorr [5]. In order to boost Oblgtate
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Figure 2.6 (a) Schematic energy band diagram for aiRET with a highly degenere
source doping. Electrons only partially occupy states aligyen the souce valenc
band, thus reducing the total number
device is turned ON and degradihgy andSS (b) Schematic energy band diagram
the same structure with a lower doped souige.is closer toEy, resuling in a large
number of occupied electron states i

pair to channel conduction band states and contribute to enharcEe®tlSS

performance, the sourcegion near the channel should be heavily and abruptly doped
thereby enhancing the electric field at the sofet@nnel tunneling junctiomeducing the
tumnel i ng b ar, randeincreagingdhe hunnélieg) currdfi. However, highly
degenerate doping results in a gu@dsimi level in the sourcérs, that lies increasingly
below (above) the source valence band maximum (conduction band minimum). As
shown in Fig. 26 (a) for an RTFET, the result of extendinBrs deep into the valence
band is a decrease in tmember ofelectrons occupying states in the energy range

(EV- L:Fs) that can be paired with a state in the channel conduction (oader bias)

thus reducing theéunneling currenf23]. It therefore becomes important to design a
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Figure 2.7 Simulated tensilsstrained Ge/lf.dGa.71As p- TFETs with two different drail
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decrease in N results in a 10 reduction inlorr due to an increasedEpesr at the

drain/channel interfac§5]. Used with permission of IEEE Transactioms Electrol
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ing

the available electronsingh sour ce valence band within

contribute to tunneling currenas shown in Fig. 2.@). Furthermorethe increase in

available tunneling carriers at lower energy windows (gate bias) corresponds to steeper

subthreshold characisticsin addition to enhanceldn [6, 23].

Likewise, TFET drain doping must be optimized to reduce -Stieke leakage current

and improve energgfficient device operation. In the case of the source/channel junction,

increased source doping resulted irhigher junction electric field, lower tunneling

barrier width é-) ,

and

i ncr e a[@].eTtheretore, nan uppress OERItee n t

tunneling current, one approach would be to decrease the drain doping, thereby
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decreasing the drain/ channel junction el ec:

tunneling current whethe TFET is OFF24]. Moreover,lonin a TFET is controlled by
the BTBT generation of carriers at the source/channel interface, thus reducing the drain
doping and increasinBuett at the drain/channel junction has no impact on thestdie
device perforrance.Fig. 2.7 [25] illustrates the effect of asymmetric doping on the
simulated transfer characteristics of a 2% terstitained Ge/lfidGav.71As p-TFET. As
can be seen from Fig. 2.I6rk in the case of the asymmetrigatioped device is reduce
by a fator of 1¢, indicating that optimal source and drain doping configurations can
simultaneously result in higldan and significantly suppresseégrr.
2.1.4. Channel Length Ig) Considerationsfor Device Operation

Aggressive channel length scaling has beéalbnark of the semiconductor industry
for decades, resulting in increased device density and performance. However, the effect
of channel length on TFET Obtate performance is less relevant due tontagority
dependence of TFET drive current on the BT@dneration of tunneling carriers at the
source/channel junction. Conversely, the &féte leakage current of a TFET is greatly
impacted by channel length scaling due to deereasing space chare region and hence
increasing junction electric fielfP6]. As a result of the increasing electric field in the
intrinsic region and at the tunnel junction(s) of an aggressively scaled TFEdnehgy
band diagram across the device is distorted, and begins to resemble -gBiat©RNand
alignment for a long channdlFET device. Moreover, due to the sharp band bending
across the channel ahdyh electric fieldat the junction(s), tunneling current is generated

irrespective of applied gate bi§a6, 27] Therefore, at extremely scaled TFET channel
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Figure 2.8 Schematic energy band diagrams for simulated TFETs with channel |
of 40 nm, 20 nmand 10 nm. At channel lengths of 40 nm and 20 nm, gate contrc
the ON/OFF states of the device is maintainedclennel length is scaled to 10 nm,
high junction electric field and field distributed across the channel distort the

bands, causing Zener breakdown to o¢26t. Used with permission of Nanotechnol
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diodes,and is illustrated in Fig. 2.B6] for simulatedTFETs with highe ( U =e 25)
oxides and gate lengths of 40 nm (a), 20 nm (b), and 10 nm (c).

As shown in Fig. 2.8a) for TFETs in which the electric field across the channel and
at the junctions is distributed over a
channel length sding on the intrinsic device band alignment is not observed. However,
as channel length is further scaled down to 20 asnshown in Fig. 2.8), the field in
the space charge region and near the junctions begdistoot the energy bands in those
area, decreasingEnett a N d ane-increasing the probability of OfsEate tunneling.
Finally, one can find from Fig2.8(c) that as channel length is scaled down to 10 nm, the
built-in junction electric fields and field distribution across the channel are high enough
to significantly distort the channel energy bands, resulting in a-lzies (OFFstate)
tunneling current due to the creation of
Fig. 2.6. Therefore, at highly scaled channel lengths, the gate loses its eleatrostati
control over the channel andrr is substantially enhance@onsequentlythis suggests
that TFET channel length scaling ot as beneficial to device operation as in
conventional CMOSplacinga lower limit on the extent to which TFET channel lengths

can be scaled.

22 UGellhGaixAs Het er ost r uc4Ge Acdve Phbtonic 0 n

Devices

As discussed ilChapter 1 the scaling of metal interconndength and hatpitch is
approaching bottlenecks in both metal interconnect performagelit rate) and power
disdpation .g., interconnect energy28, 29] As a result, the development of intand

intra-chip optical data transmission is considered a promising path towaresoloer
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compute scaling by simultaneously benefitting from eneffigient, high bandwith
optical data transmission and higpeed, electronic data processja, 31} In order to
realize such electronighotonic integrated circuits (EPICs), CM@8mpatible light
sources, photodetectors, and optical modulators are red@dgdwWhereas siton (Si)
would be the ideal material for such photonic devices, its indirect bandgapll€y,
1.12 eV) and | avallky momifmnuma(3.4f e&¢/)arseanbthae newi optical
materials are necessary for the lasgale integration of optoelectronics ohet Si
platform[32]. Germanium (Ge), although initially an indirect bandgap materiag{ley,
0.664eV), can be tailoretb enhance direagap recombinatiothrough several materials
engineering approachéisat reduce or bypass the 18@V separation bete en G and
valleys This section will outline the most promising approaches to engineerinGehe
band structuréor the integration of Géased photonics with Si CMOS technology.
2.2.1. Band Structure Engineering
2.2.11. StrainedEngineered Ge

In geneal, strain engineering of material properties has been exploited for several
decades to realize, for example-Mlquantumwell (QW) and quantundot (QD)lasers
and electrabsorption modulators with tunablavelengths[33]. In particular, he
introduction of biaxial tensile straimto Ge thin films or substrates has several positive
effects for Gebased photonics applications. Predominantly, the most beneficial result of
applying biaxial tensile strain to Ge is a reduction in the conduction band mig8#na

36]. Furthermore t -takey minimum is reduced at a more rapid rate compared to the
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Figure 2.9 Schematic energglispersion diagrams for Ge illustrating three separate
states: (a) unstrained (bulki k e ) Ge i-to-L-walley nirima tsdparatidi is 1
me V a n dh bantdgap i510.80 eV; (b) 1.5% biaxial tensile r ai ned Ge
to-L-valley sepa at i o n e x ilhsbandgapaispdedidted ® beli~0.52 eV; and (
1.5% biaxial tensils t r ai ne d Ge-valley liesvbelove the i ahlel elly -
Ih is predicted to be < 0.52 e¥nhanced direegap Ge emission is expected for bia
tersile strains exceeding the cresger point between indirect and direct banc

energies
nt

after whichthe direct bandgp of Ge will ke narrover than the indirect bandg&p4-36].
Additionally, the introduction of biaxial tensile strain into Ge lifts the degeneracy of the
light-hole (h) and heawhole hh) valence bands, resulting in a raidadvalence band
and loweredhh valence bandTherefore, the combined reduction in conduction band
minima and raising of thin valence band maximum by strain engineering allows device
engineers to tune the emission and absorpti@nelengthof Ge by tailoring the Ge

bandgapMoreover, the raising ahelh valence band and reductionlbfeffective mass
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with applied strain reduces the density of states in the valence band, thereby decreasing
the threshold for optical transparency and lag8®) 37].

Fig. 2.9qualitativelyillustrates the effectivefancreasing biaxial tensile strain on the
bandst ruct ur e -cafd L -Geal dteyshe A8 Fi g. 2-to-B- ( a)
valley separation for unstrained Ge i§36eV [38]. By applying tensile strain to the Ge,

t h evallély minimum is reduced at a faster rétan the Lvalley minimum. At 15%
biaxial tensile strain, the two minima gveojectedio be equal34-36], as shown in Fig.
2.9 (b). By engineering the strain level in Ge to be larger thah.8& threshdd, the Ge
can be transformetb a direct bandgap material, greatly enhancingcapemission
intensity, as shown by Fig. 2.9 (c).

Experimentally, the influence of tensile strain on Ge optical properties has been
demonstrated for procegs®uced[39], micro-mechanical[35], [40], [41], and epitaxial
strain [42-44]. However, ©or the &rgescale integration of teils-strained Ge
optoelectronics on Si, careful consideration has to be given to the compatibility of Ge
stressors with CMOS processing technol$g9]. Due to the complexity in integration
and inability to finely tune the strageneratedvia processing and micrmechanical
techniques, epitaxialinduced strairis a promising stressor method that is expected to
be fully-compatible with statef-the-art CMOS process technolod¥5s, 46]. Fig. 2.10
demonstratethe strainedayer epitaxy of Ge on an k®&a.-xAs strain template. When the
InAs mole fraction is zero, Ge is qudaiticematched to GaAs, as shown in Fig. 2.10
(a). By increasing the InAs mole fraction in theGaw.xAs, the inplane lattice constant

of the Ge thin filmis gradually stretched, generating a biaxiaplane tension that is
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Figure 2.10 (a) Schematic illustration of Ge grown on qulasiiceematched GaA
exhibiting negligible compressive strain. (b) Schematic representation of Gen
epitaxially on latticemismatched lxGai.xAs strain templates. As the InAs mole frac
increases, the strain transferred to the epitaxial increases proportionally to the ¢
InGawxAs in-plane lattice constant, thereby allowing precise engingef the Ge bar
structure
proportional to the increase in lattice constant and InAs mole fraction, as shown in Fig.
2.10 (b). Due to the precise control of the In alloy compositiorredf by epitaxial
growth techniguesuch as molecular beam epiyadVIBE), epitaxiallyinduced strain
offers highlytunable tensilestrained Ge thin films, affording device engineers greater
design flexibilityand a wider range of Ge optical properties
2.21.2. Tin (Sn) Alloying

An alternative approach to engineering the band structure dfaGed materials is
through the alloying of Ge with-phasetin (U-Sn) [47-49]. As Fig. 2.11 (a) shows, the
di amond cubi €n)hsemieondactor witna négat direct band gap of

0.41 eV and positive indirect-lalley bandgap of 0.1 e88]. As a result, the G&nix
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Figure 2.11 (a) Schematic energyi sper si on di agr am-Sr
exhibiting a -0.41 eV direct bandgap and +0.1 indirect bandgap. (b) Sche
representation of the effect of Sn alloying on theSBex band stucture T h e-vallgy
minimum is reduced at a much higher rate than tiwalley minimum as a function of .
alloy composition. (c) Schematic representation of the coupled effects of the

induced tensile strain and degenenatiype doping on the Geahbd structure. Pseus¢

directgap Ge emission is obtained

bandgap for increasing Sn compositions, as shown in Fig. 2.1THb}, through the
incorporation of different Sn alloy compositions, the &®x opticd emission and
absorption wavelengths cdre tailored on a peapplication basis. Although several
compositional values resulting in diregap recombination from G®8mnx have been
reported[48-51], the thermal instability and compositional fluctuationtied GeSni.x
alloy have made it challenging to define an experimental diceicidirect crossover
point. Recent results therefore yield an estimated indicedirect recombination
transition point for Sn compositions in the range of 8% to ID8é. varability in GeSn.-

x alloys is a direct result of the poor solid solubility of Sn in Ge under equilibrium
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conditions( O 1 % g29]o Wherefdre, it follows that neaquilibrium growth
techniques, such as MBE or metalorganic chemical vapor depositiolC\ay) are
required for the growth and realization of xSa.x alloys for onSi optoelectronic
applications. However, an additional challenge arises with regards to the temperature
stability of GeSnix alloys. Due to the low solid solubility of Sn in Gelegated thermal
budgets, such as those commonly experienced during CMOS source/drain processing,
result in severe Sn segregatiB?], substantially degrading the crystalline quality and
optical properties of the G8n.x alloy. Hence, the heterogeneouseigration of GgSn«-
based photong with CMOS technology would require the optimization of thermal
processes during photonic device fabrication as well as during CMOS processing and
integrated circuit packagingreatly limiting the feasibility of G&n.x photonicdevices
on Si
2.2.13. Thermal Cycle Annealing and Degeneration N'ype Doping

A third scheme forenhancing direegap emission from Ge combines the use of
degenerate-type doping (188 10?° cmi®) with low levels (0.8 0.3%) of tensile strain
in order to compensate t he-ar&w&lleymeinimald@9,f f er enc «
[53, 54] By thermally quenching Ge films grown on Si substrates, & 0.2% biaxial
tensile strain is transferred to the Ge layer due to the difference in thermalierpans
coefficients between Ge and $his moderate strain amount is expected to decrease the
0-to-L-valley separation by53 meVa nd r e d-4hdandgaphae0.75% eV[53]. By
degenerately doping the Ge filmtype, the quaskFermi level Ern) lies within the
bottom energy levels of the-alley minimum[54]. As a result, the energy states in the

L-valley below Ern are occupied, and upon carrier injection, some of the injected
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electronsare forced o0 o cc upy -sdley mivimumiElectrand cccupiig states
i n tvalley aré then free to radiatively recombine with holes, generating-diagcGe
emission as shown in Fig. 2.11 (c)Moreover, due to the enhanced radiative
recombination rate of dregap Ge e mi ssi o n-yallegdreedpletedoans i n t
much faster rates than those in thedlley, resulting in increased injection of electrons
from the Lval | ey -vakey thrdugh intesrvalley scatteringduring emission.
Furthermore, the promiity of Ernt 0  tvhlley minimum (also due tthe heavilyn-
type doping) corresponds to a lower injection level necessary for population inversion,
allowing for net optical gain and providing a path tovgatdw-threshold currenGe
lasing [37], [55]. Lastly, a distinct advantage to the coupling ofdexate tensile strain
and degenerate-type doping is that the emission wavelengths lie much closer to the
wavelengths used in L and C band optical communicatien52@® a 1630 nnj29].
2.2.2.Electrical and Optical Confinemert for Ge-on-Si Lasing

A final approach for achieving GetSi active photonic devices is to indirectly
engineering the Ge band structure, rather than directly engineering it through strain, Sn
alloying, or degenerate dopif®5, 56] Fig. 2.12[55] shows a simulated schematic
energy band diagram for a quakitticematched 3.3 nm Ge quantum well (QW)
surrounded by two AhsGansAs barrier layers. In Fig. 2.12, the-valley minimum
energy level is shown in gregeolid) wh e r e a s/allely m@imuin energy level is
shown in blugsolid). Due to the ultrahin Ge thicknessstrongquantum confinement is
exhibited in both the L a n d-valiéys as well as the lightole (h) valence band
Moreover, by selecting the barrier tegal such that electron confinement is enhanced in

the Lval |l ey i n ¢ o mpaley, ipseadadiredtgap Gehrecombination is
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expected An advantage to this approach is that the pseligmtgap nature of the Ge

QW offers enhanced thermal stafyilover other approaches that directly engineer the Ge
band structure through thermally sensitive processes, sugiglastrain engineering or
high-Sn compositionGeSni.x alloying. Additionally, the emission wavelength of such
[I1-V/Ge/lll-V heterstrucures is predicted to be closer to the C and L band
communication wavelengths (152@630 nm), makinghem suitable for orSi optical

data transmissiof29, 55, 56] Likewise, the quantum confinement effect on the Ge band
structurecan be partially compengat by growing Il -V/Ge/lll-V heterostructures with

high bandgap barrier layers that introduce moderate strain levels into teegGénAl 1-

xAs. However, attention must be paid to engineering alternative barrier layers such that
the confinementinthe- al | ey al ways evalleyeFarther optinizaton of t he
of the inactive barrier material and Ge QW thickness can be performaesignlil -
V/Gel/lll-V heterostructures with band alignments suitable for different lasing

applicationse.g., laser dibdes operating at high temperatures
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Figure 2.12 Simulated energy band diagram for a qudatlicematche
Alg16Gay s2As/GelAb.16Gay s2As quanturawell (QW) heterostructure. The 3.3 nm Ge ¢
thickness results in enhancedvalley quantum confinement when combined with ba
materials that further strongly confitlee Ge Lvalley. Solid lines show the energy le\
in the QW and dashed lines show the band ed§&$.Used with permission of IEE
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Chapter 37 Experimental Methodology:
Materials Synthesis and Characterization

3.1. Molecular Beam Epitaxy: Growth of Group IV and Il -V

Epilayers and Heterostructures

All structures studied in this thesis were grown by setidrce molecular beam
epitaxy (MBE), which is a commonly used physigapor deposition technique found in
industrial and academic settings at both #search and production scale. Under MBE
growth conditions, thermal evaporation of highrity, elemental liquid or crystalline
sources generates a molecular beam of neutral atoms or molecules that is directed
towards a growth substrate. In order to maxenibe flux of material impinging on the
growth surface and maintain a consistent growth environment, the growth chamber must
be kept under ultrhigh vacuum (UHV),i.e.,, the residual gas pressure in the reactor
chamber must be below ¥0rorr. By maintainng such strict vacuum conditions, the
meanfree path of the constituent atomic or molecular species is increased, thereby
minimizing collisions between beam particles and the background vapor and promoting
high-purity, low-defect epitaxy. A combination adil-free roughing, turbo, ion, and
cryogenic pumps are ordinarily employed to generate the UHV environment critical for
MBE growth.

Fig. 3.1 shows a schematic diagram for a typical MBE reactor chafthein
addition to using various pumping systems toim@an the UHV background, several

measures are taken prior to growth to minimize residual atomic species contamination.
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Figure 3.1Schematic representation of a typical MBE growth chamber

:d the
system to atmephere. Further, baking of the individual effusion or cracking cells for
each elemental species also aids in degassing the required growth materials and
minimizing contamination. Additionally, as can be seen in Fig. 3.1, the walls of the
growth chamber areooled using a cryogenic (liquid2Nshroud in order to minimize
undesirable flux generation from atomic or
[2]. Similarly, components such as shutters and heaters are machined from highly stable,
nonreactiveand lowvapor pressure materiaksg., tantalum (Ta), molybdenum (Mo), or
pyrolytic boron nitride (PBN). Growth substrates also undergo several degassing steps
prior to being loaded into the growth chamber, including: (i) arP@8threehour long
bake nh a loading chamber to remove moisture from the substrate surface, substrate

holder, and intrachamber; (ii) a 30@I0°C (depending on the substrate material),-two
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hour long bake in a buffer chamber to degas higéeperature surface contamination
beforetransferring to the growth chamber; and (iii), after transferring the substrate into
the growth chamber, a high temperature oxide desorption in order to remove surface
native oxides formed under ambient atmospheric conditions, thereby generating a pristine
growth surface prior to epitaxy.

At this stage, thirfilm epitaxy may proceed by heating of the effusion or cracking
cells (shown in Fig. 3.1 as being mounted opposite to the substrate) and generating an
elemental flux whose exposure time on the growtHase is actively controlled by
individual motorized shutters. The flux levels needed during growth are routinely
calibrated prior to substrate loading using an ion gauge (shown in Fig. 3.1 as being
behind the substrate holder) to measure the bEgnvalet pressure (BEP) of each
source for a given source temperature. In order to ensure film composition and thickness
homogeneity across the growth surface, the substrate holder is typically rotated at a speed
of six to eight revolutions per minute (rpm).

In situ monitoring of the growth (or oxide desorption) conditions at the sample
surface is performed using reflection highergy electron diffraction (RHEED) utilizing
an electron beam nearly parallel to the growth surface. For the RHEED monitoring
performedduring the growth of the structures presented in this thesis, the incident beam
energy and angle were 14.3 KeV and approximately I°, respectively. Under these
conditions, electron diffraction occurs
extremdy shallow angle of incidence, electron penetration into the sample is limited to
several surface monolayers, thereby only generating diffraction patterns of the two

dimensional surface lattice. Moreover, due to the high energies used in RHEED (at least
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anorder of magnitude greater than those used-maydiffraction), the Ewald sphere in
reciprocal space is larger in diameter and thus encompasses a higher number of
reflections[1]. As a result, the pattern in reciprocal space generated by the surface
reflection of highenergy electrons incident on the tdgmnensional growth surface
consists of many elongated, narrow streaks (in the ideal case), as shown in Fig. 3.2
Hence, an effective method for identifying the growth mode at the growth surface is by
monitoring the appearance and intensity of the RHEED pattern. Under uniform, ideal
Frankvan der Merwe (2D, layeoy-layer) growth conditions, the RHEED pattern will
reveal bright, narrow streaks consistent with rows of orthogonal, intersecting atomic
panes at the growth frontds terminating surf;
the ideal and transition to the Volm@reber (3D, island formation) regime, this will be
reflected in the RHEED as a loss of intensity and disruption (spottiness) shahe,

narrow streaks seen in the previous scenario. Thus, due to the advantages of being able to
monitor the quality of a growth at almost every stage, RHEED equipment is a common

feature in most MBE systems, as shown in Fig 3.1.

Electron Specimen
beam

Figure 3.2 Schematic diagram of the RHEED surface analysis process
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3.2. Atomic Force Microscopy: Surface Morphology Characterization

Atomic force microscopy (AFM) is a scanning probe microscopy (SPM) technique
that can routinely achieve angstrdewel vertical resolution during surface morphology
characterization. Ashown in Fig. 3.3, an extremely sharp tip attached to a cantilever is
passed over a sample surface, resulting in a vertical deflection or force exerted upon the
cantilever[1]. This deflection is measured by way of a laser diode, calibrated to the
cantlew er 6s top surface prior to measurement ,
cantilever surface is incident upon a fayuadrant photodiode. As the cantilever moves
across the sample, the deflection of the cantilever results in deflection of the position of
the reflected beam on the photodtod wi t h r e s p @asition.{This, imturd, & i ni t i a
translated into a measure of the vertical movement of the cantilever and thus the height
and morphology of surface features on the sample. Additionally, somes&ENs have
a piezoelectric feedback system integrated into the sample mounting stage such that a

constant force can be maintained on the cantilever tip as it scans the sample surface.

4-Quadrant Laser

Photodiode Diode
%I\/Iirror

Cantilever

Sample

Sample Stage

Figure 3.3 Typical atomic force microscopy setup, including: laser diodd four
guadrant photodiode for measuring vertical displacement, the cantilever and pr

and a piezoelectric sample stage.
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3.3. X-ray Diffraction: Thin Film Strain and Relaxation Analysis

High-resolution Xxray diffraction (HRXRD) is a vital step in the structural
characterization of and determination of strain relaxation properties in heteroepitaxial
layers. Fig. 3.4 shows a typical HRRD system, including: (i) aiX-ray source (usually
a copper (Cu) tube) that produces a broad spectrum, divergent beamys; Xii) a four
bounce Bartels monochromator that restricts the beam to a specific wavelength (energy)
and angular divergence; and (i), the sample and datmih detector placement,
including the rotation axes for both. In the most basic measurement, a rocking curve, the
sample is rotated about theaxis, resulting in a spectrum containing peaks of various
intensity, width, and angular position that directly correspond to the epitaxial layers
present in the sample and their structural properties. These spectra are then used to

analyze the strain @ation properties andrettural quality of the sample.

(a) (b)
% =1.540597 A
Cu Ku1

S @

4-Bounce Ge
Monochromator ¢

3D Detector

v

ND

X
Figure 3.4 (a) Conventional highesolution Xray diffraction setup, including: Cu tu
X-ray source, bounce Ge monochrator, multiaxis sample stage, and 3D detector

Sample surface showing the angular axes rotated during rocking curve and re

space map measurements.
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Basic structural analysis of XRD data utilizes the real and reciprocal space geometric

equivalencies for angular diffraction, i.e., the Bragg and Laue equations, resjyecti
Fig. 3.5 shows the Bragg diffraction conditions for incidenrta)s in a uniformly flat,
periodic crystal structure wherein the spacing between crystal planes is giddh]byf
the incident and reflection angles are equal,to t hen t he path differenc
parallel Xray beams,a and b, is equal to @sin(d). In this case, the condition for
constructive intenfemwmaheeé® ahedonmegegy and o i
wavelength (1.540597 A in this thesis). Thtie Bragg diffraction condition is given by
[1]:

2dsinfy = ni (3.1)
wheren is the order of reflectiongs is the Bragg angled is the interatomic plane
spacing, a fray waxelemngth, as previoudly defined. The equivalent Laue

equation for reciprocal space is given[iy:

d (hkl) = —— (3.2)

VRTHFRT+IT

whereai s t he cr yst al 6hkl) définettheiindiees o theaatomic glanea n d  (
under scrutiny in reciprocal space. Equating (3.1) and (3.2), the Bragg @n(i&l), for

an atomic plane specified by tHek() indices can be rewritten as:

-

8, (hkl) = sin™ (&) (3.3)
The detailed strain relaxation procedure for diamond andldémde semiconductors

requires the recording of reciprocal space maps (RSMs), whiokistoof several

hundred rocking curves taken at incrementally differementer points in order to build

a twodimensional map¥-2d) of the diffraction anglesvé intensity) present in the

sample. As a result of asymmetric dislocation relaxation along the two orthdgadidl
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Figure 3.5 Schematic diagram of the Bragg diffraction condition for a single cr
periodc structure.

and[110] directions, the irplane lattice constants, ,,; andar,z,; could be different. To
account for this during measurement, the incidemmaybeam can be aligned with each
orthogonal <110> #plane direction in order to measure the amgmg in strain
relaxation in the sample, should any exist. In order to determine the alloy composition of
ternary layers, the lattice mismatch and the strain relaxation properties for each epilayer
in the sample, both symmetric (004) and asymmetric (1ISYIKR must be recorded.
Usi ng Br ag gpaseal, and ouoftplare,a,i lattice constants for each layer

can be determined from the asymmetric (115) and symmetric (004) RSMs, respectively.
Subsequently, the relaxed latticenstant,a;, and epitaxial strair) , of each | ayer
determined usin{g]:

a, = E—Fer" + l;lja: (3.4)

g=-"T-= (3.5)
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wheres is the Poisson ratio of each epilayer agds the lattice constant of the substrate.

For ternary materialgi s e st i mat e gllawuand the @lashtceanstantd for the
binary materials composing the ternary layeg., InAs, GaAs, AlAs,etc As noted

earlier, relaxation with respect to the substrate for each epilayer can extracted along each

<110> direction, and is given §9]:

R = Zhze7% and R = ZhLzd % 3.6
[110] G [220] 25 [110] E) [1T0] S5 ( )

In the case of isotropic strain relaxatioR[,,y; = Rp31;, thus the average strain
relaxation iSR = (Rpy1q; + Rpy1g7)/2. The perpendicular lattice mismatch,, for an
epilayer with respect toan underlying virtual strate can also be determined, and is
given by[4]:

fo === (3.7)

1 o
where ao is the relaxed lattice constant of the virtual substrate. Likewise, the parallel

lattice mismatch for eac110] and[110] direction is given by4]:

@ragp1—0 2[170] 20

e 20dfyprg =

fu,[nu] = (3.8)

g
whereap;; andap;;ar e t he  elarie lagioe eanstasts dlong thiel0] and

[110] directions, respectively. For a fully relaxed layer, the lattice mismétcban be

written ag[3]:

1—v

fr= fi+ 11_1 [ﬂ.[nu] + fll,[lIl}]) (3.9)
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Fig. 3.6 shows a schematic representation of symmetric (004) and asymmetric
(115) RSMs plotted according tpvector. Theqg vector of each epilayer in the schematic
consists of two componentgy andq,, correspoding to the angular splitting between

and 2, respectively, in real space. As shown in the diagram, different strain states and

73



degrees of relaxation can result in different positions of the reciprocal lattice point (RLP)

for each epilayer, including fully strained (pseudomorphic), fullgxret! (metamorphic),

partially relaxed, or tilted() [5]. In the case of an ideal, fully relaxed epilayer without

tilt, the (115) RLP will lie on a line of relaxation that intersects the (004) axis at an angle

of 15.8. On the other hand, a fully strainedp i | ayer 6s (115) RLP will

that connects wia the (001) directed axis to its virtual substrate.

[001] Relaxation

Line

(Epilayer)

Epilayer
Tilt

(000) [110]

Figure 3.6 Reciprocal space schematic highlighting the sample orientations in rea
as well as the crystallographic orientations in reciprocal space. The epitaxial le
interest (blue, virtual substrate strain template, andngiteained layer) are shown un
two different conditions: no epitaxial tilt (the virtual substrate strain template is orie
along the sample normal and full relaxation lines) and small epitaxial tilt (deviatior
from the sample normal and fulle |l axati on | ines intro

measured strain relaxation properties).
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3.4. Transmission Electron Microscopy: Defect and Structural
Analysis

Crosssectional higkresolution transnssion electron microscopy (HREM) is an
excellent technique to characterize the loagd shordrange structural quality of samples
as well as the coherence and abruptness of heterointerfaces. In order to apply TEM
imaging to semiconductor samples, elenttransparent foils of thin film crosections
must be prepared. Foils with thicknesses approximately 100 nm or less are necessary for
the transmission through the sample of incident, Jeigérgy electrons at the sample
surface. Typical accelerating vafjes used during TEM imaging vary from 100 KeV up
to 1 MeV, depending on the instrument.

Fig. 3.7 shows a schematic diagram for a conventional TEM instruf@gnitligh-
energy electrons are collimated using magnetic condenser lenses and then focused on to
the sample surface. Due to the higiiergy nature of the electron beam and the extremely
thin thickness of the sample, electrons are transmitted through the sample and scatter
elastically or irelastically with host atoms. In crystalline semiconductor sasyghis
can lead to Bragg diffraction for those electrons that scatter elastically in the sample. The
diffracted beam is then brought into focus at the focal plane for the objective lens. In
diffraction imaging mode, the first intermediate lens is focusethe back focal plane of
the objective lens and the resulting diffraction pattern from the sample is magnified and
projected by a combination of the intermediate and projection lenses. The diffraction spot
pattern displayed on the phosphorous screeresponds to different diffraction vectors,
g, which are used to index and align the electron beam to a particular diffraction

condition and assist in generating the final TEM micrograph. After diffraction alignment,
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prrr iz  Condenser aperture

b A
it

Objective aperture

Selected area aperture

B : > First intermediate lens

—_——

: > Projector lens

Figure 3.7 Schematic diagram showing a conventional transmission electron micrc ¢
1

inverted sample image formed by the objective lens. An aperture located at the back focal
plane of the objective lens is used to select a singular diffraction condition for image
formation, resulting in either a brigfield image ifg = [000] or a darKield image if a

different g vector is selected. Magnification is enhanced by increasing the accelerating

voltage of the electron beam.

Additional signals can be collected from thkeotrons that scatter -elastically
through the sample. In such cases, the transfer of energy from the incident electron beam

to the host atoms generatega§s as electrons in the host atoms radiatively relax. As the
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energy separation between orbitalgdierent for different atoms, collection of the- X
rays generated through-@lastic electron transmission can be used to determine the
elemental composition of the sample. This technique is known edespgrsive

spectroscopy (EDS).

3.5. X-ray Photoeledron Spectroscopy: Heterointerface Energy Band

Alignment Properties

X-ray photoelectron spectroscopy (XPS) is a useful technique for measuring the
energy band alignment at semiconduetemiconductor and oxiedgemiconductor
heterointerfaces. Fig. 3.8 (ah@vs a conventional XPS system consisting of: (i) an
electron gun, (ii) an aluminum (Al) anode, (iii) a crystal focus and monochromator, (iv) a
magnetic collection lens and hemispherical energy analyzer, and (v), a photoelectron
detector[6]. The electrongun generates AKU (E = 1486.7 eV) Xrays from the Al
anode target, which are then monochromated and focused by the crystal on to the sample
surface. The Xays impart enough energy to electrons in the material to eject some from
the different electron ae levels {.e., orbitals) in the host atoms, as shown in Fig. 3.8 (b).
The X-ray-generated photoelectrons are emitted in all spatial directions; however, those
that pass through the magnetic collection lens and enter the hemispherical energy
analyzer ardiltered with respect to kinetic energy. The relation between kinetic and
binding energy for a photoelectron is givenEy= hv — E,, — ¢ wherehs is the Xray
energy,Es is the binding energy of a given atomic orbital, ang the work function of
the sample material. Due to the different energy separations between orbitals in different
atoms, the kinetic energy of a photoelectron can be useétésmining the elemental

constituents in the sample. However, the limited energy of the excited photoelectrons
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results in a narrow escape depth of approximately 5 nm, beyond which photoelectrons
generatedia the incident Xray beam loose too much enetgyough irelastic collisions

to escape the sample surface. It is worth noting that this electron mean free path
limitation is also dependent on the sample material. Photoelectrons that are generated
within the escape depth may also scattezlasticallybefore reaching the sample surface,
resulting in a broadpectrum background in the recorded XPS spectrum. Those
photoelectrons that scatter elastically and escape the sample surface result in high
intensity peaks in the XPS spectrum and are used tofigéméi elemental nature of the

sample as well as in the detailed band alignment analyses discuSiepters 4and>.

o°

Crystal Collector =
Lens /- Analyzer f
Electron Detector
Gun 2p
O le- a o
2S N/ "\
Al ~5 nm Escape Depth
Anode O—O
Sample Bulk Is =0

(a) (b)
Figure 3.8 (a) X-ray photoelectron spectroscopy system, includielgctron gun, #
anode, and crystal monochromator/focus [source components], sample, n
collector lens and hemispherical analyzer, and photoelectron detector. (b) Sc

diagram showing the nature of photoelectron generation.
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3.6. Raman Spectroscopy: Thin Film StrainState Analysis

Raman spectroscopy is a secander (twephoton)optical measurement technique
suitable for the characterization of strained semiconductor thin films and superlattices. It
can be best understood as anel@stic scattering process in which incident,
monochromatic light is scattered at discrete frequenaieove and below that of the
incident frequency (Rayleigh scatterif@) 8]. The source of these additional scattering
frequencies are the vibrational modeg,, phonon modes in a crystal, of the sample
material. In the former case, radiation scattevét a frequency higher than the incident
frequency is referred to as Stokes radiation, whereas in the latter case, radiation scattered
with a frequency lower than the incident frequency is referred to aStkies radiation.

Due to Stokes radiation vy correlated with an increase in vibrational energy, and the
fact that at room temperature most materials are in their lowest vibrational state, Stokes
radiation is generally more intense than &tokes radiation. Moreover, the vibrational,

or phonon mdes, that contribute to scattering are also correlated with the scattering
geometry. In the case of back scattering from a (001) surface, such as th&karnwia
measurements performed in this thesis, the longitudinal optical (LO) phonons are
polarized almg the Z direction, whereas the transverse optical (TO) phonons are
polarized along thet and ¥ directions. It follows that under (001) back scattering
collection geometries, only the LO phonon modes will contribute hio detected
scattered spectra. Furthermore, under strain, the normally degenerate phonon modes will
be lifted, resulting in a change in the LO phonon mode frequency and thus a change in

the observed Raman frequerjéy.
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Fig. 3.9 shows a typical mictBamanspectroscopy setup, in which an Ar laser is
filtered, polarized, and focused on a sample surface through a confocal microscope down
to a spot size of approximately 1 |UB8]. Commonly, the sample stage is automatic, thus
allowing for a mapping oflocal®rs s i n thin films by transl at
and Y in a welicontrolled manner. The scattered light from the sample is collected
through the microscope (known as a back scattering collection geometry) and directed
into the double prenonochromataqrafter which it enters the spectrometer prior to being
detected by either a multichannel or CCD detector. As the back scattered light passes
through the pranonochromator and spectrometer, the position of the gratings and the
width of the slits in both agpment determine the resolution and intensity of the detected
spectral peak. In cases where the scattered intensity is low, a photomultiplier tube may be
included in the measurement setup prior to the detection stage. In this thesis, a JY Horiba
LabRam HRB00 micrecRaman system equipped with a 514.32 nm Ar laser excitation
source was used to independently measure the strain state of the Ge thin films and

corroborate the strain relaxation analysis determii@XRD measurements.

Double pre- Monitor

monoc hromator

>ou :
'Sz Po]@zer Microscope
Argon laser
Interfcrcm.c v,

XY stage DR

Figure 3.9 Micro-Raman spectrometer experimental setup.



3.7. Photoluminescence Spectroscopy: Analysis of Straldependent

Optical Properties

Photoluminescence (PL) spectroscopy is an especially valuable nondestructive,
contactless measurement technique used for the investigation of the optoelectronic
properties of semiconductors. In performing such measurements, a laser with- above
bandgap photon energy is used to excite elediod@ pairs in the sample. The radiative
recombination of the opticalpumped excess carrier population results in emission
charactestics that are directly correlated with the electronic transitions in the sample. In
addition to being used for determining the bandgap of electronic materials, PL spectra
can yield a vast array of other material information, such as: (i) surface, ietesiad
impurity levels; (ii) defect levels; (iii) material quality, noting that as material quality
decreases, the probability of noadiative recombination increases; (iv) doping
concentrations; (v) freeand bouneexciton recombination and binding enexgg and (vi),
strain or relaxation in thifilm strainedlayer epitaxy{9]. In the case of a thifilm with
residual strain or a pseudomorphic epitaxial layer, the bandgap energy (and thus emission
energy) will change as a function of strain due to tiheukaneous movement of the
conduction band minima as well as a lifting of the hebhwie and lighthole valence
band degeneracy.

Fig 3.10 shows a conventional migpbotoluminescence (RL) measurement
system, including a Kr or Ar laser excitation sourféers to remove unwanted
wavelengths, choppers to modulate the excitation beam fotifodktection, a cryostat
for cryogenic (liquid N or He) sample measurement, a single or double grating

monochromator, and detector (typical cooled to improve theasio-noise ratio)[7]. In
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such a setup, the spectral (energy) resolution is limited by the focal length of the
monochromator and the detection range is determined by the monochromator grating. For
the wPL measurements performed in this thesis, an 800 laser source and a

thermoelectric cooled InGaAs detector were used for optical pumping and detection,

respectively.

Laser {Ar or Kr)

&
A
3 1

-l
1
H : Electronics
Tunable Iaser: '
‘ : [
bagqed A L
b= C2 Pt TL L L eens
S - "
CE  Jotes H st WA
L1 ? L2
Grating monochromator

Sample in cryostat
Figure 3.10 Conventional micregphotoluminescence (RL) measurement syste
including Ar laser and choppers (C1, C2), cryostat for cryogenic sample measur

grating monochromator, detector, focusing ler)(land filters (F1, F2).
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Chapter 47 Tensile-strained Ge/lnkGaixAs Heterostructures

for Low-Power, High-Speed Logic

As discussed in the preceding chapters, much of the recent re§&at&h into
future TFET architectures has focused on compositionally tailoréd type-1l staggered
gap materials, such as xBaxAs/GaAsSh.y heterostuctures. By comparison,
considerably less effort has been devoted to alternative xGe{lgAs heterojunction
TFET material system{d.3i 17]. In such hybrid group IV (Ge or &&n.x) and group IH
V (InkGaxAs) TFET architectures, the effective tunnelibgrrier height, tunneling
current, and heterointerface band alignment can be tailored by varying the indium (In)
alloy composition in the W&a.xAs virtual substrat¢lO, 11, 1316]. A key challenge in
realizing such Ge/WGaxAs TFET devices is the traeff between the In alloy
composition of the lgGaxAs strain template and the strairkegter critical thicknesdyc,
of the epitaxial Ge (G&n.x). Moreover, the ability to grow atomically precise tunneling
interfaces with limited atomic species ingtiffusion while maintaining coherent strained
layer epitaxy is necessary to maximize -Gfdte currentlon) and reduce trapssisted
tunneling and carrier recombination at the heterointerface, thereby suppressing leakage
current (brr) [12]. Whereas recerimulation[13] and experimental workl4] has either
predicted significant enhancementslén or demonstrated control over the tunneling
barrier height through tensiktrained Ge/lxGaixAs heterostructures with moderate

strain, this chapter providescamprehensive experimental investigation of the structural,

mor phol ogical, and band alignment p+r opertie

strained Ge/lfGa.xAs TFET heterostructures.
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41. MBE Gr o wt-Ge/lInGhiAsUTFET Heterostructures on

GaAs

In this chapter, three tens#let r a i n eGe)/InGaxAs( TFET heterostructures
with different In compositions were grovum-situ by solid source MBE utilizing separate
lII-V and Ge growth chambers connectglan ultrahigh vacuum transfer chamber. The
Gel/lIniGaxAs heterojunctions were integrated onto (100)GaAs substrates by way of an
initial 0.25 um GaAs buffer followed by a linearly gradedGma.xAs metamorphic
buffer, thereby accommodating the lattice mismatch between thexGa/llAs active
region and the GaAs substrate and minimizing defect and dislocation propagation
through the layers of interest. Thickness in the range of 500 nm to 650 nm constant
composition IRGaxAs was selected as a virtual substrate for the proceeding tensile
strained Gegrowth, with the straktransfer modulated by tailoring the In composition of
the InGawxAs virtual substrate.

The c o mPelleGaeAs siructures were grown on egiady seminsulting
(100)GaAs substrates that were 2° offcut towards the <110> tidimgcthereby
minimizing the formationofanfp hase domain boundaries at
Ge and GaAs (kGaxAs) modulatiordoping (capping) layer$l8-23]. All growth
temperatures were monitored via thermocouple and controlled remotelycadimgted
Eurotherm 2404/8 PID controllers. Substrate oxide desorption occurred at ~750°C in the
l11-V growth chamber under an over pressure of arsenic fluxXJkir), and was
monitored insitu usingreflection highenergy electron diffractiodRHEED). RHEED
patterns were also examined following each epilayer growth to monitor their associated

surface reconstructions. For this work, three In compositions were considered, explicitly
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[14](a)

GaAs Buffer Y GaAs Buffer ¥ GaAs Buffer

GaAs (100) 2° Substrate GaAs (100) 2° Substrate GaAs (100) 2° Substrate

Figure 4.1Crosss ect i onal s c he ma-Gé/llnsGaehs[18]H® 1.8Y

UGe/lnGaAs, and {Gelln e @ATHET Etructuresd 2015IEEE.

(U./5Y0 TENSIIE STrain), 24Yo (1.b%0), amgvo (L.94%0). AS sucn, tne In compositon of the
linearly graded buffer was varied from 3% to 16%, 24%, or 29%, respectively, utilizing
corresponding strain grading rates of 2.23 % strain/um, 1.70 % strain/um, and 1.46 %
strain/um. The reduction in stragmading rate followed the increase in misfit between the
constant composition layer and the GaAs substrate, thereby aiding in relaxation of the
higher In alloy composition graded buffef84-26]. Upon completion of the HV
metamorphic buffer growth, theubstrate was cooled from the growth temperature of
550°C down to 150°C under an Asverpressure and then transfersea an ultrahigh
vacuum transfer chamber to the Ge growth chamber. Thin 15 nm to 30 nm-tensile
strained Ge epilayers were then grown480°C on the kGa.xAs virtual substrates
utilizing a low Ge growth rate of ~0.025 um per hour. After epitaxial Ge growth, the
samples were moved back to theWligrowth chamber for the growth of thin capping
layers of GaAs or kGaixAs in order to prat ¢ t -Gelswefacefrom oxidation. Fig. 4.1
shows the | abeled schematics f oGellhGae 16 %,

xAs TFET structures, respectively. Note that Figs. 4.1 (a) and (c) are complete TFET
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structures with practical source/channedid (p*-i-n* or n*-i-p*) configurations. In the
case of the lmeGav.ssAs structure (Fig. 4.1 (a)), the" Ino.16Gav.ssAs:Si drain doping
concentration was selected to be 2%16m?3, while the p-type (Be) drain doping
concentration in the hxdGan71As structure (Fig. 4.1 (b)) was chosen to be 5%bon3.
Additional |y -Ge edilayarse af she nisa A (Fig. 4.1 (b)) and
Ino.29Gan.71AS structures are unintentionally doped, that of thedBa ssAs structure is
modulation dopediathe heavily ptype (5x18%) GaAs:Be contact layer.

HR-XRDwas utilized in t hesellsGa.Asiheteromtertatey si s of
and was performed on a PANalyticalXer t Pr o system elqinei pped wi
focused xray source. Both rocking curve and RSiMeasurements were used in
determining the strain dnsferred to the Ge lattice as well as the composition of the
underlying IRGaxAs virtual substrate. Surface morphology analysis was carried out
using a Bruker Dimension Icon atomic force microscope in tapping mode. To
characterize the structural quality f t-Ge#nGakAs TFET structures, including
defect and dislocation confinement, film crystallinity, interface quality, and interface
coher enc e-GelifGa.@s keterojuiction, crossectional TEM micrographs
were captured using a JEOL 210Gcrascope. The required electron transparent foils
were prepared by a conventional mechanical milling procedure followed by -a low
temperature Ari on mi Il Il ing. The ener gy bGefinGaal i gnmer
xAs heterointerface were investigatedings XPS on a PHI Quantera SXM system
utilizing a monochr omey $oarce. Ml XPS pedtrd weBe6 . 7 e V

recorded using a pass energy of 26 eV and an exit angle of 45°. Spectral analysis was
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performed with CasaXPS v2.3.14 using a Lorentzian clbmwon with a Shirleytype

background and corrected with the adventitious carbon peak binding energy of 285.0 eV.

42. Strain Rel axat i-@fnGBixAs platerostiuatuses o f U

Grown on GaAs

The relaxation state and residual strain of each TFE@rd&tructure shown in Fig.
4.1 were determined using H&RD. Fig. 4.2 shows the symmetric (004) rocking curves
for -GefieiGlsAs[l4](t op, -GelmeGayAs U(middle- blue),
Gelln2dGan71As (bottom, orange) TFET structures. Aancbe seen in Fig. 4.2, an
increase in In composition of thex®a.xAs virtual substrate corresponds to an increase
in the Bragg angle of the epitaxial Ge tfilm, thereby indicating a reduction in the eut

of-plane Ge lattice constang() for increasing In composition. This can be explained by

the following: as the lattice constant of theGy.xAs virtual substrate increases with

increased In composition, the-pane Ge lattice constanq() becomes prgressively

stretched to accommodate the mismatch between the two layers. To compensate for the
change in the Ge unit cell volume, the -offplane Ge lattice constant is reduced
proportionally to the increase in the-ptane Ge lattice constant. Thus, tbbserved
shrinkage in oubf-plane Ge lattice constant suggests the presence of an increasing in
plane biaxial tensile strain that is modulated by the composition of the underly@g-In

xAs buffer. Further investigation to quantify the relaxation stathe InGi.xAs virtual
substrates and tensile strain held by the Ge epilayers was performed using symmetric
(004) and asymmetric (115) reciprocal space map analysis, as shown by Figs. 3 (a) and 3

(b), respectively. Using the (004) and (115) RSMs and tlke¢hads introduced in
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Figure 42 Sy mmet r i c
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with respect to the GaAs substrate, respectively, suggesting that the lattice mismatch
bet ween t he G a A sGe/lsQahAst actiwet megiora wab  efféctively
accommodated by thef&axAs metamorphic buffer in all cases. Moreover, the amount
of tensile strain within the Ge epilayers was found to be 0.[23% 1.6% and 1.94% for
the In.16Ga.sAs, Inv24Gan7éAs, and IR20Gan71As virtual substrates, respectively. In
addition, as can be seen in the asymmetric (115) RSM in Fig. 3 (b), the Ge reciprocal
lattice point (RLP) for each heterostructure is aligned vertically with ti@@anrAs RLP
(shown by the orange dashed linesj} Ivi dat i ng the pseudomor phi
Gel/lIniGaxAs heterojunction. Table 4.1 shows the strain relaxation values of {BeIn
xAs and tensilestrained Ge epilayers obtained fronray analysis.

The theoretical critical layer thickness:) for eachUGe/InGai.xAs heterostructure
was calculated using the energy balance model developed by People an@®Bdan

compressively strained systems, given by (4.1) below, and is also included in Table 4.1:
h._ al-neo 1 W @1 I% @.1)

where 3 is the Poisson ratio of the epitaxially strained matesia & 0 [3(),Ga is that
mat eri al 6 s b u bck=51638tAMB1])d is thelaitivesmiseatdh between the

substrate and the strained epitaxial layers the critical layer tickness of the strained
epilayer,andbi s t he magnitude of t%@]iﬂimdirg:@n 60s vect

(bced  4[29]). In this model, the impact of the growth temperature was not considered
in calculating thehc value. ltiswor t h not i ng Gk epilayet thicknessess i gned
15  n mGellihBasAS ) , 3 0 -GehrgpGa s ) and 45 nm

GellnGa.7:AS), remain well below the calculatdd values, therefore it is expected
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that the strain relaxation in the epik i -&¢ wollld be minimal. This result reinforces

the conclusion drawn via XRD analysis regarding the sgaina t e -Gefepilaydree U

and the pseudomor {Bb/InGaxAs lntetfacet Fhe oafculateth e U
reported here are also ingood agmee nt wi t h recent exp&ri ment al
critical layer thickness in the low misfit reginig2], thereby validating the suitability of

the energy bal ance -GedmGaukAs materiall systeenr Tihdsjiimg t he
conjunction with the predted reduction in band gap and carrier effective mass in the Ge

source [33, 34] t he pseudomor phic AGetinGa-As o f t he
heterointerfaces is pr omiGe/lin@GagAsfTBETsS withh e t ai | ¢

improved ON current and a modulateehneling barrier height.
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Figure 4.3 (a) Symmetric (004) and (b) asymmetric (115) reciprocal space maps (
of the TFET structures. The 4iplane tensile strain values of the Ge epilayer were 1

to be 0.75%14], 1.6% and 1.94%, respectivey.2015IEEE.

Lattice Constant (A)

. Critical

Out-of- In Tensile Layer

Material Plane In-Plane Relaxed Comgosmon Stralon, Thickness
(Eh) (a) (%) Ge (%)

(a\) (nm)

UGe"”filfao-g“As 57201 57123 57164 15.7 0.75 2108

OGe/lno2Gao76As 5.7506 5.7478 5.7492 23.7 1.6 42.6

OGe/lno26Gao71As 5.7693 5.7677 5.7685 28.5 1.94 25.9

Table 41Summary of the strain -GelhkGax,s (THRED

heterostructures studied in this wo€x2015IEEE.
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43. Sur face Mo r-gdilnGaolsyMetanfiorphic Systems

Characterization of the surface morphology for each TFET structure is directly
associated with the donmant strain relief mechanisms during growth, thereby providing
important metrics for threading dislocation dynamics and residual stresses within the
buffer. Metamorphic buffer architectures exhibit the formation of 60° a/2 <110> {111}
misfit dislocations dring relaxation, which can thereafter glide along {111} planes at a
60° angle toward the surface normal and propagate laterally along <110> dirg&fions
37]. The resulting croskatch pattern at the sample surface is therefore reflective of the
relaxaton state of the linearly graded buff@bi 37]. Figs. 4 (a)c) show the 20 um x 20
pm AFM scans of the bueGavssAs [14], Ino24Ga7éAs, and IR2dGa7:As TFET
structures, respectively, all of which display the anticipateddin@ensional (2D) cross
hatch surface morphology. Figs. 4 (a) and 4 (c) reveal uniform;deekloped 2D cross
hatch patterns parallel to the [110] &rii 0] directions, whereas the creBatch shown
in Fig. 4 (b) was weak due to the suppression of ridges and valleysngestom an

increased strained layer thicknestcé + tinca as). Furthermore, the granular

appearance superimposed on the underlying dratsh patterns of the JaGay 76As and
Ino.2dGan.7:As sample surfaces (Figs. 4 (b) and 4 (c), respectivglyikely due to the
transition from a Frankan der Merwe (2D) to a StransKrastanov (3D) growth mode
during, but not before, the d@axAs capping layer growth. In such a 28-3D growth

t r ansi t-Ge epilayert serees 43 a strained virtual gabstfor the subsequent
InGawxAs layer growth. The strain energy at the growth surface is sufficiently large such

that while the IrGai.xAs growth is coherent, it favors the formation of lovesergy
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islandlike InkGaixAs structures rather than uniforplanar epitaxy. Line profiles along

the two orthogonal <100> directions are also included with each AFM micrograph, and
show an increase in pea-valley height from 5 nm to 16 nm with increasing In buffer
composition. The roemeansquare (rms) roughnegor the 19.16Ga.84AS, 1Np.24Gan 76AS,

and In20Ga.71As TFET designs was measured to be 1.26[h 4.24 nm, and 4.34

nm, respectively. Moreover, the weléveloped and uniform 2D crebkatch surface
morphology for each TFET structure supports a regtnic strain relaxation of the

metamorphic buffer and is indicative of a low threading dislocation ded$ity

E2 T4 B4
£ £ £0
20 =0 £-4
> Dy D.g
£-2 5':’_8 212 ;

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

[110] Direction (um) [110] Direction (pm) [110] Direction (um)

6 nm 19.2 nm 18.4 nm

G.,ellno.1§gao.é4és
<N

v

“

X . >
S o

P \\' 1 = S

N [14)(a) N5 “Ne
- = nmm ———i5nm ———————————— =183 nm
0 Topography 20um 0 Topography 20um 0 Topography 20 pm

H
(=]

£ £, =5 ‘
£2 £ £0
] 0 -4k
20 2, .8
(] (7] (1]
T Tg T12 ‘
0 _5 10 15 20 0 _5 10 15 20 0 _5 10 15 20
[110] Direction (um) [110] Direction (um) [110] Direction (um)
Figure 4420 Om I 20 Om AFM mi cr-GaglmeGabias[14],

(b) 1GebgeGalAs, and {Gelh Qa7 AATHETBtructures showi

well-developed, unifan two-dimensional croskatch surface morphology®© 201E%
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44, Structur al , Def ect a n@e/InflGaisAs o c at i

Heterointerfaces

Further insight into the s-GeloGatAsacive and
layer, in addition to the straistate, was provided by lewand highresolution cross
sectional TEM analysis. Fig. [84] and Fig. 6 show the bright field cressctional TEM
micrographs of the lowand highstrain (i.e., 19.16Ga.s/As and IR20Ga.7:As) TFET
structures, respectively. As seen in Fig. 5 (a) and Fig. 6 (a), {BelAs metamorphic
buffer confines defect propagation via dislocation formation and glide, thereby
effectively accommodating the lattice mismatch between the GaAs substrate and the
GaAs/Gelln.16GansAs (Gelln2dGay.71AS) active region. The subsequent 550 nrR0(6
nm) Inp.16Gap.8sAs (Ino.2dGa.77AS) virtual substrate growth exhibits a minimal dislocation
density that is not detectable at low magnification. Furthermore, the generation and
confinement of mismatemduced dislocations within the J8axAs linearly graded
buffer supports the quagleal relaxation of residual strain in the overlying virtual
substrate, which is in agreement with the XRD and AFM analysis. Fig. 5 (b) and Fig. 6
(b) highlight the abrupt nature of the GaAs/Gel®asAs and GellpdGan.71AS
heterointerfaces, respectively. The high contrast observed between the Ge and the
GaAs/InGa.xAs demonstrates uniform, sharp heterojunctions absent of dislocations,
thus reinforcing the pseudomorphic nature of the epitaxial Ge as revealed by XRD

analysis above. Moreover, the atomically abrupt interfaces are necessanyimize the

effective tunneling barrier wi-@dlkGa@sd i ncre

TFET device architecturdsi 12].
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To further examine the transfer of strain from the.idBassAs (Ino29Gan.71AS)
virtual substrate to the Ge epilay&ast Fourier Transform (FFT) analysis was performed
within the active Ge and éRsGav.ssAs (Ino.29Gan.7:As) source and channel layers as well
as at their interface. Figs. 5 {®) and Figs. 6 (eje) show the FFT patterns
corresponding to the regionsdicated with arrows in Fig. 5 (b) and Fig. 6 (b),
respectively. As shown in Figs. 6 {@®), the indistinguishable nature of the recorded
diffraction patterns (i.e. the zone axis preservation across the heterointerface) suggest the
nearperfect accommodmin of the Ge implane lattice to that of the underlying
Ino.2dGap.71As channel. Likewise, the absence of diffraction spot splitting and satellite
peaks in Fig. 6 (d) indicates a coherent epitaxial growth of the highly tetsiieed Ge
with respect tohe In2dGa.72As virtual substrate. Similar results can been seen for the
low-strain TFET structure as seen in Figs. 5(6)) This combination of data from lew
and highresolution TEM analysis demonstrates the degaga |l i t y of - t he
Ge/InGaxAs heterostrutires. Precise control over the In composition within the
linearly graded buffer and the optimization of growth parameters thereby producing
atomically abrupt heterojunctions with longnge uniformity and a complete strain
transfer to the epitaxial Ge weeachieved in this study. Coupled with a low defect density
within the active layers, the observed control over the heterointerface quality in the
studied TFET structures is critical for enhancing the device performance (e.g., tunneling

current, effective unnel i ng b-&e/InGasAs-bases TRET architectures.
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Figure 4.5 (a) Lowmagnification cross ect i onal TEM mi -
Gelln.1GanssAs TFET structurg14]. (b) Highhmagnification TEM micrograph of tl
G a A Ge/lh 16GavsAs  heteojunction, and Fast Fourier Transform patt
correspondieng (td@e/nhdbipsAlllinterface, and (e) thedGav.s/As

virtual substrate© 2015IEEE.
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Figure 4.6 (a) Lowmagnification cross ect i onal TEM mi -
GellndGa.7iAs TFET structure. (b) Highnagni fi cati on TEM-
Gelln2dGan.7:As heterointerface, and Fast Fourier Transform patterns correspon
(c) highlys t r a iGreg d ( WQe/IntBae7Adlinterface, and (€) the dpsGan.71AS

virtual substrate© 2015IEEE.
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45. Strain Modul ated Ener g@e/lnEGainAd Al i gn

Tunneling Heterojunctions

The band alignment properties of eatkGe/InGa.xAs heterointerface were
investigated in order to quantify the impact of tensile strain and In alloy composition in
the InGawxAs virtual substrate on the sourckannel effective tunneling barrier height
(Ener). The following XPS spectrawee r e c o r d €5d/InGapxAs steuatureh (i) U
the Ge 3d core level (CL) and valence band maxima (VBM) from a thick (> 10 nm, i.e.
greater than the photoelectron escape depth for photoemission generated by the
underlying InGaxA s }-Ge @pilayer; (ji the As 3d CL and kGaxAs VBM from the
InkGa-xAs virtual substrate; and (iii) the Ge 3d CL and As 3d CL from a thin (< 2 nm,
i.e. less than the photoelectron escape depth for photoemission generated by the
underlying InGaixA s }Ge Bpilayer. Surfaceative oxide was removed-gitu via a 5 s
low energy Af ion sputter prior to collecting the XPS spectra. Utilizing the measured
binding energy spect rHk)cantbé directly adteenmnedeusiinga nd o f

the method introduced by Kraut et [@8]:

Ok 68 B By B Qb (4.2)
where %GS and E}K@;k are the CL binding energies for Ge and As@a-xAs),
respectively, Egy is the VBM for each material, anld0(]) is the binding energy

separation between the measured interfacial As 3d and Ge 3d CL@%T %XAE,

for each material was determined by performing a linear regression fitting of the leading

edge of the valence band (VB)extra referenced to the backgrowdependent base line
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[7,8,12,14,16] The conduct Ecaan thea bedcalcaldtdd iy 8, (

12, 14, 16, 38]
Ok 5 E* (4.3)

where Egee and E'g“@arxk are the band gap energies of Ge anG#nxAs, respectively.

Fig. 7 shows the measured CltGellanGhA¥B spect
heterojunction and the structural diagrams of the sample from which the spectra were

recoded (insets). The measured binding energy separations were found to be 29.52eV,

40.74ev, and 1157ev for theEEZ- B ERgf™s- Ejg™  and

%%-E})g‘éfﬂﬁseparat ions, resp&cof0.36£005eY usingesul t i ng

(4.2). The tabulated uncertainty is attributed to the scatter of measured VBM data and the
resulting variability in the exact position of the linear fit. Utilizing these measured data,
the band gap energy for intrinsicolaGay.76As at 293 K (1.0 eV) calculated using the
equation proposed by Paul et @9], the unstrained Ge band gap (0.67 eV), and (4.3),
gEc was calculated to be 0.07+0.1 eV. It is worth noting that due to the lack of available
experiment al b 4Ga thking @tp accbant koth fhe level Of strain and
potential quantization effest, the unstrained Ge baikd gap wa
Fig. 4.8 shows the schematic -Gehpddaés i gnment
sample. Following the procedure outlined above, the energy band alignments for the
0. 75 %e/lnleGasAs and 1. 9 4 %Ge/lnf3Ga7As heterojunctions were
determined. Table 4.2 summarizes the measur
Gel/InGa.xAs TFET heterostructure.

Fig. 4.9 shows the experi menGeAnGaxha nd of f s

heterojunco ns i1 nvestigated iH:ah OBy gplues fourdlaxedas wel |
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GellnsGa.47As and Ge/GaAs heterostructures taken fijdd] and [18], respectively.

As can be sEvéblue, closed Bauages) exhibitedya linear dependence on the

inplane bi axi al tensi | e -Ge Moeovar, ithsevbrth nobing thathe epi
w h i [Ee(redpclosed circles) appears to have also been a linear function of the tensile

strain amount, the exact strajikc relation cannot be determined without ther

experi ment al q u-Genbiarid fap that tinclunles bathfstraiduted band

gap lowering as well as filtering of the quantizatioduced energy level increase.
Neverthel ess, t he monot on Ewandrthe indaneteosies hi p o0 b
strain agrees well with previous wof%0, 41] investigating the role of misfijenerated

strain on band alignments for elemental (Si/@G¥)] and compound (kG a-xAs/GaAs)

[41] semiconductor interfaces. Furthermore, the demonstration of aléas#thod to

modulateEnett via graded buffer composition suggests the viability of TFET architectures

b a s e dGelnGa \As materials.
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Table 4.2Summary of the measuredanca | cul at ed XEGMGd-As a

TFET heterostructures investigated in this st@2015 IEEE.

Band Alignment

H Material Binding Energy Separation Parameters
eterostructure |
nterface (eVv) Measured Calculated
3Ev(eV) 3Ec(eV)
15 nmUGe on G_ Fe_
.y INoaGashs oS8 d” M %
INo1dGaosAs  INo.1dGasAs PoofS. E0ef — 4056 0.31:0.05 0.2110.1
[14] B e
1.5 nmUGe on Ce_ o
e Gas, __ eme CAgUTeauss
30 nmUGe on %Ge_ a3 _
) Ino2Gavzehs &S d =M - _2_?'_5_2_ _______
UGe/ 3507685 _ {8076 _
IN0.24Ga0 76AS No2GavrAs 1 Eer&z _____________ E __ Bﬁ ________ : _1(3._7_{“ 0.35+0.05 0.07+0.1
1.5 nmUGe on Ge_ E&%ﬁ?ﬁm% .
S INo2Gav 7S __ . _.._..0o. a._7s % . E 1_57 ..................................
15 nmUGe on CGe_ a3 _
. NoGay.As d_ ________ ~ _2_?_3:7_ _______
UGe/ 7Ps_ I 7 _ y
IN0.26Ga07AS No2GarAs — Laeh @_, o BEM TS = :4_(2._5_6_“ 0.34+0.05 0.02+0.Y
1.5 nmUGe on CGe_ e _
INg.2dG@y.71AS %d & =-11.53

A The pr eviskuvallefld] hashheen recacwated using the unstraineda@d bap (0.67 eV)
for comparison with the data presented here

y The calcul ated 29 3 AiGabAshabedgraRef39%vas used@oBthise V f
calculation.
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Chapter 51 Heteroepitaxial TensileStrained Ge/lnkGai-xAs

Integration on Silicon for Tunable NanoscalePhotonics

Chapters 1and2 highlighted the necessity of novel-&mpatible photonic material
systems, noting that interconnect bottlenecks for both -gftgr and intrachip
communication are projected to be major impediments to gredfigient performance
scaling[1]. As previously discussed, it will become increasingly challenging to transmit
signals electricallywia copper interconnects while maintaining low power consumption,
low delay, and a high sign#d-noise ratig[2]. Although the monolithic integration of Si
based optoelectronics is an enticing approach to help meet the aforementioned bandwidth
requirements, the indirect bandgap of Si limits the realization djaSeéd photonic
devices|[3]. Thus, the hybrid integration ofegnanium (Ge) and HV materialsbased
optoelectronic devices with traditional Si CMOS technology would be an innovative
approach to leveraging the superior transport properties and large modulation bandwidth
of Ge and I}V compound semiconductor matdrgystems as well as the economy of
scale of S[4-16].

WhereasGexSrk has gained widspread research intereft7-19] due to the
modification of the GexSn« bandgap by tin (Sn) incorporation, the poor thermal stability
of GelxSn results in Sn segragion [19] and restricts process and growth temperatures
as elaborated onn Chapter 2 As an alternative to these approaches, this chapter will
demonstrate the use of variable surfeemninated lattice constant buffering of-W
compound semiconductanetamorphic layers on Si. Subsequent strain layer epitaxy of
Ge thin films on these tunable strain templates will validate the feasibility of band

structure engineeringia strain engineering using a material system that is robust with
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respect to procesdotv and growth requirement®s discussed inChapter 2 band
structure engineering can be used to improve the direct bandgap recombination
probability 1in t h-6e) tineshenhahceg isfraredaemissiood and e
demonstrating their applicabifito the monolithic integration of e&i photonics. Careful
control overthe modular tensile strain in the Ge epitaxial layers during growth, in tandem
with the strain analysis, defect examination, morphological, and band alignment

properties of these sireed Ge material systems, will therefore provide a path to achieve

grouplV-based lasers on.Si

51. MBE Gr o w-Gdiln®af.xAstHeterostructures on Si

All samples studied in this chapter were grown orcoff (100) Si substrates using an
in-situ growth process utilizing separate sedidurce molecular beam epitaxy (MBE)
growth chambers for the Gand Ill-V materials, connectedia an ultrahigh vacuum
transfer chamber. The effect of substratecoff on the suppression of aptiase domain
boundary and stacking fault formation at the GaAs/Si interface isswpported in the
literature[20, 21]ard was utilized to achieve device quality active layers in this work.

GaAs and linearly graded JBa.xAs buffers were grown on Si to mitigate the defects

and dislocations due to the significant lattice and thermal mismatch between Ge and Si.

An Inp.11Gay.eAs or In.17:Gan.g3As constant composition virtual substrate was grown at
55(°C prior to the Ge epilayer growth, followed by a slow cooling down t@Q%hd
then transfer under ulttaigh vacuum to the Ge chamber for straiteger Ge epitaxy at

a growthtemperature of 40C and growth rate of ~0.1A/s. During the substrate oxide
desorption and periodically throughout each layer growettection highenergy electron

diffraction (RHEED) was used to monitor the surface reconstruction for granadthiced
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defc t pat t &e onsSisanplesswerd characterizsitu by highresolution %
ray diffraction, atomic force microscopy, and ldemperature magnetoansport
measurements. Select samples were then transferred to-thehdmber for the upper
InxGawxAs layer growth. Prior to the {Ga.xAs cap layer growth, samples were held at
400°C for 30 min to thermally desorb residual Ge surface oxides formed dexisitu
materials characterization. RHEED was used to monitor the surface reconstruction of the
UGe layer during the oxide desorption as well as the upp@ialrAs layer growth. The
t horough desorption -&¢ epilayetis orueial io achiegvenganf r om t
atomically abrupt, oxiddree heterointerface, thereby reducing the likelihood o
generating electrically or optically active interfacial defect st@2p

To determine the crystalline quality and relaxation state of the testsilimed
epitaxial Ge layers grown on Si, higlésolution triple axis Xay rocking curves and
reciprocalspace maps were recorded from each sample using a PANalytpet Xro
system equipped with both Pl Xel and proport.i
(& = 1. 5 4rapssedBce. {S¢lect amples underwent furthemay diffraction
characterizatib  f ol | owi ng rGermepilayerlusing &n NiIH:eL0.81.0
(2:1:200 volume ratio) wet etch. Raman spectra acquired using a JY Horiba LabRam
HR800 system equipped with a 514.32 nm Ar laser excitation source were used to
independently confirm the stras t at e -@efthintfilme Tolhnalyze the elemental
composition of the structure, energy dispersivea}t spectroscopy (EDS) was performed
using a JEOL 210€ansmission electron microscoffEEM) operating in scanning TEM

mode. The bandgap as a fuin@n of st r a-Geepilayert was anaraetericett U
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GaAs Buffer GaAs Buffer

Si (100) 4° Substrate Si (100) 6° Substrate

Figure 5.1Crosss ect i onal s c he rG@AniGas#s and( d) A-
Gelln.1/GangsAs structures heterogeneously integrated onto Reprinted witl
permission from Applied Materials and Interfaces. Copyright 2015 American Ch
Society.

via micro-photoluminescencé €L) spectroscopy using an 800 nm laser source and a

thermoelectric cooled InGaAs detector for optical ping@mand detection, respectively

52. Strain Rel axat i ofGe/llnkQaeAs e tructues of

Heterogeneously Integrated on Si
Fig. 5.1 shows the sQGen&aads heterosttuctargsrthmtms o f

were heterogeneously grown on-offt (100) Si substrates and studied irs tbhapter.

For the 1.11%e-Ge sample, a 15 nm constant compositiagy#Bay.s3As capping layer
wasgrown in order to study the materials and optical propertiesoaf®ay s:As cladded

UGe optical cavities. The strain relaxation properties of thesectstes were
investigated using HXRD. Fig. 5.2 shows the higtesolution triple axis symmetric

(004) X-ray rocking curves from the B 0 n@e efilayers grown on (i) 750 nm

INo.11G&.8oAS/1.4 um graded kGaxAs/2 pm GaAs (0.82% tensile strain, greany (ii)
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Figure 5.2. X-ray rocking curves from the 0.82% (green) and 1.11P6ykeGe omJS

structures showing movement of the Ge Bragg angle with increasing tensile stra

demonstrates the effect of heteroepitaxial mismatch on tpkne lattice constant of t

top-lying epilayer. Reprinted with permission from Applied drials and Interface1

Copyright 2015 American Chemical Society. 4e)
metamorphic buffers on Si, respectively. Additionally, each diffraction peak in Fig. 5.2 is

labeled with its corresponding epilaydrkewise, Fig. 5.3 shows the symmetric (004)
andasymmetric (11-6B¢nBHkss oroSistructure, while Fig. 5.4
similarly shows the (004) -GelindGa(sAsldn)Si RSMs t
structure. Also shown in Figs. 5.3 and 5.4 are the (004) and (115) RSMs recorded for
eachresective metamorphic buff eGe(IiGagiAcst/ur e aft

Ge) topmost epilayer(s) using dilute NBH:H-O2:H-O (2:1:200 volume ratio). For all



RSMs, each layer has been labeled to its corresponding reciprocaldaitic¢ RLP) for

clarity. One can find from the symmetric (004) RCs in Fig. 5.2 and RSMs in Figs. 5.3 (a)

and 5.4 (a) that the Ge RLP exhibits a larger Bragg angle as compared to the GaAs buffer

RLP, indicating a smaller out -gflane lattice constant and thus the preseridersile

strain in the Ge epilayer. As shown in the inset of Fig. 5.2, due to the larger lattice

constant of the hGaxAs (x = 0.11, 0.17) strain template, theplane lattice constant of

the heteroepitaxial Ge is stretchid accommodate the -plane lattice constant of the

InkGai.xAs layer, resulting in a biaxial tensif¢rained, pseudomorphic Ge epilayer with

an expanded #plane lattice constant (labeled ay and reduced owdf-plane lattice

constant (labeled a3. One can find from Figs. 5.8.4that the diffraction peak and RLP

o f-Gels partially suppressed by the intensity of the GaAs substrate as a result of minor

Bragg angle modulation due to the moderate strain levels studied in this work. In order to

mitigate error in the experimental @itm relaxation analysis resulting from the partial
superposi-Geoandf GalAse Wi ffraction-Ge@dks, only
RLP taken from the symmetric (004) RSM was used for quantitative analysis of the out

of-plane lattice spacing. Mooev e r , so as to more clearly dis:
Ge and GaAs peaks, Fig. 5.5 s-GawlGatAse sy mme:
structure plotted along-2 d a) prior to and -Gedlgyer.adAfdeenr r e mo v
in the inset of Fig5.5 (a), magnification of the Bragg angles surrounding the GaAs layer
reveal ed t he di s tGenpedk, thwsu enbbling ea moré actutae U

det er mi natGea+ denfroid tbrioeto ddnversion to reciprocal lattice units.
Furthermore, Figs.3 (b) and 5.3 (d) (Figs. 5.4 (b) and 5.4 (d)) show the (004) and (115)

RSMs for the 181:1G&y.8As/GaAs (In.17Ga.ssAs/GaAs) metamorphic buffers following
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wet etching ofGetlbiGaites-HOr) epiayei(sh @ne @an find by
comparing kgs. 5.3 (b) and 5.3 (d) (Figs. 5.4 (b) and 5.4 (d)) to Figs. 5.3 (a) and 5.3 (c)
(Figs. 5.4 (a) aGe RLP5indeled dortripytes sigmificantlyttchtbe U
broadening and intensity of the region in reciprocal space in proximity to the GaAs
virtu a | substrate peak. The abil iGegnd GaAs cl ear |
diffraction peaks thus provides ancillary support for the sWlasmp e ndent -Gehi ft i n
RLP observed in Figs. 5. 3 -GeROP can.bd achieBur t her
by providing increased tensile strain to the Ge layer through growth on higher indium (In)
content IRGaixAs virtual substrates, thereby increasing the accuracy of the measured
strain data.

As shown in Figs. 5.3 (c) and 5.4 (c) by the vertical alignnod the InGai.xAs and
UGe RLPs (orange dotted lines), thepii ane | at t i-Gewas foundstd ben t of (
closely matched with the 4plane lattice constant of theglnGayssAs and 1p.17/Ga g3AS
constant composition layers, signifying that the tensile strain tmaesfto the Ge was
successfully modulated by varying the underlyingGla-xAs In alloy composition. The
detailed analyses of the relaxation and strain states of the epitaxial Gex@agkAs
layers were evaluated by measuring th@lame and oubf-plane lattice constanta,and
¢, for both Ge and kGa.xAs using the recorded symmetric (004) and asymmetric (115)
RSM data. The relaxed lattice constaa) Of each layer was calculated usiagc and
Poi s s o n3pfar eachamaterial, noting that a relaxed Ge lattice parameter of A.658
was assumefR3]. Table 5.1 summarizes the ptane, ouof-plane, and relaxed lattice
constants of the BaxAs ( x = 0. 1-Ge layeds.ad We)l asahe éimolint of

strain relaxation, and epitaxial tilt determineta these measurements in conjunction



with the methods introduced i€hapter 3.3.1 Using the relaxed lattice constant of
InGawxA s and Vegardos | aw, t he \GapAsaiitdaloy ¢ omp.
substratavas determined to be 11.4% and 16.6%, which was consistent with the design
criteria. The GaAs and iGa.xAs metamorphic buffers on Si were found to be ~90% and
82-87% relaxed, respectively. Additionally, the uncertainty in the experimental strain
valuesf o r aallvBaxAs heterostructure was derived using the measured effect of
epitaxial tilt on the calculated-plane and oubf-plane lattice parameters and thereby the
strain held by the Ge epilayer. For the measured results presented in Tabibe Sdta

used in the strain relaxation analysis were collected from RSMs in which the tilt of the
InKGaxA s  a-@ellaydis was minimized with respect to the Si substrate. The resulting
uncertainties were found to be +0.06% and +0.03% for the 0.82% .arid 119%e, U
respectively. Consequently, the experimentally demonstrated tensile strain modulation
due to increasing In alloy composition inx@e.xAs strain templates is expected to
modify the Ge bandgap, an essential step towards achieving tunable \g#veBsn

based photonic devices, as will be discussed in the #plootoluminescencéu-PL)

analysis below
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Figure 53Symmetric (004) F8/MsiGasds hetérastrutured(

asgr own an

d (b) aft erGewmldyer,dighiighting tleerpasiioce

t h eGe BLP (a) with respect to the background intensity of the:fBa ssAs/GaAs

metamorphic buffer (b). (c) and (d) show the same for the asymmetric (115)

Moreover, the Si RLP is clearly visibldReprinted with permission from Appli

Materials and Intedices. Copyright 2015 American Chemical Society.
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Q, (r.l.u.)
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Figure 5.4 Symmetric (004) RSMs of the. 1l % -G8/In 17:GasaAs heterostructure (
following the Ini1/GasAs cap layer growth and (b) after removal of the
Ino1GasAs a6d &pilayers by wet etchi nGe
RLP (a) with respect to the background intgnsitthe In.17:Ga.ssAs/GaAs metamorph
buffer (b). (c) and (d) show a similar comparison for the asymmetric (115) RSM:s
from the same Bn7Ga s s 1G€lIn17GavsaAs double heterostructur®eprinted witl
permission from Applied Materials and énfaces. Copyright 2015 American Chem

Society.
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