Antimonide-based I11-V Multigate Transistors

by
Wenjie Lu

B.S. Electrical Engineering,
S.M., Electrical Engineering and Computer Science

Submitted to the Department of Electrical Engineering and Computer Science in partial
fulfillment of the requirements for the degree of

Doctor of Philosophy
in Electrical Engineering and Computer Science
at the Massachusetts Institute of Technology
June 2018
© 2018 Massachusetts Institute of Technology

All rights reserved.

Signature of author:

Department of Electrical Engineering and Computer Science
May 23, 2018

Certified by:
JesUs A. del Alamo

Professor of Electrical Engineering and Computer Science
Thesis Supervisor

Accepted by:

Leslie A. Kolodziejski
Professor of Electrical Engineering and Computer Science
Chair, Committee for Graduate Students






To Chenxi and My Parents






Antimonide-based I11-V Multi-gate Transistors
by Wenjie Lu

Submitted to the Department of Electrical Engineering and Computer Science
in partial fulfillment of the requirements for the degree of
Doctor of Philosophy

ABSTRACT

As Si CMOS technology advances, alternative channel materials are under extensive investigation
to replace or augment Si in future generations of nanoelectronics. 111-V compound semiconductors,
such as InGaAs and InGaSb are promising candidates as channel materials for MOSFETS as a
result of their extraordinary transport properties. In the past few years, rapid growth in the research
of InGaAs n-channel multi-gate MOSFETS has taken place. However, progress in the InGaShb p-
channel device research has remained stagnant. In this thesis, InGaSb multi-gate transistor
technology has been pioneered and the first InGaSb FInFET has been demonstrated.

Critical technological challenges for realizing InGaSb FinFETs have been overcome. First, a dry
etching technique of heterostructures containing antimonide-based compounds has been
developed. Etched fins and vertical nanowires show smooth, vertical sidewalls, high aspect ratio,
and compatibility with the InGaAs system. Second, a novel antimonide-compatible digital etch
technique has been developed which can improve fin sidewall quality and device performance.
Lastly, ohmic contacts have been investigated to reduce the parasitic source-drain resistance. The
developed contact system delivers a record low contact resistivity.

With the integration of the newly developed technologies, InGaSb p-channel FinFETs are
demonstrated for the first time. Three generations of InGaSb FinFETs are fabricated following an
optimization path for device design and process technology. The most aggressively scaled InGaSh
FinFETSs, with a minimum fin width of 10 nm and channel height of 23 nm, have achieved a
maximum transconductance per device footprint of 704 uS/um, a record value for any existing
antimonide-based p-channel FETs. In addition, the fabricated FinFETs have been electrically
characterized, and device properties such as scaling behavior, impact of channel strain, and OFF-
state leakage current have been studied. The work in this thesis has pushed significantly the state-
of-the-art of antimonide-based electronic device technology.
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Fig. 2.17: (a) InAs/InGaSb/AlGaSb vertical nanowire after RIE with initial diameter of 25 nm, and
after (b) 3 cycles and (c) 10 cycles of digital etch in O2 plasma and HCI:IPA. Noted are the average
radial etch rates of the InGaSb/AlGaSh portion of the NANOWITES............ccovvieicieiiieiee 57

Fig. 2-18: InAs/InGaSb/AlGaSb vertical nanowire after RIE and various cycles of digital etch
using: (a) Oz plasma and H2SO4 in methanol, (b) H202 and citric acid, (c) O2 plasma and HCl in
IPA, and (d) Oz atmosphere and HCLIN TPA. ..o 60

Fig. 2-19: InGaAs vertical nanowire array after 7 cycles of digital etch in 10% HCI in DI water.

Fig. 2-20: (a) InGaAs VWN array after 7 cycles of digital etch in 10% HCI in IPA, with final
diameter of 8 nm. The mechanical yield is over 97%. The inset shows a close-up of the etched
structures. (b) Tightly-packed VNW array. The NW diameter is 10 nm and spacing is 80 nm. (c)
InGaAs VNW array after 7 cycles of digital etch in 10% H2SO4 in methanol. The inset shows a
close-up. The nanowire mechanical yield is 90%. (d) Narrowest InGaAs VNW with 5 nm diameter,
230 nm height obtained after 10 cycles of digital etch in HoSOa:methanol. ..........c...ccccoveeneee. 62

Fig. 2-21: Evolution of InGaAs VNW diameter with number of digital etch cycles in (left) 10%
HCI:IPA, and (right) 10% H2SO4:methanol. The legends indicate the initial VNW diameter after
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Fig. 2.22: Mechanical yield of InGaAs VNWs after 7 cycles of digital etch in various solutions
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Fig. 2-23: Contact resistivity vs. metal film resistivity of Si-compatible ohmic contacts to n*-

InGaAs. The target regime is the bottom left COrner. ..o, 66
Fig. 2-24: Schematic of heterostructure with p*-InAs/Ing.esAso.15Sh composite capping layer.... 68

Fig 2-25: SEM picture of fabricated (left) TLM structure with Ni/Pt/Au (15/10/100 nm) contacts
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Fig. 2-26 Electrical measurements (left) and SEM images of virgin semiconductor surface (right)
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cap structure after 3 min 350<C annealing. (b) Evolution of contact resistivity of Pd/Pt/Au and

Ni/Pt/Au contacts in a sequential annealing (3 min) eXpPeriment. ..........cccocevveeveiieneereseeseeniens 74
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Fig. 4-31: Dependence of maximum gm on fin orientation for G1 FinFETs with Wr= 70 nm and
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Fig. 4-32: (Left) low temperature (77 K) output characteristics of FINFET with Ws =30 nmand Lq
= 300 nm. (Right) Subthreshold characteristics of the same device at different temperatures (Vps

Fig. 4-33: Off-state current as a function of fin width and fin orientation, for FInNFETs with Lg =
600 nm, measured at Vs = 0.5V and Vps = -1.0 V. ..o 134

Fig. 4-34: Output characteristics of G1 FInFETs (Left) without any post-RIE surface treatment,
and (right) with 1% HCI:H20O dip for 30 seconds. The FinFETs have Ws = 70 nm and Ly = 250
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Fig. 4-35: (Left) subthreshold characteristics of the same devices in Fig. 4-34 showing the impact
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Fig. 4-36: (Left) output characteristics and (right) subthreshold characteristics of G2 FinFETSs
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Fig. 4-41: (Left) top-view and (left) cross-sectional view (right) schematics of the FinFET structure

With the definition Of the QiMENSIONS. .........eeeeeieieeeeeteeteeeeeeeeeeeeeeeeeeeeeeeeeeeseeeessesenesssnssnsnenssennnnns 143


file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151145
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151145
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151146
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151146
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151146
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151147
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151147
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151148
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151148
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151148
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151149
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151149
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151149
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151150
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151150
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151150
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151151
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151151
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151152
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151152
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151152
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151153
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151153
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151154
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151154
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151154
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151155
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151155

Fig. 4-42: Output characteristics of G2 InGaSb FinFETs with one or two fins per device. Fins are

treated with HCI:IPA for one minute. The current is not normalized. ........c.ccccoovveeeiiiceieeeien, 144

Fig. 4-43: (Top) un-normalized off-state current in G2 FinFETS vs. total device width and gate
length. (Bottom) off-state current normalized to the total device width vs. fin width and gate length.
Ip is extracted at Vps =-50 MV and VGT = 0.6 V. .ooioiiiiiiiiieeee e 145

Fig. 4-44: Drain current normalized by the fin length vs. fin width, measured at Vps=-50 mV and
Ves— V1 =0.6 VTor G2 and G3 FINFETS......ccceiiiiiiieiicie et 146

Fig. 4-45: Benchmark of maximum gm vs. linear subthreshold slope for InGaSb p-channel FInFETs
and planar antimonide-based p-channel MOSFETS. Vps bias points for gm extraction are noted

NEXt t0 €ACH data POINTS. ....c.eiiieie et sre e re e 147

19


file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151156
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151156
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151157
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151157
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151157
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151158
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151158
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151159
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151159
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v5.docx%23_Toc514151159

20



List of Tables

Table 2.1: Summary of digital etch process using various methods for oxidation and oxide etching.

Table 2-2: Summary of ohmic contact schemes for InGaSb p-channel MOSFETS in this thesis

WOTK @Nd IN TRIBVANT HITEIALUIE. ....eeeeeee et e e e ettt e e e e e e e e e e e eeens 78

Table 4-1: Summary of device features of three generations of InGaSb p-channel FinFETSs. ... 110

21


file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v2.docx%23_Toc512378564
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v2.docx%23_Toc512378564
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v2.docx%23_Toc512378565
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v2.docx%23_Toc512378565
file:///C:/Users/Wenjie/Dropbox%20(MIT)/WorkMIT/reports/2018%20PhD%20thesis/Thesis_doc/Wenjie_PhD_thesis_full_v2.docx%23_Toc512378566

22



CHAPTER 1. INTRODUCTION

1.1 Introduction to CMOS scaling

Since 1965, Moore's law has charted the advancement of semiconductor integrated circuits. The
scaling of silicon transistor dimensions into the nanometer size drives the exponential increase in
the density and performance of complementary metal-oxide-semiconductor (CMOS) technology.
For more than fifty years, the microelectronic industry has followed extremely successfully the
motto ‘smaller is better’. The transistor count of integrated circuit chips doubles approximately
every two years, and the improvement in switching energy, switching speed and cost per transistor
improves exponentially as MOSFETs have decreased in size [1]-[4]. Fig. 1-1 depicts such

geometric growth of transistor count in the past fifty years [5].

However, it has been predicted that conventional transistor scaling would slow down significantly
and eventually end around 2025 [6], [7], when the physical limits of silicon-based metal-oxide-
semiconductor field-effect transistors (MOSFETS) would be reached [8]. In fact, as early as 2005,
it has been argued by Gordon Moore himself that Moore’s law would end by then because of the
exponential nature of the growth. In recent years, there have been increasing expressions of

concern and arguments on whether Moore’s law will die soon. Nevertheless, facing unprecedented
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Fig. 1-1: Transistor count in integrated processors from 1971-2016, illustrating Moore’s Law.

Figure adapted from [5].
challenges, researchers worldwide have been pushed to be evermore creative. Extraordinary
innovations have been made in CMOS research in recent years and Moore’s law is still marching

forward.

To understand CMOS scaling and the associated challenges, one needs to identify that in logic
chips, transistors are used as switches, and the goal is to switch between the ON state and OFF
state with maximum speed but minimum energy. The switching delay of a MOSFET is
approximately:

CG VDD

ION

(1-1)
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And the switching energy is approximately:

EdNCGVgD (1-2)

14, the delay time, is proportional to Cg, the total gate capacitance, and Vpp, the supply voltage,
and inversely proportional to lon, the ON-state current. Fig. 1-2 illustrates the historic scaling
behavior of Vpp and ON-state current density (lon/W) [9]. In the early years of CMOS scaling,
Vop remained constant and lon increased at a rate of roughly 37% per generation, which can be
referred to as a constant-voltage scaling path. Beyond 2000, the electric field in the transistor
became intolerable so that Vpp (along with threshold voltage V) had to decrease This heralded
the era of constant-field scaling. As a result, the increase in current density slowed down to ~20%
per generation and eventually reached a plateau (and is even dropping more lately). As Vpp

continues to drop, obtaining increased performance becomes harder and harder.
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Fig. 1-2: (a) Supply voltage scaling of CMOS technologies. (b) ON-state current density scaling
for n-channel Si MOSFETSs at nominal operation voltage.
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The above discussion is a simplistic view of CMOS scaling, and a comprehensive and insightful
study of the scaling properties can be found in [9]. Currently, MOSFET scaling can be best
described as power-constrained scaling, as the dynamic power density has become as high as 100
W/cm? [10]. Further transistor scaling requires more reduction in Vpp and hence greater
compromises in device performance. In addition, as the channel length of Si MOSFETS has entered
the nanometer-scale, short-channel effects have become severe, undermining the scaling benefits.

Therefore, future CMOS technology requires innovations in both materials and device structures.

1.2 Multi-gate MOSFETS

As discussed earlier, the driving force behind transistor evolution is the scalability of Si CMOS.
Footprint scaling demands all device dimensions to shrink together while delivering maximum
performance at reduced voltage. This is a strict demand as device dimensions shrink into the sub-
micron regime, where short-channel effects (SCEs) in MOSFETSs become severe and catastrophic.
SCEs, include mobility degradation, drain-induced barrier lowering (DIBL), degradation of
subthreshold swing, leakage, and device variability. To resolve the serious challenges of planar
CMOS, which cannot maintain acceptable SCEs at deeply-scaled technology nodes anymore,
innovations in device structure need to be made. The evolution of device structures can be depicted
in Fig. 1-3. To mitigate SCEs, extremely-thin-body-silicon-on-insulator (ET-SOI) MOSFET and
multi-gate transistor structures have been proposed to enhance the electrostatic control of the gate
to the channel. In ET-SOI, the channel is made sufficiently thin so that it is fully depleted. In multi-
gate transistors, the channel is under control of more than one gate. For example, in a FINFET
(double-gate MOSFET), the fin channel is fully depleted when it is narrow enough, so that the
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entire channel is controlled by the gates on both sides. These non-planar MOSFET designs in effect

shorten the characteristic electrostatic length of the device:

Anon—planar = E Xox = Aplanar - (1-3)

where & and gox are the electron permittivity of channel and gate oxide, Xsiand Xox is the width or
thickness of the channel and gate oxide, Xq is depletion width of the ideal planar MOSFET, and n
is the gate number. The gate number is 1 for ET-SOI, 2 for FinFETSs, 3 for Tri-gate MOSFETS,
and 4 for gate-all-around (GAA) MOSFETSs, respectively. Therefore, alternative designs can

reduce the characteristic electrostatic length, Apianar, and in other words, mitigate short-channel

Planar bulk Extremely-Thin-Body Double-gate Tri-gate MOSFET  Gate-All-Around
MOSFET MOSFET MOSFET Nanowire MOSFET

effects.

gate
gate oxide
body

buried oxide

Fig. 1-3: Evolution of MOSFET structural designs with increasing electrostatic gate control of

the channel from left to right, reproduced from [14].

The multi-gate designs bring more complexity to device fabrication, as the channel is no longer

planar but three-dimensional. However, much progress has been made in research and industry

27



along this path, and tri-gate MOSFETs have already been the mainstream of today’s logic
transistors. It is believed that futures innovations in device technology will enable more advanced
device structures, such as GAA nanowire MOSFETs and even vertical nanowire (VNW)

MOSFETs.

1.3 Advantages of I11-V channel MOSFETSs

The other possible solution to maintaining or even improving transistor performance while
continuing to reduce the supply voltage is to introduce alternative channel materials. In recent
years, much research has been made on several novel materials, such as 2-D materials (graphene,
MoS,) [11], carbon nanotubes [12], germanium [13], gallium-nitride, and IlI-V compound
semiconductors [1], [14]. In this regard, I11-V compound semiconductors have been regarded as
one of the most attractive and feasible candidates to replace Si [1]. 1ll-V compound
semiconductors, especially the arsenide-based (InxGai-xAs) and antimonide-based (InxGai-xSb)
compounds, are known for their superior electron and hole transport properties over silicon. 111-V
compound semiconductors are advantageous over other candidates, because the fabrication
process of 111-V transistors is mostly compatible with present Si CMOS process. Moreover, GaAs
and InP are the most advanced in terms of large wafer manufacturing, which can be achieved on
wafer-scale substrates. Therefore, in the last few years, increasing research efforts have been

devoted to the development of 111-VV nanometer-scale logic transistors.
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Fig. 1-4: Electron injection velocity in Si and strained-Si MOSFETS, InGaAs and InAs HEMTSs

with different channel compositions, as a function of gate length. Figure reproduced from [1].
For modern deeply-scaled MOSFETS, according to the virtual source model [4], [15], lon can be
described as:

lon = Vinj - Qinj = Vinj * Cinj - Vpp — Vr) 4)

, Where vin; is the source injection velocity, Qinj is the charge density at the virtual source, and (Vb
— V) is the gate overdrive. Fig. 1-4 illustrates the injection velocity extracted from Si and strained
Si MOSFETS at Vps of 1.1-1.3 V, along with the injection velocity of InGaAs and InAs high

electron mobility transistors (HEMTs) at Vps = 0.5 V, as a function of gate length. For Si

29



4.0- InGaAs

3 5_‘ MOSFETs
] Si MOSFETs _/'
3.0— 32nmyg /
—_ | / u
& 2.5 45 nm 4 /
= 2 0_' 65 nmm~ .
o . 90 nm ./l
£ 1.5 /
S— 1 0 . 130 nm
£ 1.0 180 nm
@05-0.25pm/ ;-
- _-0.35 pm -/’”’/.
0.0+=—— : . : .
1990 2000 2010 2020

year

Fig. 1-5: Transconductance of Intel’s Si MOSFETs and InGaAs MOSFETs vs. year of

demonstration.
MOSFETS, Vinj maximizes at 1-10” cm/s, and reaches nearly 1.5-107 cm/s for strained Si. For
InGaAs and InAs at less than half the operating voltage, vinj can be more than twice or three-times
that of Si MOSFETS. This is attributed to the lower electron effective masses of InxGai-xAs. In
the ballistic limit, the injection velocity is closely related to the carrier mobility as v;,;~u“, where
a < 0.5 [4]. Therefore, to the first order, 111-V channels with a higher mobility promise to provide
higher vin; in short channel devices. Fig. 1-5 shows the evolution of transconductance, gm, of Intel’s
Si MOSFETSs and InGaAs MOSFETS, as a function of year of demonstration. In recent years, rapid
progress has been made in InGaAs MOSFETS, demonstrating a maximum gm of 3.45 mS/um, with

Lg = 70 nm and Vps = 0.5 V [16], [17], exceeding that Si’s 32 nm node, which is the last node
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before Intel introduced 3-D Tri-gate transistors. This progress shows that I111-V MOSFETSs have

great potential for future logic and high-speed circuits even at lower operating voltage.

1.4 P-Channel MOSFETSs

CMOS technology requires high performance from both NMOS and PMOS transistors. Because
of the lower carrier mobility of holes, much research efforts in p-type MOSFETS are needed in
order to match the performance of n-type MOSFETS. In unstrained Si, the current density of the
PMOS transistor has been about one-third that of the NMOS transistor, and circuit designers
learned to work with this imbalance. On the other hand, because of the development of strain
engineering, the Si PMOS has been able to catch up with the performance of the NMQOS. In state-
of-the-art Si CMOS with 7""-generation strained Si, lon of PMOS transistors has improved to ~80%
of that of NMOS transistors [18]. Uniaxial compressive stress is usually obtained by creating
stressed regions in the source and drain sides using SiGe, which has a larger lattice constant than
Si. The compressive strain to the Si channel changes its lattice constant and therefore the band
structure, and it can result in a significant enhancement in the hole mobility. In fact, over several
generations of strained Si CMQOS technologies, the hole concentration of Ge in the source and
drain has kept increasing, and the source/drain/gate spacing has kept decreasing, resulting in

increased stress [19]-[22].
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For alternative p-type MOSFETS, Ge has the highest bulk hole mobility among conventional
semiconductors and it looks very promising for its maturity in Si CMOS technology. SiGe
regrowth and strain engineering has already been applied in the standard CMOS fabrication
process. Current state-of-the-art high-Ge-content strained SiGe p-channel FInFETs have shown
record gm as high as 2.7 mS/um, by aggressive Lgand EOT scaling (Lg~ 25 nm, EOT ~ 0.7 nm)

[23]. On the other hand, Ge NMOS transistors have not been able to demonstrate performance as
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Fig. 1-6: Electron (red) and hole (blue) mobility of 111-V compound semiconductors in reported
devices, plotted against the lattice constant. The arrows represent the impact of biaxial strain
on mobility. The hole mobility of InGaSbh can be almost doubled under application of

compressive strain.
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good as InGaAs/InAs NMOS transistors. Therefore, future technology integrating InGaAs as

NMOS channel and Ge as PMOS will pose challenges to the manufacture process [24].

Another option for alternative-channel CMOS is the 11I-V CMOS technology. Fig. 1-6 plots the
highest room-temperature electron and hole mobilities of the I11-V family, together with Si and
Ge, reported in inversion layers and quantum wells, as a function of the corresponding lattice
constant [1]. The impact of increasing compressive biaxial stress is indicated by the arrows. For
electron transport, the InxGaixAs system and InSb shows the highest electron mobility.
Unfortunately, InxGaixSbh n-channel MOSFETs have never been demonstrated, though the
electron mobility is predicted to be quite high. For hole transport, the InxGai-xSb family shows the
highest hole mobility, and it is the only I11-V compound which can match the hole mobility of pure
Ge. In addition, the hole mobility of InxGaixSb can be increased effectively by strain [25], bridging
the gap between the electron mobility of other I111-Vs. A hole mobility as high as 1,500 cm?/ Vs
has been reported in strained Ino4Gao,sSb [26], 1,300 cm?/V-s in GaSb [27], and 1,200 cm?/V's in

InSb [28].

While the carrier transport properties favor the I11I-V compound semiconductors, transistor
technology must be developed and high-performance devices need to be delivered to advance the
I11-V technology in real-world applications. Recently, rapid progress has taken place in the
development of InGaAs-based n-channel MOSFETs. From HEMTSs [29], [30] to planar MOSFETSs
[31] to FinFETs [32] and to nanowire gate-all-around MOSFETS [33], [34], we have witnessed a

surge of device innovations and demonstrations in the InGaAs system.
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Besides the InGaAs system, antimonides, particularly InxGaixSh, are attractive materials due to
their extraordinary hole mobility, as well as their decently high electron mobility, as highlighted
in Fig. 1-6. In addition, the antimonide family has lattice constants around 6.1 A. Therefore, a fully
I11-V-on-Si CMOS integration scheme is possible by integrating InGaAs NMOS and InGaSb
PMQOS, or InGaSb for both NMOS and PMOS, as shown in Fig. 1-7. Several preliminary work
has demonstrated such I11-VV CMOS integration [35]-[37]. Moreover, the antimonide family owns
a wide range of band gap energies. Therefore, band gap engineering can be exploited using the
antimonides without excessive lattice mismatch. For example, antimonides have been found
essential in building InAs/GaSb tunnel FETs (TFETS) [38]-[40], which is a very promising class

of novel devices for ultra-low power applications.

PMOS NMOS
p-Gate

Gnd

out

Si substrate

Fig. 1-7: Possible I111-V-on-Si integration scheme using intrinsic InGaShb single channel for

future CMOS technology with alternative channel materials.
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However, the progress in the antimonide-based transistors, until recently, became stagnant.
Although a few demonstrations of InGaSb p-channel transistors have been demonstrated [35],
[37], [41]-[48], the device performance has been unsatisfactory. Fig. 1-8 shows two works that
have had great influence on antimonide device research. Since around 2000, B. R. Bennett et al.
have demonstrated InAs/AlSb p-channel HEMTs and have developed the key technology of
molecular beam epitaxy growth of antimonides [45], [49]. In 2010, A. Nainani et al. have
demonstrated the first InGaSb buried-channel pMOSFET that outperforms Ge with two times
higher hole mobility [44], [50]. Nevertheless, the gap between antimonide device research with
Ge or InGaAs devices remains large. Fig. 1-9 shows the number of publications on InGaAs
transistors in IEEE journals alone vs. the number of Sb-based devices in all literature to date. This
comparison not only shows the large discrepancy in the research effort, but also implies the
tremendous challenges in antimonide device research. In fact, antimonide-based multi-gate

MOSFETSs have never been demonstrated before this thesis work.

Gate
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Fig. 1-8: Cross-section of (left) InAs/AlSb p-channel HEMT [45] and (right) InGaSb buried-
channel pMOSFET [44].
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Fig. 1-9: Count of publications of InGaAs transistors in IEEE journals alone vs. the count of

Sb-based devices in all literature to date.

The lack of InGaSb multi-gate MOSFETs can be attributed to several challenges. First,
antimonide-based fin or nanowire etching has never been successfully demonstrated. All existing
approaches to form 3-D antimonide structures rely on epitaxial growth, which is not CMOS-
compatible. Second, antimonide compounds are highly reactive and unstable. When exposed to
air, a layer of native oxide is instantly formed. What is even worse, the oxidation of InGaSb is not
self-limiting, and the formed oxide layer severely degrades the device performance because of
Fermi-level pinning. In addition, antimonides are easily attacked by most acids and bases used
commonly in CMOS fabrication, such as hydrofluoric acid and sulfuric acid, which are common
etchants, and tetramethylammonium hydroxide (TMAH), which is widely present in
photolithography developer. Therefore, cleaning and passivation of the Sb surface are difficult,
and formation of a high-quality interface with the high-k gate dielectric is challenging. Third, high-

quality nano-scale ohmic contacts for antimonide-based devices have not been thoroughly
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investigated. As device footprints scales, source-drain contact resistance plays an important role
by limiting the drive current. Eventually, and most critically, a 3-D process integration of a FinFET
is a significantly more complex fabrication task than that of a planar transistor, even after resolving
the challenges enunciated above. Therefore, it is the goal of this thesis work to overcome the above

challenges and demonstrate the first InGaSb p-channel FinFET.

1.5 Thesis Overview

This thesis studies some novel solutions to the formerly described challenges with InGaSb p-
channel multi-gate transistor technology. Since no such device has ever been demonstrated, this
thesis aims to start from the fundamental technological challenges of antimonide-based process,
then move on to the demonstration of full transistor fabrication, and eventually investigate the

electrical performance of the InGaSb multi-gate transistors.

In the first part of the thesis, the goal of demonstrating the first InGaSbh multi-gate transistor is
tackled in a divide-and-conquer approach. Prior to a complete device design and fabrication,
solutions to the challenges mentioned above need to be delivered. Three main technologies are
developed. First, an antimonide reactive ion etching (RIE) technology is developed. The RIE
technology can etch antimonide fins and vertical nanowires with high aspect ratio, anisotropy, and
sidewall smoothness. The new technology is also compatible with other 111-V compounds, such as
arsenides. Second, a novel alcohol-based digital etch technology is invented. It can be used to
perform fin and nanowire sidewall etching with nanometer precision, at a rate of 2.0 nm/cycle. It
also serves as a surface passivation method for the high-k dielectric/InGaSb interface. It has been
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found to improve interfacial quality and reduce leakage current. Last, a nanoscale ohmic contact
scheme using nickelide is developed and analyzed. It achieves record ultra-low contact resistance.

A composite p* capping layer is designed to reduce the contact resistance.

In the second part of the thesis, the above technologies are applied and integrated into the design
of an InGaSh p-channel FinFET. The design principles of the heterostructure and process of the
proposed device are explained. Then, a fabrication process is developed for the actual transistors.
The smallest devices achieved feature a minimum fin width of 10 nm and a gate length of 20 nm.
It is the not only the first demonstration of InGaSb FIinFET, but also one of the most aggressively
scaled devices based on I11-V compound semiconductors. Lastly, the electrical characteristics of

three generation of fabricated InGaSbh FinFETSs are reported and analyzed.
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CHAPTER 2. PROCESS DEVELOPMENT

2.1 Process Overview

Following the introduction in Ch. 1, this chapter describes the key processes required in a self-
aligned InGaSb p-channel FinFETs. As described in the previous chapter, various critical
fabrication technologies for antimonide-based multi-gate transistors are not yet available. To
achieve the goal of demonstrating the first InGaSb FInFET, this part of the thesis focuses on an
effort to develop three major components of an antimonide-based FinFET. Those are (1) fin
reactive ion etching, (2) ohmic contact, and (3) digital etch. All the three components are supposed

to be optimized for the antimonides, and even better, compatible to the arsenides.

2.2 Fin Reactive lon Etching

2.2.1 Antimonide RIE — First Generation

As its name suggests, fin etching is the essential process module for the FInFET fabrication. In our
top-down approach, the reactive ion etching (RIE) is required to deliver high-aspect ratio fins with
nanometer-scale fin width. In addition, the RIE process needs to be both anisotropic and gentle so

that the profile of the fin is vertical and uniform while the sidewall of the fin remains smooth.
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Fig. 2-1: (left) InGaAs fins with 20 nm fin width and (right) InGaAs VNW with 15 nm

diameter, patterned by optimized RIE process.

In recent years, there have been tremendous breakthroughs in the InGaAs FinFET and vertical
nanowire (VNW) MOSFET technologies [32], [34], [51]-[54]. The InGaAs fin RIE process is the
backbone of these high-performance transistors. Fig. 2-1 shows some examples of the state-of-the-

art InGaAs fin and VNW etching developed in our group [34], [55].

An example of the starting antimonide-based heterostructure used in this thesis is shown in Fig. 2-
2. It is grown by molecular-beam epitaxy. The details of the design and properties of the
heterostructure will be described in Ch.3 when the FInFET process integration is discussed. Note

that a typical etched fin structure contains multiple compounds, such as InGaSb, AlGaSh, and
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perhaps InAs, with different compound compositions. Therefore, the RIE process needs to show

ideally negligible material selectivity for various 111-V compounds semiconductors.

0.85 0.15

INg ,5Gag 75Sb

GaAs Substrate

Fig. 2-2: An example of the heterostructure contained in an etched fin or VNW.

The first step to form the fins is the patterning of etching hardmask. In this thesis, HSQ?! (hydrogen
silsesquioxane), a flowable oxide diluted with methyl-isobutyl-ketone (MIBK), is used as the
hardmask and patterned by electron beam lithography (EBL). Before HSQ spin coating, the wafer
surface is coated with a thin SizN4 film deposited by plasma-enhanced chemical vapor deposition
(PECVD) at 300 <C to promote adhesion of HSQ on the semiconductor surface. The thickness of

the PECVD SisN4 film is only 2-3 nm to avoid complication of the fin etching process. Then, the

1 HSQ is distributed by Dow Corning as XR-1541™.
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HSQ is spin coated onto the sample and exposed in the Elionix ELS-F125 EBL system, with a
resolution of 5 nm at a beam current of 1 nA. After the e-beam exposure, the HSQ is immediately
developed in 25% tetramethylammonium hydroxide (TMAH) for 60s, followed by DI water and
isopropanol rinsing, and blown dry gently by N2 gun. It has been suggested that development of
HSQ in low temperature in cold-water bath improve the resist contrast for high-resolution patterns
[ref]. From our experience, room temperature development suffices for patterns as small as 15 nm.
On the other hand, it is worth noting that both the exposure and development of HSQ are done in
the same day to avoid HSQ crosslinking in air, in order to ensure best optimal resolution and
reproducibility. Fig. 2-3 shows scanning electron microscopy (SEM) images of developed HSQ

nanowire pattern with 26 nm diameter and fin patterns with various widths.

200 nm 100 nm 50 nm 30 nm 20 nm

Fig. 2-3: Tilted SEM images of developed HSQ (left) nanowire pattern with dimeter of 26 nm
and (right) fin patterns with different width.

Then, the RIE is carried out in an inductive coupled plasma (ICP) etcher SAMCO RIE-200iP,
using chlorine-based etching. Samples were cleaved into approximately 1x1 cm? small rectangular

pieces and loaded on a 6-inch ceramic wafer carrier, one sample at a time. In the case of very small
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sample size (e.g. for testing or calibration purpose), a 1x1 cm? GaAs wafer is put next to the sample

to avoid variability caused by loading effect.

After iterative tuning of the gas chemistry, gas flow, and etching power, the etching condition is
optimized to the following condition: 13.5/5.5 sccm BCl3/N2, 20 W ICP power, 280 W RF platen
power, 0.2 Pa chamber pressure, and substrate temperature of 250<C. The etched fins are shown
in Fig. 2-4. This is the first demonstration of RIE of antimonide-based fins. Both single fins and
arrays of fins with vertical profile and smooth surface can be obtained. The resulted fins have high

aspect ratio > 10 and no noticeable undercutting or trenching is observed.

Fig. 2-4: SEM images of (left) single InGaShb fin with 18 nm fin width and 150 nm fin height,
and (right) fin array with 15 nm fin width and 200 nm fin height.
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The developed RIE process is also able to etch InGaSb vertical nanowires with high aspect ratio
and vertical profile (> 85°). Moreover, dense fin arrays can be achieved, with 20 nm fin width and
20 nm fin spacing, which is equivalent to a full pitch size of 40 nm. Examples of an InGaSb VNW

and tight-pitch fin array is demonstrated in Fig. 2-5.

Fig. 2-5: SEM images of 20 nm InGaShb vertical nanowire and dense fin array with 20 nm fin

spacing.

Fig. 2-6: RIE of antimonide-based heterostructures using HSQ hardmask at: (a) 40°C, (b) 120°C,

and (c) 250°C substrate temperature during etching.
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The dry etching of antimonide fins shows strong dependence on the substrate temperature. Fig. 2-
6 shows the same etched fin test structures at different substrate temperatures of 40°C, 120°C and
250°C, with other etching conditions unchanged. It illustrates the clear benefit of higher substrate
temperature during the RIE. Raised substrate temperature increases the etch rate from 65 nm/min
at 40°C to 80 nm/min at 250°C. At higher substrate temperature, the resulted fin sidewall and
surface are smoother and profile is more vertical. Raised temperature etching is necessary because
of the lower volatility of InCly. In this thesis, the etching temperature is kept at 250°C because it
is the highest temperature the heater allowed in our etcher system. Nevertheless, the results are

already indeed very promising. Fig. 2-7 shows that the etched fin sidewall appears to be very

smooth with little material selectivity.

InAISb
AlGaSb

AlGaSb
\ GaAs Substrate

Fig. 2-7: Tilted SEM images of the side-view of the antimonide-based fin sidewall.
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2.2.2 Antimonide RIE — Second Generation

The RIE process described above has been integrated into the first and second generation of
InGaSbh FInFET fabrication. In the third generation of FINFETS, an improvement has been made
to the RIE technology so that it is compatible to arsenide-based compound semiconductors. The
RIE is performed by ICP plasma with the following condition: 3:11:0.4 sccm BCls/Ar/SiCls, 280
W RF platen power and 20 W ICP power, at 250 °C. Fig. 2-8 shows fins comprising of 50 nm
InAs on GaSb with the former mentioned RIE process and the improved one. With the former RIE
condition, the InAs layer is roughened during dry etch, while a smooth sidewall is obtained with
the improved RIE condition. Therefore, simultaneous etching of antimonides and arsenides is
achieved without roughening any of the surface. This is significant when dry etching of both types

of 111-V compounds is required, for example, for InAs/GaSb tunnel FETs (TFETS). This etching

condition is deployed in the third generation of the InGaSb FinFETSs.

Fig. 2-8: SEM images of RIE-etched InAs/GaSb fins using the RIE condition of (left) 13.5/5.5
sccm BCl3/N2, and (right) 3:11:0.4 sccm BClz/Ar/SiClas. In both cases, RF platen power is 280

W, ICP power is 20 W, chamber pressure is 0.2 Pa, and substrate temperature is 250°C.
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It is worthy to note here that high-quality fin RIE is necessary but not sufficient for highly scaled
high performance 111-V FInFETSs. First, the fin width is limited by the capability and resolution of
the electron-beam lithography, which is limited to around 15 nm and beyond. Second, considerable
plasma damage might be taking place, especially when anisotropic etching is desired and therefore
the plasma power is large. Surface cleaning technique for etched fin sidewalls is particularly
important for antimonides because of their highly reactive and unstable surface. Therefore, a
digital etch technology is in dire need to scale the device further down and improve the surface
quality. In the following chapter, I will describe the development of the digital etch technology for

antimonides.

2.3 Digital Etch

One issue of top-down approach of FInFET fabrication via dry etching is the RIE damage of the
fin sidewall, due to the high energy ion bombardment during the etch [56]-[59]. The quality of the
fin sidewall is one of the most critical factors for FinFETSs operation, because the current flows in
close proximity to the surface. In Si FinFETs fabrication, high temperature forming gas annealing
at above 850 <C has been shown to be an effective approach to improve the surface quality [60].
However, processing at such high temperature is unfeasible for I11-V transistors. Although direct
wet etching can be used to remove RIE-damaged semiconductor, it is not applicable to deeply

scaled devices, which require nanometer-scale etching precision.
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In silicon CMOS technology, the concept of digital etch (DE) or atomic layer etching (ALE) has
been proposed and developed for more than twenty years [61], [62]. In such process, layer-by-
layer etching of Si can be achieved at atomic scale, by a repeated process of surface modification
and surface removal reactions that are self-limiting. For example, the surface modification step
can be fluorination of the Si surface by CF/O2 plasma to form a thin layer of volatile silicon
fluoride. Then, the surface removal step can be achieved by Ar® ion irradiation. As the
semiconductor industry has entered the era of atomic-scale dimensions, the digital etch technology
is turning to be increasingly critical and is under active research. Inspired by the Si digital etch and
atomic layer etching technology, the similar concept has been introduced to I111-V compound

semiconductor as well, as an effective to modify the surface property at atomic-layer scale.

2.3.1 111-V Digital Etch

In the quest for enhanced performance over silicon devices at advanced nodes, I11-V multi-gate
transistors such as FInFETs or nanowire gate-all-around MOSFETSs are being pursued with fin
width or nanowire diameter in the sub-10 nm range. In this dimensional regime, precise etching
control is paramount. Inspired by the atomic layer etching technology developed in silicon [61],
[62], the concept of digital etch was introduced to 111-VV compound semiconductors [63]-[68]. In
digital etch, the oxidation and oxide removal steps characteristic of chemical etching are performed
separately. This makes them both self-limiting affording nanometer-scale control of the etching
process. Digital etch has been shown to preserve high aspect ratio features, enabling precise device
dimension engineering. It has also been shown to be effective in mitigating surface damage
induced by RIE [69]. In the last few years, the use of digital etch has enabled demonstrations of
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aggressively scaled I11-V FInNFETs and NW-MOSFETs with exciting electrical characteristics

[38], [39], [70]-[72].

Prior to this thesis work, digital etch has been solely applied to arsenide-based I11-Vs, achieving a
smallest feature size of 5 nm in fins [55] and 7 nm in lateral nanowires [38]. On the other hand,
demonstrations of high aspect ratio vertical nanowires (VNW) by digital etch have been limited to
11-15 nm in diameter [39]. Firstly, conventional digital does not work on antimonide-based I11-
Vs, because antimonides are typically highly reactive, and therefore a benign and stable self-
limiting digital etch process is challenging. Secondly, a digital etch process for fins and VNWSs
with critical dimensions approaching sub-10 nm regime is desired to push the state-of-the-art of

I11-V transistor technology, regardless in InGaAs or InGaSh.

Oxidization Oxide etch
Fin RIE Asher 3 min, 1kw H,S0, etch

Fig. 2-9: Process flow of a typical digital etch process.

Fig. 2-9 illustrates the typical process flow of a digital etch process. After the fin RIE, the surface
is oxidized using oxygen plasma (in an asher), at 1 kW for 3 minutes. Other oxidation agents
include hydrogen peroxide, ozone, or ozonated water. Then, the oxidized surface is etched away

by some acid solutions, such as hydrochloric acid or sulfuric acid, which are supposed to have
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negligible etching rate on the I1I-V. Afterwards, the same procedure of oxidation and oxide

removal is repeated in cycles, removing one layer at a time.
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Fig. 2-10: Etch rate per cycle of digital etch on InP planar wafer, as a function of oxidation time
under Oz plasma, adapted from [66], fitted with the Lukes model [73].

Fig. 2-10, adopted from [67] shows the digital etch rate per cycle on planar InP wafer, as a function
of oxygen exposure time, fitted by the Lukes’ rate law [73]. It shows saturation behavior beyond
180 seconds of oxidation time, illustrating the self-limiting property of the oxidation process. Fig.
2-11 illustrates the progress of digital etch process on an InGaAs vertical nanowire in a sequential
etch experiment after 2, 5 and 10 cycles of digital etch using oxygen plasma and 10% HCI. The
initial diameter of the VNW after RIE is 34 nm, and after 10 cycles, the diameter is reduced to 14

nm. The average etch rate is 1 nm/cycle, on each side of the VNW. It can be observed that the
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digital etch preserves well the profile of the VNW. It proves the unpreceded benefit of using digital

etch to achieve nanometer-scale scaling of device dimensions.

After RIE

2 cycles 5 cycles . 10 cycles

Fig. 2-11: Evolution of InGaAs VNWs in a sequential etch experiment involving different
numbers of digital etch cycles in 10% HCI:IPA.

Another important benefit of digital etch is its ability to mitigate plasma damage and improve
surface quality. By removing the semiconductor surface layer by layer, the surface roughness is
improved and better device performance can be obtained. Fig. 2-12 shows the subthreshold
characteristics of InGaAs VNW MOSFETs with and without digital etch (10 cycles), with the
transconductance (gm) characteristics in the inset [69]. While the two transistors are almost
identical (Dsina = 30 nm), the transistor with digital etch shows lower subthreshold swing of 150
mV/dec (at Vs = 50 mV), and higher peak gm of 280 uS/um (at Vgs = 0.5 V). These results show

the significant reduction of sidewall damage by the digital etch process.
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Because of the above benefits, digital etch has been widely applied in recent InGaAs MOSFET
fabrication. However, there is yet no digital etch reported in the antimonide-based material system.
In fact, there is no prior study on surface treatment of antimonide fin/VVNW sidewall. Because of
the development of our InGaSb fin RIE technology, we are able to study this topic for the first

time.
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Fig. 2-12: Subthreshold and transconductance (inset) characteristics of InGaAs VNW
MOSFETs, with final diameter of 30 nm, with and without digital etch [69].

2.3.2 Antimonide-compatible Digital Etch

In principal, both the oxidation and oxide removal steps of digital etch need to be self-limiting.
Unfortunately, neither of the two self-limiting steps can be easily obtained in the antimonide-based

devices. First, antimonide-based compounds are notoriously known for its highly reactive surface.
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The oxidation of GaSb is very fast even in air, and in theory non-limiting [74]. Second, the etching
or removal of native oxide of antimonides is difficult. Chemical cleaning of GaSb surface has been
studied for many years [74]-[80], and there is no demonstration of effective approaches. Most
popular methods is using diluted HCI:H.O solution, which has been shown to remove GaOx and
SbOx from the surface [75]. In addition, all existing studies on antimonide surface cleaning or
passivation were carried out on planar wafers, and the impact is characterized by surface studies
such as x-ray photoelectron spectroscopy (XPS), or electrically by capacitance-voltage (C-V)
measurement. There is little information about the etch rate and selectivity, particularly in the case

of vertical structures or sidewalls.

Fig. 2.-13: Etched InGaSh/AlGaSb VNWs with initial diameter of 116 nm (left), after 30s
dipping in 1% HCI:H.O (middle). (Right) schematic showing the effect of HCI cleaning on

antimonide-based vertical sidewalls.

Fig. 2-13 shows tilted SEM images demonstrating the effect of a 30 second dipping of InGaSh
VNW in 1% diluted HCI:H20 solution. It is observed that the diameter of the VNW decreased

from 116 nm to 106 nm. Also, the shape of the VNW is changed, and the surface of the sidewall
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becomes rougher. This shows that HCI:H.O treatment is not self-limiting and is etching the InGaShb

and AlGasSbh at different rates. This poses the first major challenge of developing digital etch for

the antimonides.

Before 2m in DI water After 2m DI in water

3
:

InAs 8
InGaSh —

Bsec —

Fig. 2-14: Antimonide vertical nanowire (a) before and (b) after dipping in DI water for 2

minutes. (c) Antimonide fin test structure after dipping in DI water for 2 minutes.

After trying several other etchants, it seems that simply replacing the HCI does not solve the
problem. Another aspect of the etching process is the solvent of the etchant, which is usually
neglected. Fig. 2-14 shows InGaSh nanowire and fin test structures before and after a two-minute

dipping in DI water. The diameter of the antimonide nanowire decreases from 100 nm to 92 nm.
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Also, the nanowire sidewall and AlGaSb field surface become rough and notches appear at the
heterojunction interfaces. The antimonide fin sidewall in Fig. 2-14(c) also reveals such etching
effect. This etching of antimonide-based heterostructures in water has not been reported prior to
this work. It implies that the surface of the antimonides is chemically highly reactive and unstable,
so that it can react even in water. Also, the notches formed near the interfaces of heterostructure
layers imply preferential etching, possibly due to defects from the epitaxial growth and strain, as

antimonide-based heterostructures are generally not lattice matched.

Fig. 2.15: Antimonide vertical nanowires with 20 nm diameter (left) before and (right) after
dipping in 10% HCI:IPA for 2 minutes.

Therefore, to develop the digital etch, water needs to be removed first from the process. Fig. 2-15
shows VNWSs with the same antimonide heterostructure, before and after 2 minutes dipping in

10% HCI:IPA2. By using an alcohol-based solution, no noticeable sidewall etching or surface

2 The solvent-based acids are commercially available at Sigma-Aldrich Co as HCI-2-proponol solution.
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damage is observed, implying that the etching is self-limiting after removing the layer of oxide on

the sidewall.

With the discovery of the alcohol-based treatment, digital etch on antimonide-based
heterostructure is demonstrated for the first time. Oxidation is done by O, plasma as described
above. Fig. 2-16(a) shows the radial etch rate of digital etch on InGaSb vertical nanowires as a
function of number of digital etch cycles. Fig. 2-16(b) shows an InGaSb fin obtained after 5 cycles

of digital etch in HCI:IPA, with a minimum fin width of 10 nm.
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Fig. 2-16: (a) Evolution of antimonide VNW diameter with number of digital etch cycles in
10% HCI:IPA. (b) 10 nm wide InGaSb fin obtained after 5 cycles of digital etch in HCI:IPA.

o

Fig. 2-16(a) reveals an additional issue that remains with antimonide-based digital etch. For the
first two cycles of digital etch, the radial etch rate is 2 nm/cycle, while the etch rate decreases to

an average only 0.6 nm/cycle for the next 4 cycles. This is inconsistent with how digital etch works
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with InGaAs, in which the etch rate is independent of the numbers of cycles. Therefore, it is

possible that the surface property of the antimonide is changed after the treatment of digital etch.

InGaSb. 16 nm

+ : —

AlGaSb

3 Cycles_"z b < 10 Cycles
After RIE  (a) | r= 1.0 nmifey. r=0.21 nm/ecy. (c)

Fig. 2.17: (a) InAs/InGaSb/AlGaShb vertical nanowire after RIE with initial diameter of 25 nm,
and after (b) 3 cycles and (c) 10 cycles of digital etch in O, plasma and HCI:IPA. Noted are

the average radial etch rates of the InGaSb/AlGaShb portion of the nanowires.

Fig. 2-17 shows sequential digital etch of antimonide-based vertical nanowire in Oz plasma and
HCI:IPA. The nanowire contains InAs, as well, so that the digital etch on the two compounds can
be monitored together. Alcohol-based digital etch produces an initial radial etch rate on the I11-Sh
of 1.0 nm/cycle, while the etch rate on the InAs portion of the nanowire is about 2.0 nm/cycle. It
is an important deficiency that the digital etch has material selectivity. In addition, after 10 cycles,
the average etch rate on the 111-Sb portion of the structure is drastically reduced to about 0.21
nm/cycle, while all the InAs has already been etched away. Other researchers have reported a

similar much reduced etch rate of GaSb in water-based digital etch [40].
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Oxidation Organic
Oxide etch UV ozone H,0, peroxides O, plasma o,
H,S0,:methanol | Damage Damage Damage Damage Damage
Citric acid:IPA | No etching | No etching | No etching | No etching | No etching
Acetic acid:IPA | No etching | No etching | No etching | No etching | No etching
HCI:IPA | No etching | Rate —» 0 Rate > 0 Rate > 0 | 2 nm/cycle

Table 2.1: Summary of digital etch process using various methods for oxidation and oxide

etching.

The issue lies in the oxidation properties of antimonides. For GaSb, strong oxidizing agents, like
hydrogen peroxide, are known to produce Sh.Os in addition to Ga203, Sb.O3 and elemental Sb on
the surface [76]. However, Sb20Os is insoluble in most acids or alkali. Therefore, when enough
Sh20s has been formed on the surface during the oxidation process, digital etch effectively stops.
To address this issue, we have investigated digital etch by multiple combinations of oxidation and
oxide removal methods, as shown in table 2.1. In the end, our study reveals that 3 minutes exposure
in pure Oz chamber at room temperature combined with 10% HCI:IPA etch for 30 seconds gives
the most satisfactory results. The O atmosphere prevents strong oxidation of antimonide surface
to avoid formation of Sb>Os. Fig. 2-18(d) shows the same vertical nanowire in Fig. 2-17, treated
with 2 and 4 cycles of digital etch in O atmosphere and HCI:IPA. A consistent radial etching rate
of 2.0 nm/cycle for all of InAs, InGaSh, and AlGaSh is demonstrated. The smallest fabricated

InGaSb vertical nanowire has a diameter of 9 nm. Fig. 2-18 also shows SEM images of examples
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of some other oxidation and etching methods and their effects, including O. plasma and H2SOs in
methanol, hydrogen peroxide and citric acid, Oz plasma and HCI in IPA, and O, atmosphere and

HCl in IPA.
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61 nm 61 nm

1 minin H,SO, 5 cycles DE
(b) H,0, + citric acid

1 min in citric 3 cycles DE

(c) O, plasma + HCI:IPA

5 16 nm
AlGaSb

After etch 10 cycles DE
(d) O, + HCI:IPA

InGaSb = 25 nm
AlGaSb

After etch

Fig. 2-18: InAs/InGaSh/AlGaShb vertical nanowire after RIE and various cycles of digital etch
using: (a) Oz plasma and H2SO4 in methanol, (b) H202 and citric acid, (c) O2 plasma and HCI
in IPA, and (d) Oz atmosphere and HClI in IPA.
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2.3.3 Alcohol-based Digital Etch on InGaAs

This novel non-aqueous digital etch has shown tremendous benefits on InGaAs-based devices as
well. As previously mentioned, high aspect ratio InGaAs vertical nanowires with sub-10 nm
diameter have never been demonstrated, due to the strong mechanical force that the wires
experienced during the wet etch part of the digital etch. Using an alcohol-based solution can
effectively reduce the surface tension in the acids so enhance the survivability of very narrow
nanowires. For example, water has a surface tension of 72 mN/m, but methanol and isopropanol

have surface tension of 22 and 23 mN/m, respectively, which is less than a third of that of water.

Broken NW

Fig. 2-19: InGaAs vertical nanowire array after 7 cycles of digital etch in 10% HCI in DI

water.
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Fig. 2-20: (a) InGaAs VWN array after 7 cycles of digital etch in 10% HCI in IPA, with final
diameter of 8 nm. The mechanical yield is over 97%. The inset shows a close-up of the etched
structures. (b) Tightly-packed VNW array. The NW diameter is 10 nm and spacing is 80 nm.
(c) InGaAs VNW array after 7 cycles of digital etch in 10% H>SO4 in methanol. The inset
shows a close-up. The nanowire mechanical yield is 90%. (d) Narrowest InGaAs VNW with

5 nm diameter, 230 nm height obtained after 10 cycles of digital etch in H2SO4:methanol.

Three oxide removal chemistries are studied: 4.1 M H2SO4 in DI water, 2.0 M H2SO4 in methanol,
and 0.1 M HCI in isopropanol (IPA). In all cases, oxidation is performed in oxygen plasma for 3
minutes. The starting arsenide heterostructure consists of multiple layers of Inos3Gao.47As and
Inos2Alo.48As grown by MBE on an InP substrate. The etched InGaAs vertical nanowires is about
230 nm in height. After RIE, the samples are dipped in BOE for 30 seconds to remove the HSQ

hardmask and native oxide. At this point, various cycles of digital etch are performed. Between
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cycles, the nanowire diameter is measured by SEM to monitor the etch rate. Fig. 2-19 shows the
nanowire array after 7 cycles of conventional water-based digital etch. The targeted final diameter

is 8 nm. In this case, all the wires are broken (mechanical yield = 0%).

Fig. 2-20(a) shows an identical sample processed side-by-side in HCI:IPA. 8 nm diameter vertical
nanowires are demonstrated with over 97% mechanical yield. Moreover, no clustering is observed
for tightly spaced vertical nanowires [81]. This is revealed in Fig. 2-20(b) where a 10 nm diameter
vertical nanowire array spaced by 80 nm is shown. Fig. 2-20(c) shows a vertical nanowire array of
diameter of 5.5 nm, obtained by 7 cycles of digital etch in H2SO4 in methanol. Fig. 2-20(d) shows
the narrowest InGaAs nanowire with minimal diameter of only 5 nm and height of 230 nm (aspect
ratio = 46), obtained after 10 cycles of digital etch in H.SO4:methanol. This is the narrowest
diameter and highest aspect ratio in any vertical nanowire obtained via a top-down approach. The

narrowest part of nanowire (D =5 nm) is uniform for half of the total height.
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Fig. 2-21: Evolution of InGaAs VNW diameter with number of digital etch cycles in (left) 10%
HCI:IPA, and (right) 10% H.SO4:methanol. The legends indicate the initial VNW diameter

after RIE.
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Etch-rates were obtained by measuring VNW diameter by SEM on sets of 12 NWs of various
initial diameters. Figs. 2-21(a) and (b) show the evolution of InGaAs VNW diameter in alcohol-
based HCI and H2SO4, respectively. The average radial etch rate in HCI:IPA is 1.0 20.04 nm/cycle,
and in H2SO4:methanol is 1.2 £0.05 nm/cycle. These values closely match the etch rate using

H2S0O4:DI water which is 1.0 0.1 nm/cycle.

Fig. 2-22 summarizes the mechanical yield of arsenide VNWs after 7 cycles of digital etch with
various nominal final diameters, for water as well as alcohol-based acids. The superiority of the
new technique is clearly demonstrated. It should be noted that 7 cycles of digital etch cycles is a
harsh process that is typically unnecessary in actual device fabrication. In a shortened process,

higher mechanical yield at smallest diameter may be possible.
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Fig. 2.22: Mechanical yield of InGaAs VNWs after 7 cycles of digital etch in various solutions

and rinsing methods.
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It is worth noting that, although there are other drying methods which can minimize surface
tension, such as critical point drying (CPD), a solvent-based treatment is most compatible with
CMOS manufacturing. Drying methods such as CPD are often time consuming, making them
infeasible when multiple cycles of digital etch are required. In addition, breakage of VNWSs can
happen in both the etching and rinsing steps. To clarify the relative contributions, Fig. 2-22
includes the mechanical yield of methanolic H.SO4 digital etch, and aqueous HCI digital etch with
IPA rinsing. Although IPA rinsing improves the mechanical yield of HCI:H2O digital drastically
at D =12 nm, it shows no difference at and below 10 nm. Interestingly, the H.SO4:methanol digital
etch shows much better yield at the smallest final diameter of 6 nm than the HCI:IPA digital etch,
even though both methods are rinsed with IPA. This is shown in Fig. 2-20(c) and (d). This is likely
due to the smaller viscosity of methanol (0.54 cP) than that of IPA (2.0 cP), which causes less drag
force on the nanowire during etching. These results indicate that NW breakage occurs during the
oxide etch process as well as while rinsing, and the oxide removal is the most aggressive step

below D =10 nm.

In summary, by developing a digital etch scheme utilizing alcohol-based etchants, digital etch on
the antimonide material system is demonstrated for the first time. Moreover, this alcohol-based
etching scheme exhibits excellent mechanical yield at sub-10 nm critical dimensions. This section,
together with the previous one, focused on the fabrication of the intrinsic part of the transistor. The

next section will focus on an extrinsic part of the device, the ohmic contact.

65



2.4 Ohmic Contact

2.4.1 111-V Ohmic Contacts
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Fig. 2-23: Contact resistivity vs. metal film resistivity of Si-compatible ohmic contacts to n*-

InGaAs. The target regime is the bottom left corner.
As the scaling of the CMOS transistors advances by following Moore’s law, the device pitches of
Si and I11-V logic MOSFETSs have reached below 50 nm [1], [82]. At this device dimension,
transistor performance is largely limited by extrinsic parasitics, such as the ohmic contact
resistance. In current technologies, the transistor saturation current is estimated to be degraded by

more than 40% by series resistance. At the insertion point, I11-V logic transistors must have
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contacts in the 10-15 nm length range while delivering a total source resistance 50 Q-um [83]. To
meet this goal, the metal to semiconductor contact resistivity pc needs to be lower than 5-10°
Q-cm?. Many experimental efforts have been made to optimize Si ohmic contacts to achieve ultra-
low contact resistivities [18], [84], [85]. Low values of pc for contacts on n*-InGaAs between 0.4
and 3.2-10® Q-cm? have been reported [86]-[90]. Fig. 2-23 shows a benchmark of various ohmic
contacts in the n*-InGaAs system, with the goal regime noted in the lower left corner. Current I11-
V contact technology is still insufficient, but it is approaching the goal. On the other hand, a low-
resistance ohmic contact technology is particularly lacking for the antimonide-based p-channel
MOSFETs. In this section, the goal is to investigate and develop an ohmic contact technology for

the InGaSb p-channel MOSFETSs.

2.4.2 P* Capping Layer Design

For InGaSb-based p-channel MOSFETS, InAs is commonly used as the cap material due to the
high etching selectivity that it presents with respect to other antimonide compounds. To our
knowledge, the best reported contact resistivity on p*-InAs is 1.6:10° Q-cm? using Pd alloyed
contacts [91]. While there are low-resistance contacts for n-type FETs with n*-InAs caps [92], the
contact resistance on p*-InAs is inadequate to meet the needs of a future nanoscale CMOS

technology.

In this thesis, ohmic contacts for InGaSb MOSFETSs using a novel p*-InAs/InAsSh composite
capping layer are fabricated and characterized. The motivation for this new cap structure stems

from the lattice mismatch that typically exists between the InAs cap and the InGaSb, which has an
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InSb composition that ranges from 20% to 40%. The resulting 1.2% to 3.2% lattice mismatch
limits the InAs cap thickness. Thicker caps develop a large density of defects that yield a poor
contact resistance. To address this problem, we introduce a thick p*-InAsSb subcap that is lattice-
matched to the channel under a thin p*-InAs surface layer. This maintains a high crystallographic

quality through the entire cap, resulting in better electrical characteristics.

Two study the effect of the capping layer designs, two InGaSh quantum-well FET heterostructures
were grown by molecular beam epitaxy on GaAs substrate [26]. Fig. 2-24 shows a cross-section
of one of them which features a highly-doped p-type InAs/InAsp.g5Sho.15 5/30 nm bilayer cap (Na
=1-10% cm for both layers). The second heterostructure is identical, except for the cap, which is

comprised of a 20 nm InAs single-layer with the same doping.

p+IinAs 5 nm (Be ~1e19)
p+InAsSb 30 nm (Be ~ 1e19)

INg 20Alg g0Sb 4 Nnm
Aly 70Gap 3pSb 3 Nnm

INg 40Gag gSb 7.5 nm
Alp70Gag 30Sb 21 nm

Alg70GagapSb 1.5 pm

GaAs regrowth
S.I. GaAs

Fig. 2-24: Schematic of heterostructure with p*-InAs/Ing gsAso.15Sh composite capping layer.
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Conventional and circular transmission line model (TLM and CTLM, respectively) test structures
were fabricated to characterize various ohmic contact schemes. The samples are first degreased
with organic solvents and patterned by photolithography. They are then ashed for 5 minutes in
oxygen plasma to remove residual resist and dipped in 10% HCI to remove the native oxide. The
samples are immediately transferred to an electron-beam deposition system and brought to vacuum
(< 1-10°® Torr). Metal contacts are subsequently deposited and lifted-off in acetone. Mesa isolation
is then performed by means of BCls plasma etching (mesa isolation can be skipped for CTLM).
Finally, sequential rapid thermal annealing (RTA) at increasing temperature is carried out on each
sample in N2 in 3 min steps. During RTA, samples are placed upside down on a GaAs proximity

cap to prevent surface decomposition [93].

Fig 2-25: SEM picture of fabricated (left) TLM structure with Ni/Pt/Au (15/10/100 nm)
contacts that are 6 pm apart, and (right) CTLM structures with the same Ni/Pt/Au contacts,

with various contact spacings.

Fig. 2-25 shows SEM images of finished TLM and CTLM test structure. TLM characterization is

performed using four-point probe measurements. Results obtained from TLMs and CTLMs were
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found to be consistent. All sample dimensions were measured by SEM to ensure accuracy in

extracting low values of the contact resistance, Rc.
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Fig. 2-26 Electrical measurements (left) and SEM images of virgin semiconductor surface
(right) on Pd/Pt/Au TLMs on: (a) p*-InAs cap structure, and (b) p*-InAs/InAsSh cap structure.
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Fig. 2-26 shows TLM data for Pd/Pt/Au (10/10/150 nm) contacts on both heterostructures,
annealed at 200<C. The sample with the InAs single-layer cap exhibits R¢ of 2.23 kQ-um and Rsh
of 1.56 kQ/o, while the InAs/InAsSb bilayer cap yields Rc of 560 kQ-um and Rsh of 1.32 kQ/0o,
representing a 4X improvement in the contact resistance. 200C was selected as optimum
annealing temperature based on the literature and our own sequential annealing experiments

confirmed the same temperature behavior, as shown in Fig. 2-29(b).

SiN, Ti/pt/au  PA/P/AU 3

1 ol

p* cap
InAlISb/AlGaSb
7.5 nm InGaSb

1.5 um AlGaSh

S.l. GaAs

Fig. 2-27: Schematic cross-section of InGaSb p-channel QW-FETs fabricated. Device

heterostructure is the same as in Fig. 2-24.

The improvement in the contact resistance in the composite cap is likely due to its better
crystallographic quality. SEM examination of the sample with the pure InAs cap reveals a surface
with line defects, as shown in Fig. 2-26(a), presumably due to excessive tensile stress in the InAs

layer. Use of a lattice-matched InAsSb sub-cap mitigate the stress and results in a smooth surface,
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as shown in Fig. 2-26(b). To verify that the observed defects in the InAs cap sample were limited
to the cap, the InAs layer was removed in a 3:1 citric acid/H20; solution, with the 4 nm InAISb

layer serving as an etch stop. The exposed surface underneath was smooth and free of the line

defects.
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Fig. 2-28: Output characteristics of InGaSb QW-FETs with Lg = 0.5 pm and with both cap
designs. Vgs is swept from -0.5 V t0 0.3 V, in -0.2 V steps.

To confirm the device worthiness of the new cap design, InGaSb p-channel quantum-well-FETs
(QW-FETSs) with Lg = 0.5 pm using both cap structures were fabricated. Fig. 2-27 shows a cross-
section schematic of the finished device. After standard cleaning, Pd/Pt/Au contacts are deposited,

lifted-off, and annealed at 200<C as in the TLM process. Then, 50 nm of SiNy is deposited via
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PECVD. The 0.5 m gate opening is defined by electron-beam lithography and the dielectric is
patterned by SFe/O2 plasma etching. The cap is recessed in 3:1 citric acid:H2O> solution. The
Ti/Pt/Au gate metal is patterned and deposited by electron-beam evaporation and lifted-off. Finally,

mesa etch is done using lactic acid/H20; wet etch.

Fig. 2-28 shows the output characteristics of a finished InGaSb p-channel QW-FETs. The device
with the composite cap exhibits a drain current that is more than double that of the device with the
InAs-only cap. Both devices have ungated region of 2 m on both sides of the channel. The InAs
cap sample has Ron of 34.4 kQ-um and a peak gm of 26 S/pm at Vps = -2 V. By contrast, the
bilayer cap sample has Ron of 12.8 kQ-um and a peak gm of 72 |S/pam at Vps = -2 V. These results
demonstrate that the greatly improved contact resistance obtained in the new cap structure does

translate into major enhancements in device electrical characteristics.

2.4.3 Nickelide Contacts and Nano-TLM Characterizations

It has recently been shown that Ni alloyed contacts are promising candidates for FETs using both
n+-InAs and p+-GaSb [18] cap structures. After annealing, Ni reacts with InAs to form an alloyed
NilnAs layer like in silicide contacts, and therefore it is sometimes called “nickelide”. This
motivates us to explore Ni/Pt/Au (15/10/100 nm) contacts on the new p* InAs/InAsSb cap
structure. Fig. 2-29 shows CTLM resistance measurements and the extracted value of pc in
sequential annealing experiments. At 350<C, as shown in Fig. 2-29(a), we obtained the lowest
contact resistance of 45.3 Q-um. This corresponds to pc = 1.3-10® Q-cm?. Above 350<C, the metal

starts to delaminate, and the contact resistance increases rapidly. Similar contact resistance
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degradation at around this temperature has also been observed in the Ni-InGaAs contact system
[94], [95]. In 6 sets of test structures consisting of a total of 72 CTLMs, the average pc obtained

after 350°C anneal is 4.5-10® Q-cm? with a standard deviation of 3.1-10® Q-cm?. The average Rc

is 70 Q-um.
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Fig. 2-29: (a) Electrical measurements on a CTLM with Ni/Pt/Au contacts on the p*-
InAs/InAsSh cap structure after 3 min 350 <C annealing. (b) Evolution of contact resistivity of

Pd/Pt/Au and Ni/Pt/Au contacts in a sequential annealing (3 min) experiment.

To characterize low contact resistance ohmic contacts, it is critical to note that the extraction of R¢
is extremely sensitive to the experimental data. As shown in Fig. 2-29, Rc is extracted at the
intercept of zero contact spacing, Lq. Here, R is very close to zero, and the contact spacing of the
conventional TLM structures is larger than 3 um. Therefore, accurate extraction of small R¢ is
challenging. To address such challenge, we developed a novel test structure called nano-TLM. Fig.
2-30 (a) shows a schematic of the nano-TLM test structure. The shaded area indicates the active

semiconductor region, on which there are two parallel thin metal contacts of length L¢, width W,
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separated by a distance Lq. A unique aspect of this structure is that the two nano-scale metal lines
can be contacted at both ends separately. This enables the two Kelvin measurement schemes
illustrated in Fig. 2-30(b). Ry, the parallel terminal resistance, is typical of the traditional TLM
structure. This structure additionally allows the measurement of Rx, the cross terminal resistance.
The combination of R and Rx enables accurate extraction of the contact resistance, R,
semiconductor sheet resistance, Rsh, and ohmic metal sheet resistance, Rshm. In actual
measurements, the forcing and sensing ports are interchanged so that four sets measurements per
elemental test structure can be performed. Another advantage of nano-TLM is that the two contacts
can be placed closer at sub-micron Lg, which allows more accurate extraction of Rc. The terminal

resistances, R and Rx can be expressed as:

R w 5
R” e i 7. csch (—) ()
LTx LTx
RTLM [ ( W ) W RSth (6)
o= R0 g () 1 o ()|
ST e Vo R V] T

Where Lty is the transfer length in the longitudinal direction along the metal contacts,

7
L — L . RTLM ( )
Tx C ZRShm
, and Rtuwm is the conventional TLM resistance.
Rriy = 2R+ Rgp - Ly (8)

Note that as Rsnm goes to zero, both (5) and (6) converge to Rtum/W, which coincides with the

classic normalized TLM result.
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Fig. 2-30: (a) Schematic top down view of a single nano-TLM test structure. (b) Two Kelvin

measurement schemes used to characterize the nano-TLM test structure.

Hence, we also fabricated nano-TLMs with contacts length as small as L = 80 nm and contact
separation down to Lq = 130 nm, patterned by electron-beam lithography. Fig. 2-31(a) shows a
fabricated nano-TLM test structure. Fig. 2-31(b) shows measurements of nano-TLMs with nano-
contacts of average measured L. of 100 nm. Because R and Rx differ by less than 1%, only data
for R are displayed. From them, we can extract an average R¢ of 80.9 Q-um (for L¢ > L, the
transfer length) and an average pc of 5.3-:10®8 Q-cm?, with standard deviations of 10 Q-um and
2.4-10® Q-cm?, respectively. This, to the author’s knowledge, is the lowest reported contact
resistivity to p-type InAs. The nano-TLM results verifies the low Rc extracted by conventional
CTLM measurements. The transfer length of the Ni ohmic contacts is estimated about 60 nm,

based on the pc and Rsn extracted by the nano-TLMs.
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Table 3-2 summaries the Au-based ohmic contacts schemes that have been attempted in this thesis

work and in the literature on other types of capping semiconductors, such as GaSh, GaAsSb, and

InGaSbh.

Experimental
Nano-TLM model

R, =80.9 Q.um
R, =1.3 kQ/"
p, =5.3.10"° Q.cm?]

4
L, (um)

(a) (b)

Fig. 2-31: (a) SEM image of a Ni/Pt/Au nano-TLM test structure, with 80 nm contact length,

130 nm contact spacing, and 1 pm width. (b) Electrical measurements in nano-TLMs with
nano-contacts with average L. of 100 nm.

The work of Oxland et al. indicates that under similar conditions to ours, Ni on InAs forms a
shallow reaction region of 8.5 nm depth [96], as shown in the right TEM image in Fig. 2-32. We
also observed a very shallow nickelide region of approximately 10 nm in other I11-V compounds
such as GaAsSb after 1 min RTA at 350<C, as shown in the left TEM image in Fig. 2-32. This
suggests that the top InAs layer in our cap structure is mostly consumed in the reaction and that a

direct contact exists between the reacted region and the underlying InAsSb layer. This might be

the key behind these excellent results.
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Semiconductor| Metal |N,(cm?®)[R. (Q-um)|p_ (Q-:cm?)| Reference
InAs Pd/Pt/Au 2.0E+19 N/A 1.6E-06 Lysczek, 2006
1.0E+19 2230 3.2E-05 Our work
Pd/Pt/Au 560 2.4E-06
InAs/InAsSb Ni/Pt/Au 1.0E+19 453 < 1.3E-08 Our work
Mo/Ti/Au 1700 1.6E-05
Ni/Ti/Pt/Al 93 4.1E-08
Ti/Pt/Au 6.6E+16 N/A 5.8E-06 Vogt, 1996
Ni/AU_ | ¢ opyqg | N/A [ les5™3e5 |y o 1509
GaSh Pd/Au N/A 3e-7~3e-6
Pd/Pt/Au 12.7 7.4E-06
Mo/Ti/Au | 2.0E+19 8.7 2.9E-06 Our work
Ni/Pt/Au 10.2 3.0E-06
GaAsSb Ni/Pt/Au | 2.0E+19 36.1 1.7E-07 Our work
InGaSb Pd/W/Au | 1.8E+18 80 3.0E-07 Wang, 2003

Table 2-2: Summary of ohmic contact schemes for InGaSh p-channel MOSFETS in this thesis

work and in relevant literature.

NilnAs

Ni-GaAsy :Sbo < T

GaASO.SSbO.S é : - IAIAsSb

Fig. 2-32: Cross-section TEM images of (left) Ni-GaAsSb contact region after 1 min RTA at
350<C, and (right) Ni-InAs contact after 1 min RTA at 350 <C [40].
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Fig. 2-33: (a) Si compatible Ni/Ti/Pt/Al ohmic contacts to p*-InAs measured by circular TLM.

1

(b) pc evolution vs. annealing temperature in sequential annealing experiments.

2.4.4 Si-compatible Nickelide Contacts

As we have found that Ni/Pt/Au as a promising contact scheme to p*-InAs, we have also
investigated Si-compatible ohmic contact schemes using either Ni alone or a Ni/Ti/Pt/Al stack.
Similar circular TLM test structures were fabricated with a Ni/Ti/Pt/Al (15/10/15/100 nm) contact
stack on the p*-InAs/InAsos5Sho15 composite cap (Na = 1-10'° cm). Fig. 2-33 shows contact
resistance measurements, and the evolution of pc versus annealing temperature in sequential
annealing experiments. A minimum contact resistivity of 3.5-10® Q-cm? is obtained after one-
minute annealing at 400<C. This is the first demonstration of Si-compatible contacts to p*-InAs
with ultra-low contact resistivity. This is the contact process that is incorporated in the first and

second generation of InGaShb p-channel FinFETSs described elsewhere in this thesis.
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In the third generation of the InGaSb p-channel FinFETS, the doping of the composite capping
layer is increased from 1-10*° cm™ to 3-10%° cm to further improve the contact resistance. Fig. 2-
34 (a) shows the ohmic contact resistances, measured by circular TLM test structures. Fig. 2-34 (b)
benchmarks R obtained by Mo, W, and Ni contacts as a function of annealing temperature. Ni
ohmic contacts annealed at 350 <C for 3 min yield a record contact resistance of 22.3 Q-um, which
corresponds to an ultra-low contact resistivity of 4.6-10° Q-cm?. This Rc is a factor of 4X better
than the previous demonstration [97], and it arises from the use of a composite p*-cap and a much

higher doping level.
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Fig. 2-34: (a) Ni TLM resistance on p*-InAs with Na = 1-10'° cm™ and 3-10'° cm?. (b) R

benchmark of Mo, W, and Ni ohmic contacts and earlier results.
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2.5 Chapter Summary

In this chapter, we have discussed three key process components required in InGaSb p-channel
FinFET fabrication. First, a fin reactive ion etching technology for InGaSb devices has been
developed for the first time. This novel RIE technology is able to etch antimonide-based and
arsenide-based fins and vertical nanowires simultaneously, with high aspect ratio (Ws < 20 nm, H¢

> 200 nm), vertical profile (> 85<), and smooth sidewall.

Second, to mitigate dry-etch damage and further scale-down the device size, an antimonide-
compatible digital etch process has been developed for the first time, as well. The antimonide-
compatible digital etch features a novel fully alcohol-based process and shows a consistent digital
etch rate of 2 nm/cycle on the antimonides. Antimonide fins and vertical nanowires with fin width
of 10 nm and diameter of 9 nm have been demonstrated using this technique. Also, alcohol-based
digital etch addresses the limitations of the conventional digital etch approach in enabling
structures with sub-10 nm 3D features. It shows remarkable improvement in the mechanical yield
of the nanowires at sub-10 nm regime. Narrowest InGaAs nanowires with diameter of 5 nm and

height of 230 nm (aspect ratio = 46) have been demonstrated.

Last, ohmic contacts on antimonide-based p-channel MOSFETSs have been systematically studied
and surveyed. To improve the contact quality, a novel composite InAs/InAsSb capping layer has
been introduced to relieve the stress-induced defects. Si-compatible nickelide contacts have been

fabricated with contact resistance of 93 Q-um. With increased p* doping level at 3-10'° cm™3, the
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contact resistance is further reduced to 22 Q-um. This corresponds to a record-low contact

resistivity of 4.6 -10° Q-cm?.

The critical technologies described in this chapter lay the foundation for the device integration and
demonstration in Chapter 3 and Chapter 4. Using these process components, the demonstration of
the first InGaSb p-channel FinFETs becomes possible. The detailed process integration of InGaSh

FinFETSs with be discussed in the next chapter.
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CHAPTER 3. InGaSb FinFET Fabrication

3.1 Process Overview

In the previous chapter, the key missing technological components of InGaSb p-channel FinFETs
are developed. The aim of this chapter is the development and integration of a self-aligned FInFET
device architecture that is suited for logic applications. Previous works in our group on InGaAs n-
channel planar MOSFETs and InGaShb planar p-channel QW-FETs [31], [98], [99] have developed
a successful 111-V fabrication template that is well suited as a starting point for the InGaSb FInFET

fabrication.

In this thesis, a contact-first, gate-last process scheme is chosen. There are several advantages with
this approach. First, a contact-first process helps produce lower contact resistance. Depositing
contact metal on the fresh sample surface minimizes surface contamination and damage during the
process. Second, a contact-first scheme makes a self-aligned process relatively easy. For a gate-
first or fin-first process, processes such as dummy-gate, ion implantation, or 111-V regrowth are
needed. Second, a gate-last process leaves the fin RIE, digital etch and gate stack deposition near
the end of the process, so that the sidewall is exposed to fewer processing steps, especially for

processes involving high temperature or plasma.
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There are also several disadvantages. First, a contact-first process makes it difficult to remove the
HSQ fin hardmask. This is because a spacer layer is needed to prevent a short between gate and
source/drain contacts, and the spacer (typically SiOx or SiNx) may have poor etching selectivity to
HSQ. Second, since the contact metal is deposited first, the highest temperature in the rest of the
process cannot be excessively high. In this case, for nickelide contacts, the processing temperature
should not exceed 400<C in the subsequent steps, indicated by the annealing experiment in the

previous chapter (Fig. 2-33).

In this chapter, three generations of InGaSb p-channel FINFET fabrication processes will be
discussed. The first generation will be described in detail as a generic process flow. Processes that
are different from this generic process flow in later generations will be described separately. The

chapter starts with the designs of the starting InGaSh heterostructures.

3.2 Heterostructure Designs and Growth

A description of the starting heterostructure used for the first generation InGaSb p-channel FInFET
fabrication in this work is shown in Fig. 3-1. The wafer was grown by molecular beam epitaxy
(MBE) by Sandia National Laboratories. It consists of a 10 nm Ino27Gao.73Sb quantum-well
channel on an AlAso.16Sho.gs buffer grown by MBE on (100) semi-insulating GaAs substrate. The
Ino.27Gao.73Sh channel is compressively stressed at 2.26%. There is a 5 nm Be delta-doping layer
(Na = 1-10'2 cm3) 5 nm below the Ing27Gao 73Sb channel, within the AlAso.16Sho.ss buffer. For the

first generation FinFETS, a single p*-InAs cap layer is used for simplicity of the growth.
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Layer Thickness (nm) Dopant  Level (cm™)

cap InAs 30 Be 110
etchstop {  In Al 5Sb 4 UID
channel {  Tng,Gag -5Sb 10 UID
AlAs; 16Sbg g4 5 UID
buffer 3-doping 5 Be 2:1018
AlAs; 16Sbg g4 1000 UID

GaAs Substrate S.L

Fig. 3-1: Description of the starting heterostructure used in the first generation InGaSb p-

channel FINFET. The wafer was grown by the Sandia National Laboratories.
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Fig. 3-2: Calculated band structure of the heterostructure in Fig.
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The 4 nm Ing.2AloeSh layer below the p*-InAs serves as the etch stopper for the recess etching of
the cap and also serves as a passivation layer for the Ing27Gao.73Sb channel. Fig. 3-2 shows the
band diagram of the heterostructure at zero bias at room temperature, calculated by 1-D Poisson-
Schralinger software Nextnano. The Fermi-level pinning position for the InAs cap is adopted from

[100], which is assumed to be pinned within the conduction band.

Layer Thickness (nm) Dopant  Level (cm™)
InAs 5 Be 1-10%°
P ﬂ{ InAs, gsSby 5 30 Be 1-10%°
etchstop {  Ing,Al5Sb 4 UID
Al ,Ga,;Sb 3 UID
channel {  Tn,,GaoSb 7.5 UID
Al ,Ga,;Sb 21 UID
buffer d-doping 5 Be 2-1018
Al ,Ga,;Sb 1500 UID
GaAs Substrate S.I.

Fig. 3-3: Description of the starting heterostructure used in the second generation InGaSb p-

channel FinFET. The wafer was grown by the Naval Research Laboratory.

Fig. 3-3 and Fig. 3-4 shows the starting heterostructures used for the second and third generations
of InGaSb p-channel FinFET fabrications. The two structures were grown by molecular beam
epitaxy by Naval Research Laboratories and the Korea Institute of Science and Technology,
respectively. Both of the heterostructures incorporate the composite p*-InAs/InAso s5Sho.15 cap, as
described in Chapter 2. In addition, both designs were grown on AlGaSb buffer instead of AIAsSb.
In Fig. 3-4, the third generation heterostructure, a composite Alo.sGao.2Sb/Alo.93Gao.07Sb is grown

to increase the resistivity of the buffer.
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Layer Thickness (nm) Dopant  Level (cm™)
InAs 5 Be 3-10%°
cap
IHASO_SSSbO_li 30 Be 3'1019
etchstop -  Iny Al ¢Sb 6 UID
channel {  ng25Gag 55Sb 23 UID
Al, sGa,,Sb 5 UID
d-dopin 5 Be 1-1018
buffer — pine
Al, sGa,,Sb 30 UID
Alj 93Ga, o7Sb 970 UID
GaAs Substrate S.I.

Fig. 3-4: Description of the starting heterostructure used in the third generation InGaSb p-

channel FINFET. The wafer was grown by the Korean Institute of Science and Technology.

The design of channel layer is different for these two heterostructures, as well. For the second
generation FINFETS, the indium composition of the InxGaixSb is increased from 27% to 40%.
Higher indium composition increases the hole mobility in the channel. The channel is therefore
compressively strained at 2.01%. The trade-off is the lower critical thickness allowed for the
channel layer due to the larger lattice mismatch. In this case, the channel height is reduced to
7.5 nm. In the third generation FInFETS, the indium composition is reduced to 25%. This reduction

allowed an Ing2sGag75Sh layer as thick as 23 nm, to take fuller advantage of a FinFET device

architecture. In this case, the channel is less compressively strained, at 0.96%.

Fig. 3-5 shows the calculated band structure of the third generation heterostructure at room

temperature. Both of the thickness of the InGaSb channel and the level of compressive strain have
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Fig. 3-5: Calculated band structure of the heterostructure in Fig. 3-4.

an impact on the hole mobility in the channel. As shown in Fig. 3-6 [101], for an InGaSb channel
with higher strain, the hole mobility is more sensitive to the thickness of the channel. The thicker
the channel layer, the lower the mobility. The degraded mobility in thick InGaSb channel is due
to lattice relaxation. Therefore, the design of channel thickness and strain needs to be carefully

chosen for the FinFET architecture.

Antimonide-based heterostructure epitaxial growth is particularly challenging because of the high
lattice mismatch between the epi-layers and the most common substrates, typically GaAs or InP.
In this thesis work, it is very fortunate that we have worked with groups with state-of-the-art
antimonide growth technologies. As an example of the complexities involved, the growth

procedure of the third generation heterostructure is explained in the next paragraph.
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Fig. 3-6: Room temperature hole mobility in InGaSb quantum well with 1% and 1.5%

compressive strain and various channel thickness (adopted from [101]).

The wafer was grown using Riber Compact 21E solid source MBE system at KIST. First, a semi-
insulating undoped (100) GaAs substrate was introduced to the MBE chamber. Then, the surface
oxide was removed thermally at the substrate temperature (Ts) of 630€ under As dimer ambient,
and a 200 nm thick GaAs regrowth layer was grown at Ts = 580 €. Subsequently, a 950 nm thick
Alo93Gaoo7Sb metamorphic buffer layer was grown. The AlogsGao1Sb buffer has high crystal
quality, as checked by X-ray rocking curve. The buffer surface has root mean squared roughness
(RMS) of 0.45nm, as measured by atomic force microscopy (AFM). The buffer also has a high

resistivity of 4.3-10% Q-cm. The Alo9Gao.1Sb buffer was grown in optimized condition of Ts =
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530 <€ and I11/Sh; flux ratio of 10/12. From x-ray diffraction (XRD) measurement, the buffer layer

is almost fully relaxed, setting the lattice constant of 6.13 A.

Afterwards, a 30 nm buffer layer of AlosGao.2Sh was grown to reduce the oxidation rate. Then, the
growth temperature is reduced to 430 <€ to grow the channel layer, which consists of 23 nm of
Ino.2sGap 75Sh. Finally, the top barrier layer of 2 nm Ing20AlosShb and the 30/5 nm p*-
InAso.85Sho.15/INAs alloy structure is grown through the Sb-for-As anion exchange process between
the Ino20Alo.sSb and p-InAsossSho.1s interface [102], [103]. High p-type doping (3-:10*° cm®) of
p*-InAsos5Sho.1s and p*-InAs were formed using delta-doping method with Be dopant source. P-
type delta doping layer (5-10%* cm™) in the AlosGao2Sh layer was formed at 5 nm below InGaSh
channel. From XRD measurement, the Ino 25Gao.7sSb channel is found to be -1.09% compressively

stressed.

I Buffer surface

RMS 0.65nm

Fig. 3-7: AFM image of (a) as-grown MBE heterostructure and (b) of the surface of the graded

buffer structure. Figure courtesy of KIST.

90



InAsSb

Fig. 3-8: TEM lattice image of the channel and spacer region of the grown heterostructure.

Figure courtesy of KIST.
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Fig. 3-9 Summary of electrical properties of the InGaShb heterostructure in the third generation
FinFETSs.

Fig. 3-7 shows the AFM measurement of the finished heterostructure surface, and the
AlosGao2Sh/Alo.97Gan.03Sh graded buffer surface measured before the growth of the layers on top.
The RMS roughness is 1.29 nm and 0.65 nm, respectively. Fig. 3-8 shows a cross-section TEM
image of the heterostructure. The interfaces are atomically smooth. Fig. 3-9 summarizes the key

electrical parameters of the grown wafer. The hole mobility in the channel is as high as
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1175 cm?/V-s, measured by Hall measurement at room temperature. These characterizations

confirm the high-quality growth of the antimonide heterostructure in this work.

3.3 Process Flow

This section will describe the individual modules of the process flow used to fabricate the self-
aligned devices. The overall structure of the process flow of the three generations of InGaSh

FinFETSs is the same. Therefore, a generic description is given.

The device process starts with contact formation. A two-step e-beam lithography process is used
to define the gate and mesa region. The first step defines the gate foot and spacers between the
source/drain contacts which results in a transistor that is self-aligned. Then, fin RIE is carried out,
which also serves the purpose of device isolation. This is followed by digital etch which is
introduced in the third generation FinFETs. Afterwards, the gate dielectric and gate metal is
deposited and patterned. Lastly, the device is finished with a via process and pad metallization. An
overview of the process flow is shown in Fig. 3-10. The detailed recipes are summarized in the

Appendix.
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S/D direction Gate direction

(1) Starting heterostructure

(11) Ohmic contacts

(111) Contact spacer

(1v) Gate foot definition

Fig. 3-10: InGaSh p-channel FinFET process flow. On the left column is the cross-section along
the source-drain direction and on the right column is the cross-section normal to the channel

direction.
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S/D direction Gate direction

Resist

(v) Mesa definition

(v1) Cap recess

(vii) Gate dielectric & metal definition

Fig. 3-10: (continued) InGaSb p-channel FINFET process flow. On the left column is the cross-
section along the source-drain direction and on the right column is the cross-section normal to
the channel direction.
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S/D direction Gate direction

Sio,
| |

Heterostructure

|.::

(1x) Via patterning

(x) Metallization

Fig. 3-10: (continued) InGaSh p-channel FinFET process flow. On the left column is the cross-
section along the source-drain direction and on the right column is the cross-section normal to

the channel direction.

3.3.1 Ohmic contact

The process begins with cleaving the starting heterostructure pieces of 1x1 cm?in size, and then

the cleaved pieces are cleaned in DI water, acetone, methanol, and IPA in this order, each for about
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2 minutes, and are dried by N2. Then, PMMA (polymethyl methacrylate) is spin coated at spin
speed of 3500 rpm for 60s, resulting in a thickness of 500 nm, followed by a baking step of 3
minutes at 180 <C. Then, PMMA is exposed using an Elionix ELS-F125 electron-beam lithography
system. The electron gun has an accelerating bias of 125 keV, and the beam current is 10 nA, and
the electron dose is between 1200 to 1400 pC/cm?, depending on the pattern size. After the
exposure, PMMA is developed in 1:3 MIBK (methyl isobutyl ketone) to IPA for 90 seconds. After
development, the sample is cleaned with 1:3 HCI:H,O for one minute to remove the native oxide
on the p*-InAs surface. Immediately after the HCI clean, the sample is loaded into vacuum
chamber of a Temescal FC-2000 electron beam evaporator. Ni, Pt, and Au of thickness 15, 10, and
20 nm are deposited sequentially at a base pressure lower than 8-107 Torr. The deposition rate is
1 AJs for each metal. After the e-beam evaporation, the sample is soaked in acetone overnight to
lift-off of the ohmic contact metal. The alignment marks for later processing step are also patterned

and deposited during this step.

It is worthwhile to mention here that it is not an ideal contact-first process, because the Ni ohmic
contact is lifted-off. For an ideal contact-first process, the contact metal is supposed to be deposited
at the very beginning of the process on fresh semiconductor surface. Such is the case in some
InGaAs MOSFETSs in which Mo or W is used as the contact metal [31], since Mo and W contacts
can be patterned by fluorine-based plasma. On the other hand, for Ni contacts, patterning via dry
etching is not readily done because it usually involves chlorine-based plasma, which may also etch
the underlying semiconductor. Some other work has developed possible lift-off free Ni contact
methods, by alloying Ni and I11-V at high temperature (> 300 <C) and then selectively etching

away the unreacted Ni by HCI [46], [96]. However, according to our experience, completely clean
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wet etching of Ni after RTA is not very successful. For simplicity of the FInFET fabrication

process, this technique is not adopted in this thesis.

3.3.2 Gate-foot and mesa definition

After the ohmic contact, the gate-foot and mesa of the transistor need to be patterned to define the
intrinsic region of the device. First, a 30 nm SiOz layer is deposited by chemical vapor deposition
(CVD) at 300<T to serve as the spacer between the source/drain contacts and the gate. Note for a
FiNFET process, the total thickness of the ohmic contact and SiO, spacer cannot be too thick,

because the HSQ hardmask for the fin RIE is at most about 100 nm thick. To obtain a CVD SiO2
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Fig. 3-11: CVD SiO; deposition thickness vs. deposition, with pre-deposition stabilization time

of 3 minutes.
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layer as thin as 30 nm, a long stabilization time is critical. Fig. 3-11 shows the deposition rate of

the optimized high-frequency SiO> CVD with a pre-deposition stabilization time of 3 minutes.

After spacer deposition, the gate foot is to be patterned. To achieve a short gate length, an e-beam
lithography process is needed. Common resist used for this step is PMMA or ZEP-520A diluted
in anisol (ZEP is from Nippon Zeon Corp.). Both resists have been used for this step, though ZEP-
520A is preferable for its superior dry etch resistance over PMMA. The e-beam resist is spin coated
at 3000 rpm and baked at 180 <C for 2 minutes. Then, the e-beam resist is exposed by Elionix with
a beam current of 1 nA. To obtain narrow gate length, the dose of this exposure is critical, so a
dose test is typically done before the actual exposure. After the e-beam lithography, the e-beam

resist is developed in 1:3 MIBK:IPA for PMMA, or in xylene for ZEP, respectively.

The SiO; is etched with a CF4 based chemistry, with addition of H; to the etching to improve
selectivity. The etch rate of SiO> is calibrated by a Filmetrics reflectometer, and the etching profile
of the SiOz is inspected by cleaved test samples using SEM. The ratio of CF4 to Hy is optimized to
32:3 to obtain good selectivity and anisotropy. A cross-section SEM image of the etched gate foot
region with Lg = 30 nm is shown in Fig. 3-12. After the etching, the resist is removed in hot NMP

for one hour, followed by ashing of 10 minutes at 1 kW to clean the resist residuals.
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Fig. 3-12: Cross sectional SEM images for the ZEP/SiO, patterns for the gate-foot definition.

With the gate-foot patterned, the mesa area is defined next. Negative e-beam resist Ma-N 2403
from Micro Resist Technology is used as the mask. To improve the adhesion of Ma-N, the sample
is pre-baked in oven at 120 <C for 10 minutes. Then, Ma-N is spin coated at 3000 rpm for 1 minute
and baked at 80<C for 1 minute. E-beam exposure of Ma-N is done with beam current of 10 nA
and a dose of 400 pC/cm?. Ma-N is developed in MICROPOSIT MF CD-26 developer for 1 minute.
Then, the SiO2 spacer is dry etched with the same CF4/H2 plasma as in the previous step. After the
etching, Ma-N resist is removed in hot NMP. Extra ashing is needed if there is resist residuals

remained.

Next step is the recess etching of p*-InAs/InAsSb cap. With the Ing2AlosSh etch stopper,
conventional wet recess using a mixture of citric acid and hydrogen peroxide is used with a volume
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ratio of 10:1. The etch rate is approximately 0.7 nm/s. However, for devices with narrow gate foot,
the etch rate can be lower and less uniform. Therefore, constant agitation is required during the
etching, and sometimes ultrasonic can be used to assist the etching. The cap is slightly overetched

to ensure a clean surface, which results in an undercut of 40 nm and above.

InAISb

Fig. 3-13: Tilted SEM image of the gate foot region with the p*-cap recessed with (a) 10:1 citric

acid:H20., and (right) a two-step dry-wet recess process.
In order to reduce the undercut of the wet recess and hence the series resistance, a two-step recess
process is employed in the third-generation FinFETs. The first 30 nm of the 35 nm p* cap are
removed by timed Cl2/N2 dry etch. Then the rest is selectively etched in 10:1 citric acid:H20. This
dry-wet recess yields an undercut of the p* cap that is less than 20 nm, while maintaining a smooth
top surface. In addition, the process has been optimized so that the distance from the edge of Ni
ohmic contacts to the edge of the p*-cap has been reduced from 350 nm in the first generation

FinFETSs to less than 100 nm in the second and third generation devices, as shown in Fig. 3-13.
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3.3.3 Fin and Gate Stack

After the gate recess, the fins need to be patterned. A detailed description of the fin patterning and
RIE technology has been given in Section 2.2. In the first generation FinFETS, the fin sidewall is
immediately covered by gate dielectric after the fin etch. In the second generation, the fin sidewall
is treated with 10% HCI for 30 seconds in IPA right after the fin RIE. In the third generation, the
fin sidewall is first treated with 10% HCI, followed by one cycle of digital etch in O, and HCI:IPA.

The antimonide-compatible digital etch process was discussed in Section 2.3.

After fin RIE and surface treatments, the samples are immediately brought into Cambridge
Nanotech atomic layer deposition (ALD) chamber for high-k dielectric deposition. For the three
generations of FInFETS, the gate dielectric is 4nm Al>Os at 250C, 4 nm HfO; at 200<C, and 3.5

nm of Al,O3 at 175<C, respectively. The film deposition rate is confirmed to be 1.0 A/cycle by

TEM.
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Fig. 3-14: (Left) optical microscopy and (right) SEM images of fin-etched InGaSb FinFET

sample surface after 10 minutes of exposure in air.
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It is worth noting that the samples should not be exposed to air for too long after the fin etching,
because of the highly reactive AlGaSb buffer is unstable in air particularly for highly strained
heterostructures when using buffers with high Al composition. Fig. 3-14 shows optical microscopy
and SEM images of etched samples exposed in air for 10 minutes. The sample surface becomes
brownish and less shiny, and the SEM images reveal that the surface becomes rough after long
exposure in air. Therefore, the fin sidewalls need to be passivated quickly. This poses challenges

in the antimonide-based FinFET technology and requires more studies in the future.

After gate oxide ALD, the samples are covered with sputtered gate metals, such as Mo or Al, in
vacuum using an AJA International ATC-180 sputter deposition system. The power of sputtering

is calibrated to maintain a deposition rate of 0.8-1.0 A/s.

After the formation of the fin and gate stack, the gate is to be patterned. PMMA is spin coated and
exposed by e-beam lithography and developed in 1:3 MIBK:IPA. Then, 10 nm and 250 nm Ti and
Au is deposited by e-beam evaporation. The Ti/Au stack needs to be thick enough to cover the fin
RIE height. The Ti/Au bilayer is lifted off in acetone and serves as the hardmask for gate etch. The
Mo gate metal is etched by SFe/O> plasma. A Plasmaquest electron cyclotron resonance (ECR)
etcher is used. In the case of Al gate metal, Al is etched by BCls/Ar plasma, using a SAMCO 200iP

inductively coupled plasma etcher.
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Fig. 3-15: FIB cross-section of first-generation InGaSb FInFET with Ws = 30nm.
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Fig. 3-16: HR-TEM images of third-generation InGaSb FinFET with fin width of 10 nm, fin

aspect ratio of 2.3, and 3.5 nm Al>O3 gate dielectric.

At this point, the intrinsic portion of the FinFET is finished. Note that the HSQ mask for the fin

RIE is left to the end of the process, so the resulting device geometry is a double-gate FinFET,
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with the gate modulating only the two sidewalls of the fins. Fig. 3-15 shows a focused-ion-beam
(FIB) cross-sectional image of a first generation FInFET with minimum Wt = 30 nm. Fig. 3-16
shows a high-resolution transmission electron microscopy (HR-TEM) image of a third generation
FinFET, demonstrating a fin width of 10 nm, fin height of 115 nm and a channel aspect ratio (AR

= Hc/Wr) of 2.3. The fin sidewall angle is 84 <and the fin pitch is 100 nm.

3.3.5 Back-end Process

The final process for device fabrication is the back-end process. It comprises of interconnect via
process and pad metallization. After gate-metal etching, the sample is covered by a 30 nm thick
tetraethylorthosilicate (TEOS) spacer. TEOS is deposited conformally by plasma-enhanced
chemical vapor deposition (PECVD) using an Oxford PlasmaPro-100 system at substrate
temperature of 300<C. Then, the via layer is patterned by e-beam lithography. Undiluted ZEP-
520A e-beam resist is spin coated, baked at 180<C for 2 minutes, exposed by Elionix with a dose

of 560 nC/cm?, and developed in xylene for 1 minute.

The via is etched in three steps. First, the TEOS layer is etched by CF4 plasma in the Oxford
PlasmaPro-100 system. Then, the gate high-k dielectric needs to be removed. A dry etching
process is used to etch the Al.O3z or HfO2 [104], [105]. Timed BCIlz/Ar ICP plasma etching is used
to remove the high-k dielectrics with slight over-etching. Lastly, the SiO, spacer on the ohmic
contacts that was deposited in the beginning of Section 3.3.2 is etched by the same CF4 plasma in

the first step. Fig. 3-17 shows the patterned contact via and the close-up image of the via edge.
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After the via etch, the ZEP e-beam resist is removed by hot NMP for 2 hours, followed by ashing

of 15 minutes.

30 nm TE0°

30 nm S\O'l

Ni surface

Fig. 3-17: (Left) SEM image of the FInFET after the via etching. (Right) zoomed-in SEM image

showing the edge of the contact via.
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Fig. 3-18: SEM images of the finished devices in the (left) first and (right) third generations of
InGaSh p-channel FinFETSs.

Lastly, the source, drain, and gate contact pads are patterned by photolithograph. The samples are

coated with hexamethyldisilazane (HMDS), followed by spin coating of AZ-5214 image reversal
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photoresist and baking of the resist at 80T for 5 minutes. The photoresist is exposed by a
Heidelberg MLA-150 maskless aligner, using a 375 nm laser exposure with a dose of 16 mJ. Then,
the image-reversal baking is done at 105<C for 65 seconds, followed by a flood exposure for 35
seconds. The resist is developed in AZ 422 MIF developer for 90 seconds. The Ti/Au pads are
then deposited by e-beam evaporation and lifted-off in acetone. The FIinFET fabrication is
completed. Fig. 3-18 shows SEM images of finished devices in the first and third generations of

InGaSb p-channel FInFETSs.

3.4 Chapter Summary

In this chapter, the key technological components of InGaSb p-channel FinFETSs developed in the
previous chapter have been integrated into a process flow that is used to demonstrate the first
InGaSb FinFET. Heterostructure design and epitaxy growth process have been discussed. Three
generations of InGaSb FinFET process have been developed. A contact-first, gate-last self-aligned
process scheme is developed. The FinFET process is CMOS-compatible, Au-free in the front-end,
and has very low thermal budget. We have demonstrated the first InGaSb p-channel FinFET with
fin widths down to 30 nm and gate lengths down to 100 nm. With the optimizations of the process,
we have demonstrated second-generation FinFETs with fin widths down to 18 nm and gate lengths
down to 20 nm. With the introduction of antimonide-based digital etch, we have demonstrated

third-generation FinFETs with fin widths scaled to 10 nm.
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The device fabrication technology developed in this chapter forms the fundamentals of
antimonide-based FinFETSs process and serves as the basis for the rest of the thesis. In Chapter 4,

the electrical characteristics of the fabricated transistors will be shown and analyzed.
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CHAPTER 4. InGaSb FinFETs Performance

4.1 Introduction

Chapter 2 and 3 have described the key technologies developed to fabricate InGaSb p-channel
FinFETs. In this chapter, the electrical performance of the world’s first InGaSb p-channel FinFET
is presented, along with the two successive device generations. Table 4-1 summarizes the key
device features and differences of the three generations of FInNFETs (G1, G2, and G3 for short).
The smallest fin width scales from 30 nm in G1, to 18nm in G2, and to 10 nm in G3. The minimum
gate length scales from 100 nm in G1 to 20 nm in both G2 and G3. In G1, there is no fin sidewall
treatment, and the fin is covered with 4 nm Al2Os immediately after the fin RIE. In G2, the fin
sidewall is treated by HCI:IPA before ALD. In G3, both HCI:IPA treatment and antimonide-based

digital etch are applied to the devices.

For each generation of InGaSb FinFETSs, the DC characteristics are presented, followed by
performance benchmarking against other published antimonide-based I11-V p-channel MOSFETS.
The device characteristics are also analyzed from the perspective of fin width and gate length

scaling, strain, ON-state resistance, and OFF-state leakage current. The benefits and limitations

109



of the post-RIE surface treatment methods are also discussed, revealing the importance of interface

quality to the device performance.

Generation 1 Generation 2 Generation 3
Fin width W 30 —200 nm 18 —200 nm 10 — 100 nm
Gate length L, 100 nm — 1 um 20 —250 nm 20nm — 1 um
Channel 10 nm In, ,;Ga, 13Sb 7.5 nm In, ,Ga, (Sb 25 nm In,,;Ga, ;5sSb
6-doping 21018 em™ 2108 ¢m? 1-108 cm?
Cap design Single Composite Composite
Cap doping 1-10"° cm™ 1-10¥ ¢cm™ 3:10¥ cm?
Gate dielectric 4 nm Al O, 4 nm HfO, 3.5 nm AL,O;
Gate metal Mo Mo Al
Post-RIE Treatment None HCLIPA HCIL:IPA + DE

Table 4-1: Summary of device features of three generations of InGaSb p-channel FinFETS.

4.2 Device Electrical Characterization

The following sections present the DC characteristics of each of the three generations of FInFETs
in terms of their output and transfer characteristics. Fig. 4-1 shows the device cross-sectional
schematics representing the general device structure, and Fig. 4-2 shows the SEM images of a
typical finished FInFET. Since the fabricated FinFETs all have a double-gate geometry, unless
otherwise specified, drain current (Ip), transconductance (gm), and ON-resistance are normalized
by the total gate periphery, 2N¢H.j,, where Nt is the number of fins per transistor, and Hen is the

thickness of the InGaSb channel.
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Fig. 4-1: Schematic cross sections of InGaSb p-channel FinFET: (left) along the source-drain

direction and (right) across the fin and the channel direction.

Fig. 4-2: (Left) SEM top-views of a finished InGaSh p-channel FInFET. (Right) Close-up views

of the intrinsic area of a FinFET.
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4.2.1 First Generation

In the G1 FinFETS, the smallest device that has been fabricated has W = 30 nm and Lg = 100 nm.
The gate dielectric is 4 nm AlOs (EOT = 1.8 nm). Fig. 4-3 and 4-4 show typical output and
subthreshold characteristics of the smallest FInFETs in G1. Fig. 4-5 and 4-6 show output and
transfer characteristics of devices with wider fins and longer channel (W = 100 nm, Lg =1 pum).
The gate leakage current is at least two orders of magnitude below the drain current throughout
the measurement range, so it is not shown in the figures. The 30 nm fin-width devices exhibit
better saturation behavior for all channel lengths. However, as presented in Fig. 4-3 to 4-6, all

devices suffer from poor turn-off behavior, and we will study this issue in details in Section 4.3.
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Fig. 4-3: Output characteristics of G1 InGaSb FinFET with Ws =30 nm and Lg= 100 nm.
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Fig. 4-4: (Left) subthreshold characteristics and (right) gm characteristics of FINFET with Ws =
30 nmand Ly =100 nm, at Vps =-50 mV t0 -1.05 V and Vgs = -4 to 1 V.
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Fig. 4-5: Output characteristics of G1 InGaSb FinFET with W =100 nm and Lg= 1 um.
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Fig. 4-6: (Left) subthreshold characteristics and (right) gm characteristics of FINFET with Ws =
100 nm and Lg =1 um, at Vps =-50 mV t0 -1.05 V and Vgs = -4 to 1 V.

+Wf=30nm
0.8r —e— W, =40 nm
—A—Wf=50nm
0.4+ —— W =70 nm
S 00t
'_
>
04L
08t Wfi«
0 250 500 750 1000

Lg (nm)
Fig. 4-7: Linear Vr rolloff with gate length of G1 InGaSb FinFETs with various fin widths.

The scaling behavior of key figures of merit of G1 FInFETS is studied as a function of fin width
and gate length. Fig. 4-7 shows the threshold voltage (VT), extracted using the extrapolation
method [106] in the linear regime. As Ws is reduced to 30 nm, the V1 rolloff phenomenon is

mitigated, showing the beneficial effect of Ws scaling on short-channel effects. The devices also
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show a well-behaved dependence of gm on Lg and Wy, for devices with the same fin orientation
([011]), as shown in Fig. 4-8, that the maximum gm is increased with wider fins or shorter gate
length. The highest gm of 122 uS/um is obtained in wide-fin and short-channel devices, with Ws =

100 nm and Lg = 100 nm, at Vps = -1.05 V. gm degrades as Ws decreases.

Fig. 4-9 shows the peak gm at various Lgq of G1 FinFETs with two fin orientations [001] and [011],
together with published InGaShb p-channel MOSFETSs which are all planar devices [43], [44], [46]—
[48]. As the first FINFETs demonstrated in the antimonide system, the results that have been

obtained are very encouraging, as the maximum gm approaches the best InGaSb planar MOSFETS.
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Fig. 4-8: Maximum gm as a function of Lq for G1 devices with different fin widths (along the

same fin orientation [011]).
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Fig. 4-9: Maximum gmVs. Lg for G1 InGaSb p-channel FinFETs with fin orientations of [001]
and [011], benchmarked with antimonide planar MOSFETS.

4.2.2 Second Generation

In the G2 FinFETS, the smallest device has Ws = 18 nm and Ly = 20 nm. Fig. 4-10 and 4-11 show
the output and subthreshold characteristics of the smallest devices, respectively, on the [011]
direction. Compared to the G1 devices, the device exhibits better saturation characteristics and a
much-improved minimum linear subthreshold slope Siinear = 370 mV/dec at Vps = -50 mV (though
it is still insufficient). Fig. 4-12 shows the gm characteristics of the narrow-fin short-channel (Ws
=18 nm and Lg = 20 nm) device and the wide-fin device with longer channel (W= 200 nm, Lg=

250 nm). The narrow-fin devices exhibit a maximum gm of 186 uS/um at Vps = 0.5 V, which is
116



52% higher than the best devices in G1. A maximum gm of 338 uS/um is obtained in wide-fin
devices. This is a record among GaSb or InGaSb p-channel MOSFETS, and nearly triples the
previous record, as shown in the benchmark in Fig. 4-13. These results suggest a substantial

improvement of the InGaSb FinFETSs in the second generation.

200

Ve =1V10o-1Vin-04V step

150

100

-l (RA/pm)

50

=

o 2 I n T T
1.0 0.8 0.6 0.4 0.2 0.0
Vs (V)

DS

Fig. 4-10: Output characteristics of G2 InGaSbh FinFET with Ws = 18 nm and Lg= 20 nm.
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Fig. 4-11: (Left) subthreshold characteristics of G2 InGaSb FInFET with Ws =18 nmand Lg=
20 nm. (Right) subthreshold slope of the device.
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Fig. 4-12: gm characteristics of G2 FinFETs
Ws =200 nm and Lg = 250 nm.
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Fig. 4-13: Maximum gmvs. Lg for G1 and G2 InGaSh p-channel FinFETs with different channel
composition, benchmarked with antimonide planar MOSFETS.
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Fig. 4-14: Linear V7 rolloff with gate length of G2 InGaSb FinFETs with various fin widths

ranging from 50 to 20 nm.
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Fig. 4-15: Maximum gm as a function of Ly for G2 devices with fin widths ranging from 80 to
20 nm. gm is measured at Vps = -0.5 V.
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The scaling behavior of V1 and gm of G2 devices as a function of fin width and gate length is
shown in Fig. 4-14 and 4-15. V1 rolloff is reduced significantly at reduced W down to 20 nm. The
scaling of gm follows the classical trend that gm is enhanced at shorter channel while it is reduced
at narrower fin width. All shown devices in G2 are along the [011] direction, as well as in G3, as

being discussed next.

4.2.3 Third Generation
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Fig. 4-16: Smoothed output characteristics of G3 InGaSb single-fin FInNFET with W = 10 nm
and Lg=20 nm.

The G3 FinFETs have the most aggressively scaled devices. As the fabrication technology of
InGaSb FinFETs become more mature over the three generations, device yield has also been
improved so that working single-fin InGaSb devices are demonstrated successfully for the first

time in G3. Fig. 4-16 and 4-17 shows the smoothed output and subthreshold characteristics of the
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InGaSb single-fin FinFET with Ws =10 nm and Lg = 20 nm. A peak smoothed gm = 160 puS/um is
obtained at Vps = -0.5 V, and a minimum linear S = 260 mV/dec is obtained at Vps = -50 mV. The
IV characteristics of single fin devices shows generally higher fluctuations. This low-frequency
noise is probably due to the flicker noise from trapping and detrapping events near the
channel/oxide interface and is prominent due to the small size of the single-fin device. Similar
observations have been previously made in InAs and InGaAs nanowire MOSFETSs [107], [108].
The nature and origin of the noise in InGaSb devices have not been studied and it is worth for

future detailed investigations.
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Fig. 4-17: (Left) subthreshold characteristics of G3 InGaSb single-fin FinFET with Ws =10 nm
and Lg= 20 nm. (Right) gm characteristics of the device, with peak gm = 160 uS/um at Vps = -
05V.

The output and subthreshold characteristics of a 100 fin array long channel device with Wt = 10
nm and Ly = 1 um are displayed in Fig. 4-18 and 4-19, showing good saturation behavior. The
long channel devices exhibit linear S = 290 mV/dec and peak gm =4 uS/um at Vps=-0.5 V.
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Fig. 4-18: Output characteristics of G3 InGaSb long channel array FInFET with W = 10 nm
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Fig. 4-19: (Left) subthreshold characteristics of G3 InGaSb single-fin FinFET with Ws =10 nm

and Lg= 20 nm. (Right) gm characteristics of the device.
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Figs. 4-20 and 4-21 show the scaling properties of V1 and gm of G3 devices as a function of fin
width down to 10 nm and gate length down to 20 nm. V1 extracted at Vps = -50 mV shows
mitigated V- rolloff with fin width scaling. Maximum transconductance extracted at Vps = -0.5 V

shows consistent dependence on Lg and Wr.
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Fig. 4-20: Impact of W and Lgq scaling on Vr at Vps = -50 mV.
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Fig. 4-21: Impact of Wr and L4 scaling on maximum gm at Vps = -0.5 V.
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Fig. 4-22: Benchmark of maximum gm vs. Ws for InGaSb p-channel FinFETs and planar
antimonide-based p-channel MOSFETs from the literature. gm is normalized to the total gate

conducting periphery.

In G1 and G2, the maximum transconductance shown in the benchmarks in Fig. 4-13 (gm Vs. Lg)
are quoted from FinFETSs with very wide fin width (W = 100 nm for G1, and 200 nm for G2). In
G3, devices with narrow fin width start to perform remarkably better. Fig. 4-22 benchmarks gm at
various fin widths of the three generations of FINFETs and antimonide-based planar MOSFETS.
In G3, a record gm of 268 uS/um is exhibited at W¢ = 46 nm and Vps = 0.5 V. The maximum gm
drops as Ws decreases, as in InGaAs FinFETs [70]. However, for the device with narrow Ws = 10

nm, the maximum gm is still higher than those of G1 and planar devices.
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In the benchmark in Fig. 4-22 and earlier figures, gm is normalized to the total gate-conducting
periphery. A different perspective can be obtained by normalizing gm by the fin width, as shown
in Fig. 4-23. This figure of merit is necessary for multi-gate devices because it highlights the need
of high device density. In the era of multi-gate transistors, the current scales in the vertical
dimension, and therefore it is desired to achieve high current out of a small fin footprint. When
normalized in this way, a significant gap in performance emerges among planar InGaSb PMOS
and three generations of FinFETs. For G3 FinFETSs, the 10 nm fin width devices demonstrate a
high gm/Ws = 704 uS/um, which is by nearly a factor of 6X higher than G2 devices and 5X higher
than planar devices. This stems from the aggressive scaling of fin width and heterostructure design

of higher channel aspect ratio (Hcn/Ws) in G3 FinFETS.
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Fig. 4-23: Benchmark of maximum gm vs. Ws for InGaSb p-channel FinFETs and planar

antimonide-based p-channel MOSFETS. gm is normalized to the fin footprint.
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Having reviewed the DC electrical characteristics of the three generations of InGaSb FinFETS,
other relevant device properties, such as ON-state resistance, strain effect, and OFF-state leakage

current, are be investigated.

4.3 Analysis of ON-State Resistance

4.3.1 First Generation

The ON resistance (Ron) of the G1 InGaSb FinFETSs is measured from the output characteristics at
Vs =-2.5 V for various fin width, normalized by the total conducting periphery. Fig. 4-24 shows
the extracted Ron as a function of gate length. Fig. 4-25 shows the resistance of the fin channel, Ry,
is extracted from the slop of Ron Vs. Lg, and the access resistance from the source and drain, Rsp,
is extracted from the extrapolation of Ron at zero Lg, plotted in log-log scale. Both Rf and Rsp
increase as Wt scales down. The increase in the access resistance at small W+ poses a detrimental
challenge in FinFET technology, as it has been observed in Si FInNFETs [109]-[111] and InGaAs
FinFETs [112]. Unlike conventional planar MOSFETs, FinFET lacks the equivalent deep
source/drain low resistance silicide contact region, and formation of low resistance 3D junction to
the fin is difficult. Therefore, ohmic contacts with low contact resistance are even more critical for
multi-gate transistors at scaled dimensions. In G1 FinFETS, average Rsp = 372 Q-um for Wt =100
nm, and it increases to an average Rsp = 756 Q-um for W = 30 nm. The increase in Rsp also

contributes to the gm degradation as Wt is reduced, as shown in Fig 4-8.
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Fig. 4-24: ON resistance extraction of G1 InGaSb FinFETs with various Ws at Vgs = -2.5 V.
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Fig. 4-25: Extracted (left) fin sheet resistance vs. fin width, and (right) access resistance vs. fin

width of G1 InGaSb FIinFETSs, in log-log scale.
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In addition, as shown in Fig. 4-25, Rf and Rsp increase as the fin width is decreased, while the
trend doesn’t follow closely as 1/Wr (slope = -1 in log-log scale). In narrow fin width, this acute
fin width dependence could be attributed to Fermi level pinning at the fin sidewall surface and fin
RIE damage, according to the hypothesis of “dead-zone” [112]. A dead-zone could exist as a
depletion region at the fin surface, and it does not contribute to the transport. A simple dead-zone
model can be described as:

—F ~— pb
Rsfh Rsh

1 1 (1 Zxd> (4-9)

Where th and RZ, denote the fin and bulk sheet resistance, respectively, and x, is the dead-zone.
From Eq. (1), R2, and x, can be extracted from Fig. 4-25, and the extracted x4 can be used to
correct the access resistance to eliminate the fin width dependence. For G1 FinFETS, a dead-zone
width of 9.3 nm is extracted, and an average corrected access resistance of 282 Q-pum. For InGaAs

FinFETS, the dead-zone width is about 5 nm [112]. The higher x4 in the InGaSh FinFETSs suggests
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Fig. 4-26: (Left) schematic of the concept of dead-zone analysis on InGaSb FInFETs. (Middle)
1/R£h vs. 1/W; plot for dead-zone estimation. (Right) Access resistance corrected by the

effective electrical fin width.
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the need for techniques to mitigate sidewall damages and improve surface quality, for instance,
using digital etch and proper annealing methods. Fig. 4-26 shows the concept of dead-zone

analysis, the parameter extraction, and corrected access resistance.

4.3.2 Third Generation
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Fig. 4-27: ON resistance extraction of G3 InGaSbh FinFETs with various Wr at Vs = -1 V.

In the third generation FinFETS, the p*-InAs/InAsSb composite cap design is used and the doping
level is increased to 3-10° cm™, Fig. 4-27 shows the Ron in G3 as a function of gate length, for fin
width from 26 to 10 nm, measured at Ves = -1 V. Fig. 4-28 shows the extraction of R and Rsp in
log-log scale, following the same as in Fig. 4-25. The expected scaling behavior of Rf and Rsp as

~1/Wk is observed here. In G3 FInFETS, average Rsp= 253 Q-um for W =94 nm, and it increases
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to an average Rsp = 1.5 kQ-pm for W = 10 nm. Fig. 4-29 plots the access resistance of G1 and G3

in linear scale. For Ws = 30 nm, the Ron of G3 FinFETSs is about 50% of the Ron of G1 FinFETS.
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Fig. 4-28: Extracted (left) fin sheet resistance vs. fin width, and (right) access resistance vs. fin
width of G3 InGaSb FinFETs, in log-log scale.

2000

e Gen1
m Gen3

0 [ L I L 1 1 1 1 {

0 20 40 60 80 100
W. (nm)

Fig. 4-29: Comparison of access resistance of G1 and G3 InGaSb p-channel FInFETS.
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4.4 Impact of Strain

The application of strain has been shown to have favorable enhancement of the transport property
in antimonide-based transistors. For InxGaixSb channel devices, the strain can be incorporated
into the heterostructure through epitaxial growth, which results in biaxial strain. It can also be
incorporated through processing using stressors, which results in uniaxial strain. Fig. 4-30 shows
the percent change of drain current in the linear regime for an Ino.41Gao.seSb channel, as a function
of <110> uniaxial stress [25]. Fig 4-30 also shows the intrinsic gm as a function of compressive
strain for InGaSb p-channel FETs with various indium composition [28], [44], [46], [99], [113]-

[117]. Both graph shows the benefit of compressive strain for the antimonide-based transistors.
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Fig. 4-30: (Left) the percent change in the linear drain current for an Ino.41Gao.5eSb channel, as
a function of <110> uniaxial stress. Image adapted from [25]. (Right) intrinsic
transconductance as a function of compressive biaxial strain in the InxyGai-xSb channel. Image
adapted from [99].
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The data above are from InGaSb planar FETs. For InGaSb FinFETSs, which is biaxially strained
naturally by the lattice constant of the buffer layer, the strain will transform from biaxial to uniaxial
as the fin width decreases. The impact of strain in p-channel FInFETs have been observed in SiGe

FinFETSs [13], but it has not been studied in I11-V FinFETS.
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Fig. 4-31: Dependence of maximum gm on fin orientation for G1 FinFETs with W= 70 nm and

various Lg.

Fig. 4-31 shows the impact of fin orientation on gm for G1 FinFETs with Ws = 70 nm. A strong
orientation dependence is observed with FinFETs of fin oriented along the [011] direction being
the best, those along [001] and [010] being the worst, and [011] being somewhere in between. A
similar dependence is observed for all Ly and Ws. The orientation dependence is consistent with
the 8x8 k-p Schralinger and Poisson calculations of hole mobility enhancement in GaSb double-

gate pMOSFETSs under uniaxial stress [118]. The observed impact of fin orientation suggests that
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the as-grown biaxial compressive stress in the pseudomorphic InGaSb channel has relaxed along

the direction transversal to the fin leaving being a strong anisotropic strain distribution.

4.5 OFF-State Current

One of the greatest challenges in InGaSb FinFETs fabrication is the suppression of the off-state
leakage current. As seen from the output characteristics of G1 FInFETS, the poor turn-off behavior
is unacceptable for logic applications. The problematic leakage current stems from the highly
reactive sidewall of the antimonide fins and the lack of techniques to clean and passivate the
sidewall surfaces. As discussed in Ch. 2, much of the work of this thesis has been attended to the
development of antimonide-compatible fin-sidewall treatment methods. In this section, we will
investigate the behavior and origin of the leakage current based on the devices’ electrical
characteristics. We will also examine whether the techniques developed in this work are effective

in mitigating the issue.
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Fig. 4-32: (Left) low temperature (77 K) output characteristics of FinFET with W =30 nm and
Lg =300 nm. (Right) Subthreshold characteristics of the same device at different temperatures
(Vbs =-50 mV).
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4.5.1 First Generation
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Fig. 4-33: Off-state current as a function of fin width and fin orientation, for FiInFETs with Lg
=600 nm, measured at Ves = 0.5V and Vps =-1.0 V.

Fig. 4-32 shows the low temperature output characteristics of a G1 FinFET with W= 30 nm and
Lg = 300 nm, measured at 77 K in liquid nitrogen ambient, and the linear subthreshold
characteristics (Vps = - 50 mV) of the same device at temperature from 77 K to room temperature.
The turn-off behavior is improved at low temperature, though it is not ideal, because the
subthreshold slope is reduced to only 80 mV/dec at 77 K. This suggests that the high leakage
current in the off-state should be attributed to both high defect state density at the InGaSh/high-k

dielectric interface as well as thermal leakage current flowing within the device.
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Fig. 4-33 shows the off-state current of devices with Ly = 600 nm, measured at Vs = 0.5 V and
Vps =-1.0 V, as a function of fin width from 30 to 100 nm, as groups of four fin orientation. The
off-state current shows strong dependence on the fin width and the fin orientation. As fin width
decreseas, the off-current decreases. Higher leakage current is measured in [011] and [011] fins
than the other two orientations. Such dependance suggests that a significant part of the off-state
leakage current flows inside the fins, in addition to the possible leakage in the body of the device

underneath the fins.
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Fig. 4-34: Output characteristics of G1 FinFETSs (Left) without any post-RIE surface treatment,
and (right) with 1% HCI:H>0 dip for 30 seconds. The FinFETs have W =70 nm and Lq = 250
nm, measured at Ves =1V t0-2.6 V in -0.4 V steps.
It is important to examine the impact of sidewall treatment methods at this point. In G1 FinFETS,
conventional HCI:H2O surface clean [75] has been attempted on a wafer which is processed in
parallel. Fig. 4-34 shows the effect of a 1% HCI:H,O treatment for 30 seconds, on two devices
with the same dimensions of Wr = 70 nm and Lg = 250 nm. It shows improved output
characteristics, in both on-state and off-state, though the drain current is decreased. Fig. 4-35
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shows the subthreshold characteristics of the two devices with and without HCI:H>O treatment. It
shows clear improvement in the subthreshold swing, though the improvement is not sufficient. The
SEM images in Fig. 4-35 reveal more details of what takes place from the HCI treatment. It shows
vertical nanowire test structures on the same sample. Without HCI treatment, the etched nanowire
has a diameter of 116 nm. After the 30 seconds HCI treatment, the diameter is reduced to 106 nm.
In addition, the profile of the vertical nanowire is changed, and the surface of the sidewall turns
out to be rougher. This observation is consistent with the ones discussed in Ch. 2, which shows
that the water-based HCI treatment etches the antimonide sidewalls and is not compatible for

FinFET fabrication.

4.5.2 Second Generation
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Fig. 4-35: (Left) subthreshold characteristics of the same devices in Fig. 4-34 showing the
impact of HCI:H2O treatment. (Right) SEM images of vertical nanowire test structures with
and without the 1% HCI:H2O 30 seconds treatment.
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In second-generation FinFETS, the fin sidewall is treated with HCI diluted in isopropanol (IPA).
The water-free alcohol-based HCI treatment is found to be self-limiting on the antimonide sidewall,
as discussed in details in Section 2.3. Fig. 4-36 shows the output and subthreshold characteristics
of two G2 FinFETs with and without treatment of 10% HCI:IPA for 30 seconds (W= 10 nm and
Lg = 100 nm). HCI:IPA treatment results in a significant reduction of leakage current and an
improvement on the saturation and turn-off behavior. A longer HCI:IPA treatment does not seem
to further improve the turn-off behavior, and the minimum S saturates for Wt less than 40 nm. This
suggests the presence of additional leakage paths in the device, such as undesired conduction
within the fin buffer and at the buffer surface. This remains one of the major challenges in InGaSh
FinFET fabrication, and more efforts is devoted in the third-generation devices to identify the

origin the leakage paths and suppress them.

4.5.3 Third Generation
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Fig. 4-36: (Left) output characteristics and (right) subthreshold characteristics of G2 FInFETSs
depicting the impact of 10% HCI:IPA treatment for 30 seconds. The FinFETs have Ws =20 nm
and Lg =100 nm, measured at Ves =1V to -1V in -0.4 V steps.
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In the third generation FinFETS, the antimonide-compatible digital etch is introduced for the first
time, using oxidation in oxygen atmosphere combined with HCI:IPA treatment. Although the
demonstrated devices, even at long channel, show insufficient turn-off characteristics, as seen in
Fig. 4-17 and 4-18, the results nevertheless represent a significant improvement over the previous
generations of InGaSh FinFETSs due to the new digital etch technique. To illustrate its role, Fig. 4-
37 shows the impact of digital etch on the subthreshold characteristics of identical long channel
transistors (Ws = 20 nm, Lg = 1 um), after 0, 1, and 4 cycles of digital etch. Without digital etch,
turn-off is very poor. A single digital etch cycle yields a drastic improvement with the residual
current dropping more than two decades. This illustrates the ability of digital etch to reduce

sidewall RIE damage.
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Fig. 4-37: Subthreshold characteristics of FinFETs with the same final Ws = 20 nm, after 0, 1,
and 4 digital etch cycles. Ly =1 um for all the devices, and Vps = - 50 mV.
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Fig. 4-38: (Left) SEM image of fin structure after 3 cycles of digital etch showing non-uniform
sidewall and surface etching of the Alo.97Gao.03Sb portion of the structure. (Right) SEM images

of fins after 10 min exposure in air after fin RIE.

On the other hand, the sample with an additional digital etch of 3 cycles shows a worse off-state
behavior, as shown in Fig. 4-37. This could be attributed to the fact that the Alo.93Gao.07Sh buffer
is extremely easy to be oxidized and damaged for its high aluminum composition. The oxidation
of the buffer could be severe damaged, during the oxidation steps of the digital etch and the
inevitable exposure of air and moisture in between digital etch cycles. In Ch. 2, this issue is not
observed possibly due to lower Al composition in the buffer, which is less than 70%. The left SEM
image in Fig. 4-38 shows the antimonide fin sidewall after 3 cycles of digital etch. It shows that
the AlGaSb part of the fin sidewall and wafer surface is attacked and severely roughened, while
the InGaSb portion of fin remains relatively smooth. The right SEM image in Fig. 4-38 shows the

antimonide fins after long exposure (10 minutes) in air after fin RIE. The surface of the etched
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device become very rough, which can be even observed by naked eyes via color change. It shows
the challenges in the antimonide heterostructure design, and it requires further studies to prevent

the FInFETSs from excessive oxidation during digital etch.
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InGaSb

AlGaSb
AlGaSb

Fig. 4-39: (Left) Schematic of the cross-sections of (left) a normal FInFET, and (right) a test

device with no InGaSb channel but gated AlGaSb fins, fabricated on the same wafer.

A siginificant portion of the residual off-state current that is left after one digital etch cycle in Fig.
4-37 is due to buffer leakage. This is illustrated in Fig. 4-39 and 4-40. Fig. 4-39 shows schematics
of a normal InGaSh FIinFET and a test FInFET without the InGaSb channel. The test device is
fabricated on the same wafer as the G3 FinFETs. The HSQ fin mask of the test device is exposed
with underdosed electron-beam lithography, so that the HSQ is consumed fast in the fin RIE,
leaving the InGaSb portion of the fin unprotected and etched away. Therefore, it is in essence a

gated AlGaSb buffer device.
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Fig. 4-40: Subthreshold characteristics of FINFETs with various Ws and Lg = 1 um, and test

device with identical geometry but no InGaSb channel. All devices are treated with one cycle

of digital etch.
Fig. 4-40 shows the subthreshold characteristics of long-channel devices with fin width ranging
from 100 nm to 14 nm. All devices were treated with one digital etch cycle. Below a fin width of
22 nm, the turn-off behavior remains unchanged. The test device with no InGaSb channel shows
that there is a residual leakage path underneath the channel which is responsible for the improper
off-state behavior. This is likely due to the etched and exposed AlGaSh buffer which is easier to
be oxidized than InGaSh, forming a surface conduction leakage path. Alleivating this will require

structural device innovations, such as lateral suspended or vertical device structures.

4.5.4 Leakage Analysis and Benchmark
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In 2015, the first InGaSb p-channel FINFETs are demonstrated, and those devices suffered from
poor turn-off behavior. In 2017, the third generation FinFETs have partially addressed this issue
showing much improved turn-off behavior, by demonstrating an antimonide-compatible digital
etch with alcohol-based treatment. As discussed by the previous sections, it seems that there exist
at least four conducting paths contributing to the off-state current, which can be described as the

following equations:

Losr = Ien + Ipgfin + Ipp surr + Infbody (4-
10)

In Eq. (2), I, is the leakage flowing through the InGaSb fin channel, caused by partial Fermi-level
pinning as a result of interface defects. I ¢, is the leakage flowing through the AlGaSb buffer
part of the fin body. I, ¢ ., s is the leakage flowing through the surface of the buffer, including the
vertical surface of the fin buffer and the horizontal mesa surface. I, ¢ 04y is the lekage flowing
underneath the buffer body of the device. I¢p, Iy fin, and I,f grp are assumed to be surface

conductions. Each leakage path is expected to scale with various device dimensions. In the linear

regime, to the first order:

NeHp W, W,
rHrc Wy 1 tot
Iy zL—fC = 2H;, Lf" (4-11)

N-W:H W,
Ipf fin X 2 % = 2Hg), Z'wt (4-12)
f f
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2N;Hpp + (Wer — Wy tor)

Ibf,surf x Lf

(4-13)

2Nq(Hs, + L

VG d),ifo > 1
Ly

Wee
Ipf body & LC (4-14)

f

The dimnesions in the above equations are sketched in Fig. 4-41. Ny is the number of fins, Hy. is
the height of the channel portion of the fin, Hg,, is the height of the buffer portion of the fin, W .,
is the total fin width, W, is the total device width (which is equivalent to the mesa width), L is
the fin length (which is equivalent to the gate length), and L, is the spacing between the fins. The

dimensions above are illustrated in Fig. 4-41.
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Fig. 4-41. (Left) top-view and (left) cross-sectional view (right) schematics of the FINnFET

structure with the definition of the dimensions.
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As seen in Egs. (3) and (4), unfortunately, I.;, and Iy ¢, has the same scaling property, so it is
difficult to distinguish them from scaling analysis. Other measurements such as low temperature
measurement can be helpful since the leakage in the channel and buffer should have different
temperature dependance and activation energy. Nevertheless, we try to look at the scaling

properties of the InGaSb FinFETs and develop a qualitative understanding of the leakage current.

Vi =-1V1to1Vin 0.4V step

200

150 |

100

Iy (uA)

50 |

Fig. 4-42: Output characteristics of G2 InGaSb FinFETs with one or two fins per device. Fins

are treated with HCI:IPA for one minute. The current is not normalized.

Fig. 4-42 shows the un-normalized output characteristics for G2 FinFETs with one or two fins (Nt
=1 and 2), and the same mesa width (W), with the same Ws =20 nm and Ly = 100 nm. When the
device is off (Ves = 1 V), the off-state drain current is approximately the same, while the on-state
current scales linearly with Nr. This suggests different conducting paths in the on and off-state,

and the presence of leakage paths outside the fins. Fig. 4-43 shows a more complete scaling
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behavior of the off-state current in G2 FinFETS, extracted at Vps = -50 mV and constant gate
overdrive Vgt = 0.6 V. In the upper subfigure of Fig. 4-43, the unnormalized off-current is plotted
as a function of total device width and gate length, in semi-log scale. In the lower subfigure, the
off-current normalized by the total device width, W,,, is plotted as a function of fin width and gate
length, in log-log scale. All devices in Fig. 43 are array devices with Ny > 1. The un-normalized
off-current is shown to increase as the total device width increases, and increases as the gate length
decreases. This strong device width dependance suggests the existence of buffer leakage, in the
form of I, ¢ surs OF I s boay- When the off-current is normalized to the total device width, it shows

strong dependance on the fin width. However, the suppression of the leakage current slows down

i//////yj;i
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“Jf////////
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Fig. 4-43: (Top) un-normalized off-state current in G2 FInFETS vs. total device width and gate
length. (Bottom) off-state current normalized to the total device width vs. fin width and gate
length. Ip is extracted at Vps = -50 mV and Ver = 0.6 V.
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when Ws is below 40 nm. This suggests the improperly closed InGaSb channel or AlGaSb fin, due

to large Dit. This is determined by the etched fin sidewall quality.

Fig. 4-44 shows the scaling behavior of the drain current, normalized by the gate length, for G2

FinFETSs, which are treated with HCI:IPA for 1 minute, and G3 FinFETS, which are treated with

an addition digital etch cycle, measured in the linear regime (Vps = -50 mV), at Vot = Vgs— V1 =

0.6 V. For the G2 devices (in blue), loff Shows a super-linear dependency on Wt and becomes less

sensitive to Ws < 40 nm. On the other hand, for the G3 devices (in red), it shows a linear

dependency on Wt The difference in loff may be attributed to the different heterostructure and

0.2 -

-l Lg (LA-um)

0.0

V,,=-50mV,V, =06V

HCI:IPA 1 min
+1DE

HCI:IPA 1 min

W, (nm)

Fig. 4-44: Drain current normalized by the fin length vs. fin width, measured at Vps = -50 mV
and Ves— V1 =0.6 V for G2 and G3 FinFETSs.
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processes of G2 and G3 devices. It shows that, in G3, the FInFETs are more effective in turning

off the channel at scaled fin width.

B Planar MOSFETs
Gen 3 & Gen1 FinFETs
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Fig. 4-45: Benchmark of maximum gm vs. linear subthreshold slope for InGaSb p-channel
FinFETs and planar antimonide-based p-channel MOSFETS. Vps bias points for gm extraction

are noted next to each data points.

Finally, Fig. 4-45 shows a benchmark of the three generations of InGaSb p-channel FinFETS,
together with antimonide-based planar MOSFETSs in the literature. It benchmarks the peak
transconductance, normalized by the device footprint, versus the minimum subthreshold slope in
the linear regime. The drain voltages at which the maximum gm is extracted is noted next to the

data points. It shows significant improvement in both the transconducance and subthreshold slope
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in the three generations of FINFETs, The G3 FinFETs demonstrate maximum gm surpassing the

best of the planar MOSFETSs while obtaining a subthreshold slope approaching the lowest of them.

4.6 Chapter Summary

In this chapter the results of the three generations of InGaSbh p-channel FInFETs were presented
and analyzed. The scaling properties of the FInFETs were shown, and their performance was
benchmarked with other published antimonide-based 111-V p-channel MOSFETSs. Analysis of the
ON-state resistance was carried out, which shows reduced access resistance in the G3 devices.
Dead-zone analysis was performed on the ON-state resistance, and an estimation of 9.3 nm dead-
zone width is obtained. Then, the impact of uniaxial strain in InGaSb FinFETs was demonstrated
for the first time. The rest of the chapter focuses on the investigation of the off-state current in
each device generation. Scaling study of the devices suggests multiple leakage paths within the fin
and body of the FINFETs. The alcohol-based surface treatment in G2 and the antimonide-based
digital etch in G3 were found to be able to suppress the leakage current to some extent. In summary,
the device electrical characteristics presented in this chapter shows that the technologies developed

in the previous chapters have advanced the state-of-the-art of InGaSb MOSFETSs.
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CHAPTER 5. Summary and Future Work

5.1 Summary

This thesis has presented a pioneering work of achieving the first InGaSb p-channel FinFETS via
a self-aligned top-down approach, preparing the antimonide-based compound semiconductors for
their use in future logic and low power computing applications. It has advanced the technology of
antimonide-based devices, an extremely important yet underdeveloped family of I11-V compound

semiconductors.

It first identifies the critical technological challenges that must be addressed to realize an
antimonide-based multi-gate transistor. Three building blocks of the InGaSb FInFETs have been
investigated. First is the dry etching technology of the antimonide-based heterostructure. A RIE
process has been developed, and it is able to etch fin and vertical nanowire structures down to 15
nm fin width or diameter, with high aspect ratio, vertical profile and smooth sidewall. The RIE
process is compatible to heterostructure containing both antimonides and arsenides. Second, in
order to clean the etched fin sidewalls and further scaled down the device dimension, a novel
alcohol-based antimonide-compatible digital etch technique has been invented. It demonstrates a
consistent etch rate of 2 nm/cycle, and InGaShb vertical nanowire with 9 nm diameter has been

fabricated. The alcohol-based digital etch also shows drastically improved mechanical yield on
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InGaAs vertical nanowires, by demonstrating record vertical nanowires with diameter as narrow
as 5 nm and aspect ratio over 45. The new digital etch serves as a critical step before the formation
of high-dielectric/metal gate stack. Thirdly, the ohmic contact technology has been investigated
and optimized to reduce the contact resistance. A composite p+ capping layer structure and a
nickelide contact scheme have been developed, showing an ultra-low contact resistance of

22 Q-pm.

The key technological components developed in this work have been integrated into a process flow
that has been used to demonstrate the first InGaSb p-channel FinFET. The heterostructure design
and epitaxy growth process have been discussed. Three generations of InGaSb FinFETs have been
demonstrated. This antimonide-based FINFET process is contact-first, gate-last, self-aligned, Si-
compatible, and has low very thermal budget, with an emphasis on scalability and
manufacturability. In the third generation, aggressively scaled FInFETs with minimum fin width

of 10 nm, channel height of 23 nm, and gate length of 20 nm has been successfully demonstrated.

The electrical performance of the InGaSh p-channel FINFETs have been presented and analyzed
for the three generations of processes. The scaling properties of the FInNFETs shows well-behaved
FinFET characteristics. The performance has been benchmarked with other antimonide-based p-
channel MOSFETSs in the literature. The first generation FInNFET shows comparable performance
to the best of planar InGaSb pMOSFETs. The performance of the second and third generation
devices exhibits record maximum transconductance. The maximum gm per footprint in the third
generation reaches over 700 puS/um for devices with 10 nm fin width. Analysis of the ON-state

resistance, uniaxial strain and OFF-state leakage current have been carried out. Scaling study of
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the devices suggests multiple leakage paths within the fin and body of the transistor. The alcohol-
based surface treatment and the antimonide-compatible digital etch have been found to be partially

effective in improving the turn-off characteristics of the FInFETSs.

In conclusion, core processing technologies for InGaSb p-channel FinFETs have been developed
in this thesis, enabling the demonstration of the first of such devices. This thesis has not only
highlighted the potential of InGaSb p-channel multigate MOSFETSs, but also has pushed
significantly the state-of-the-art of antimonide fabrication technology for more general

applications in which the antimonide-based compound semiconductors can shine.

5.2 Suggestion for Future Research

In this thesis, the process technologies of InGaSb multigate transistor have been developed from
scratch. Although the devices show promising characteristics, there are many imperfections. For
example, the OFF-state current is still insufficient for proper logic applications. The ON-state
performance is also not as good as the more mature technologies, such as SixGe1-x FINFETs. Much
further research could be explored, based on the technologies and studies in this thesis. These
include

e Optimize or re-design the heterostructure design and epitaxy to avoid highly reactive buffer

layers, such as AlGaSh with high Al composition.

e Optimize of the high-k dielectric deposition and the interface quality. This includes

investigation of other possible ALD dielectric films, such La>,Oz, LaAlOs, ZrO, etc.
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Study the impact of forming gas annealing and optimize the annealing condition to further
improve the MOS interface.

Develop InGaSb vertical nanowire MOSFETS to achieve higher scalability, gate control, and
eliminate leakages from the buffer.

Integrate the InGaSh FinFET technology into other types of devices, such as InAs/GaSb tunnel
FETs (TFETS).

Develop thermal atomic layer etching (ALE) technology for the InGaSb heterostructure, to
obtain etching with sub-atomic layer precision, as well as the possibility of a fully in-situ ALE-
ALD process of the gate stack.

Also, single channel InGaSbh based CMOS.
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Appendix: Sample Process Flow of InGaSb FInFETs

Process flow of the third generation InGaSb FinFETS:

Module Step Specification Recipe Tool
Clean DI water, solvent 3 min each
PMMA A8 3500 rpm, 1 min TRL-coater
Bake 180°C, 2 min Hot-plate
10 nA, 1200-1400
EBL Exposure Elionix
nC/cm?
Dev in MIBK:IPA
90s
Ohmic (1:3)
Clean HCI:H20 (1:3) 1 min Acidhood
Ni 15nm, 1 A/s EbeamFP
Metal deposition Pt 10 nm, 1 A/s EbeamFP
Au 20 nm, 1 A/s EbeamFP
Lift-off Acetone > 2 hrs
Inspect SEM SEM
HFWJSIO 24 s,
Contact spacer 30 nm SiO2 STS-CVD
300°C
Gate-foot
ZEP:Anisol (1:3) 3000 rpm, 1 min TRL-coater
EBL
Bake 180°C, 2 min Hot-plate
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Exposure 1nA Elionix
Dev in xylene 1 min
PQ/Oxford-
Etching SiO; etch JQSIO2/CF4-AV
100
Inspect SEM SEM
Resist strip Hot NMP > 2 hrs
Resist descum Ashing 1 kW, 10 min TRL-asher
Pre-bake 120C°C 10 min TRL-oven
MaN-2403 3000 rpm, 1 min TRL-coater
EBL Bake 80°C, 1 min Hot-plate
Exposure 10 nA, 400 pC/cm? Elionix
Dev in MF CD-26 1 min
Mesa
PQ/Oxford-
Etching SiO; etch JQSIO2/CF4-AV
100
Inspect SEM SEM
Resist strip Hot NMP > 2 hrs
Resist descum Ashing 1 kW, 15 min TRL-asher
Dry cap recess ICP RIE Recipe 67 SAMCO
Cap Citric acid:H20:
Wet cap recess ~30s Acidhood
recess (10:1)
Inspect SEM SEM
Fin Adhesion layer Si3N4 deposition HFSINXZ, 2 nm STS-CVD
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6% HSQ 3500 rpm, 1 min TRL-coater
EBL Exposure 1nA Elionix
Dev in 25% TMAH 1 min Acidhood
Fin RIE Sb RIE Recipe 54 SAMCO
Inspect SEM Test samples only SEM
Sidewall clean 10% HCI:IPA 1 min Acidhood
Oxidation O2purge, 2 min TRL-asher
Digital etch
Oxide etch 10% HCI:IPA 1 min Acidhood
Inspect SEM Test samples only SEM
Gate dielectric Al;O3 ALD 35 cycles, 175°C ICL-ALD
Gate stack
Gate metal Al sputtering 60 nm, 1 A/s TRL-AJA
PMMA A6 3500 rpm, 1 min TRL-coater
Bake 180°C, 2 min Hot-plate
EBL Exposure 10 nA Elionix
Dev in MIBK:IPA
90s
(1:3)
Gate head
Ti 10 nm, 1 A/s EbeamFP
Metal deposition
Au 250 nm, 2 A/s EbeamFP
Lift-off Acetone > 2 hrs
Gate metal etch Al etch Recipe 83 SAMCO
Inspect SEM SEM
Via Via spacer TEOS deposition TEOS_zero stress Oxford-100
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ZEP-520A 3000 rpm, 1 min TRL-coater

Bake 180°C, 2 min Hot-plate

EBL
Exposure 10 nA, 560 uC/cm? Elionix
Dev in xylene 60 s

TEOS etch CF4-AV Oxford-100

Via Etch Dielectric etch Recipe 59 SAMCO
SiO; etch CF4-AV Oxford-100

Inspect SEM Inspect each etch SEM
Resist strip Hot NMP > 2 hrs

Resist descum Ashing 15 min TRL-asher
HMDS TRL-HMDS

AZ5214 3500 rpm, 30s TRL-coater

Bake 80°C, 5 min Hot-plate

Photolithography Exposure 375 nm, 16 mJ MLA-150

Image reversal bake 105°C, 65 s Hot-plate

Pads
Flood exposure 35s OAI-Flood
Dev in AZ-422 90s
Ti 10 nm, 1 A/s EbeamFP
Metal deposition
Au 350 nm, 2 A/s EbeamFP
Lift-off Acetone > 2 hrs

Annealing FGA 5.5% H in 95% N> Various Temp RTA-pieces
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Recipes in the process

Deposition recipes:

SiO2 CVD

Tool: STS-CVD

Recipe: HFSIO_WL

Stabilization: 4 min 30 s

Pressure: 900 mTorr

Gas flow: 1420/392/10 sccm N2O/N2/SiH4
13.56 MHz on Showerhead

Power: 50 W

Platen temperature: 300<C

Showerhead temperature: 250<C

SisN4 Adhesion Layer for HSQ

Tool: STS-CVD

Recipe: HFSINXIN

Stabilization: 1 min 30 s

Pressure: 550 mTorr

Gas flow: 1960/40/80 sccm N2/SiH4/NH3
Power: 25 W

Platen temperature: 300C

Showerhead temperature: 250<C

Rate: 18-20 s for 2-3 nm

TEOS CVD

Tool: Oxford-100

Recipe: Zero-stress TEOS

Gas: 300/50 sccm O2/ArTOES
Pressure: 500 mTorr
Temperature: 300C

LF power/pulse time: 40 W/8 s
HF power/pulse time: 40 W/12 s

Mo Gate Sputtering

Tool: AJA-TRL

Recipe: Wenjie_Mo_30 nm
Loadlock pressure < 3-10° Torr
Main chamber pressure < 3-10°° Torr
Gas: 15 sccm Ar

Deposition pressure: 2 mTorr
Deposition power: 100 W

Rate: 0.8 A/s

Al Gate Sputtering

Tool: AJA-TRL

Recipe: Wenjie_Al_100 nm
Loadlock pressure < 3-10° Torr
Main chamber pressure < 3-10° Torr
Gas: 35 sccm Ar

Deposition pressure: 3 mTorr
Deposition power: 150 W

Ni E-beam Evaporation
Tool: ebeamFP

Chamber pressure: < 10 Torr
Deposition power: 15%
Deposition rate: 1 A/s

Rate: 0.8 A/s
HfO2 ALD Al,03 ALD
Tool: ICL-ALD Tool: ICL-ALD

Substrate temperature: 175°C
TDMAH temperature: 97°C
TDMAMH pulse: 50 ms

H20 pulse: 20 ms

Rate: 1 AJs

Substrate temperature: 250°C
Gas flow: 20 sccm N2

TMA pulse: 15 ms

H20 pulse: 20 ms

Rate: 1 A/s
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Etching recipes:

InGaSb Fin RIE

Tool: SAMCO

Recipe 74:

Gas flow: BCls/Ar/SiCls = 3/11/0.4 sccm
(Adjustment of gas flow may be needed by
condition of the chamber)

Substrate temperature: 250°C

ICP/Bias power: 20/280 W

Pressure: 0.2 Pa

Digital Etch

Pre-DE clean:

10% HCI:IPA 1 min
Oxidation:

Tool: Asher

O purge, 2 min
Oxide etch:

Tool: Acidhood
10% HCI:IPA 1 min

SiO2/TEOS RIE

Tool: Oxford-100
Recipe: CF4-AV

Gas flow: 50 sccm CF4
Pressure: 10 mTorr
Power: 250 W

SiO2/TEOS RIE

Tool: Plasmaquest

Recipe: JQSIO2

Gas flow: CF4/H2 = 32/3 sccm
ECR power: 200 W

DC bias: 100 V

Pressure: 20 mTorr

Rate: ~10 nm/min

Al2O3/HfO2 RIE
Tool: SAMCO

Recipe: 59

Gas flow: BCls/Ar = 9/2 sccm
Substrate temperature: 40°C
ICP/Bias power: 75/75 W
Pressure: 0.3 Pa

111-V Cap Dry Recess
Tool: SAMCO

Recipe: 67

Gas flow: Cl2/N2 = 10/3 sccm
Substrate temperature: 120°C
ICP/Bias power: 20/50 W
Pressure: 0.2 Pa

Al RIE

Tool: SAMCO

Recipe: 83

Gas flow: BCIs/Ar = 6/2 sccm
Substrate temperature: 80°C
ICP/Bias power: 75/75 W
Pressure: 0.2 Pa

Mo RIE

Tool: Oxford-100

Recipe: RIE-SF6-WJ-50W
Gas flow: 45/5 sccm SFs/O2
Pressure: 20 mTorr

Power: 50 W

Rate: ~ 20 nm/min
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