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ABSTRACT

In the beginning of the thesis, we have mainly studied the interface between
(100)-oriented Ing 53Gag 47As channel layer and Al,O3 (atomic layer deposition, ALD).
Poor interface and oxide qualities may cause high frequency dispersion, Fermi level
pinning, and high gate leakage current. In order to improve interface and gate oxide
qualities, different thermal treatments are applied to the capacitors, such as
post-metallization annealing (PMA), forming gas annealing (FGA), and post
deposition annealing (PDA). Firstly, we study the difference between the capacitors
treated with PMA and those treated with FAG. Compared to PMA, frequency
dispersion in accumulation can be efficiently reduced by FGA. In addition, we utilize
the conductance method to extract the interface state density (Dj;). The midgap traps

can be slightly reduced: for instance, Dj: (E:= 0.428 eV) decreases about 22.28% after



FGA. Subsequently, the effects of MOSCAPs under different PDA temperature with
FGA have also been discussed. It is noted that MOSCAPs under PDA 500 °C for 120
s with FGA show the worst electrical characteristics. Furthermore, higher PDA
temperature is, the higher D;; exists close to midgap. The reason for the degradation of
electrical characteristics may be lower ratio of As,O3 to As,Os and the precipitation of
arsenide, which is shown in our XPS analysis. Next, in our experiment, the electrical
characteristics of Ings3Gags7As (100) is better than Ings3Gag47As (111)A, such as
lower frequency dispersion and lower Dj. This consequence is passibly due to higher
amounts of As;03/As,05 at the Al,Os/lngs3Gag47As (100) interface, compared to
Al,03/Ing 53Gag 47As (111)A interface.

Eventually, the failure of self-aligned Ni-InGaAs S/D Ings53Gag 47As n-MOSFETs
is attributed to the non-formation of Ni-InGaAs according to the TEM image and
EDX analysis. The possible reason that inhibits the formation of Ni-InGaAs may the

existence of native oxides between Ni and Ings3Gag 47As channel layer.
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Chapter 1

Introduction

1.1 General Background

As the scaling of Si-based metal-oxide-semiconductor field effect transistors
(MOSFETS) is approaching the physical limit, development of high mobility channel
material has been recognized as a._potential solution to sustain performance
improvements in the upcoming sub-10nm gate length era [1]. Particularly, I11-V
compound semiconductors are one of the most promising candidates for realizing
high performance n-channel metal-insulator-semiconductor field effect transistors
(MISEETS) [2,3] due to their high electron mobilities. In 1965, Becke and White
reported the first GaAs MOSFET work, using SiO;as the gate dielectrics with a large
amount of interface states [4]. It was obviously realized that SiO, might not the right
gate dielectrics for 111-V compound semiconductors. Therefore, a variety of dielectrics
and techniques have been investigated in the following decades. In 1987, researchers
at Bell Labs discovered that sulfur passivation on the surface of 111-V semiconductors
before dielectrics deposition can improve electrical characteristics [5,6]. The first
inversion channel GaAs MOSFETs with MBE-grown Ga,Os; (Gd,0O3) as a gate
dielectric were announced in 1996 from Bell Labs [7-9]. After that a series of device
work were led by Hong and Ren, including InGaAs enhancement-mode (E-mode)
MOSFETs [10] and GaAs complementary MOSFETSs [11]. At the end of 2001, Ye and

Wilk started to work on atomic-layer-deposition (ALD) high-k Al,O3 and HfO, on



I11-V materials [12]. Detailed interface studies were carried out to demonstrate the
unpinning of the Fermi level in 111-V semiconductors using ALD high-«x dielectrics
[13-15]. In particular, In-rich InGaAs is identified as the potential 111-V material for
future technology node with higher effective mobility and manageable band gap for
low drain voltage.

In the future generations, CMOS fabricated by integrating 111-V nMOSFETSs and
Ge pMOSFETs, respectively, because of their high electron and hole mobilities,
shown in Table 1.1, on the same Si platform, shown in Fig. 1.1, can be one of the

ultimate CMOS structure [16].

1.2 Motivation

One of the major problems enabling widespread use of 1l1-VV compound
semiconductors to fabricate MOSFETS is lack of a high quality, natural insulator for
I11-V substrates like that available for the SiO,/Si material system [17]. In order to
realize MOSFETs with Il-V channels, suitable gate dielectrics must form a stable
interface within the thermal budget of the transistor fabrication process, possess a
high dielectric constant and sufficient band offsets with semiconductor conduction
band to allow for scaling and low gate leakage, and have a low interface states density
(Dif). Especially, engineering the interface between the I11-V channel material and
gate oxide is extremely challenging.

The other challenge to achieve high performance 1l11-V MOSFETs is the
reduction of source and drain (S/D) series resistance (Rsp), which includes
metal-semiconductor contact resistance [18]. Therefore, we have to find the

appropriate techniques and conditions to engineer S/D region.



For MOSFET surface channels beyond the 16 nm node, the candidate IlI-V
material In,Gai.xAs alloys which have a band gap of (0.36 =E;=1.42 eV) and Eg=
14KT are potentially suitable for many applications with power supply operating
voltages= 0.5 V envisioned for short gate lengths (Ly= 20 nm) [19]. In particular,
alloys with an In content greater than 50% are commonly used as a channel material
due to their high electron mobility relative to Si. Here, we use Ings3Gag47AS as a

channel layer which is epitaxial growth on InP substrates to do our studies.

1.3 Organization of the Thesis

In Chapter 1, we gave a brief overview on the history and main obstacles in
realizing 111-V MOSFET. Current status of CMOS research was also described.

In Chapter 2, in order to study the interface between Ings3Gag47As and Al,Os,
conductance method was applied to admittance measurement from metal oxide
semiconductor capacitors (MOSCAPS). The influence of post-metallization N,
annealing (PMA), post-metallization forming gas annealing (FGA), and post
deposition annealing (PDA) were demonstrated. In addition, the difference in
electrical characteristics between the orientation of (100) and (111)A was also studied.

In Chapter 3 and Chapter 4, we tried to fabricate Ings3Gags47As channel
nNMOSFETs with self-aligned Ni-InGaAs source and drain. Although the devices
could not work, we found the possible reasons for the failure of our n-MOSFETSs.
Eventually, we made the conclusion as mentioned above and gave some suggestions

for future works.
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Si

Ge

GaAs

InAs

Lattice
constant (A)

5.431

5.646

5.653

6.058

Band gap
(eV)

1.12

0.66

1.42

0.36

Permittivity

11.8

16

12

14.8

Intrinsic
carrier conc.
(cm™)

9.6x10°

2.4x10%

2.2x10°

1x10%°

Effective
conduction
band
density of
states (cm™)

2.8x10"°

1.04x10%°

4x10Y

8.7x10'°

Effective
valence
band
density of
states (cm™)

1.04x10%°

6x10%

9.7x10'®

6.6x10'®

Electron 1 019 | me: 0.082
effective 0.067 0.023
mass (/mo) | m:0.916 | m: 1.467
Hole mob.
9 430 1900 400 500
(cm/Vs)
Hole Mpn: 0.49 Mpn: 0.28 Mpn: 0.45 Mun: 0.57
effective
mass (/mo) myn: 0.16 myn: 0.044 mgn: 0.082 mgy: 0.35

Table 1.1 Material properties of bulk Si, Ge, GaAs, Ings3Gag 47As, and InAs at 300K




Chapter 2

Interface Studies of ALD-Al,Os/Ing 53Gag 47AS
MOSCAPs with Different Annealing Conditions

and Orientations

2.1 Introduction

Recently, surface-channel-Ing s3Gag 47As NMOSFETSs have drawn much attention
as dimensional scaling of Si technology is progressively approaching the limits [1-4].
A longstanding problem for developing of these devices is the presence of interfacial
defects that can cause Fermi level pinning or inefficient Fermi level response.
Vacancies, antisite defects, or incomplete dimerization of the I11-V surface can cause
unsaturated bonds and form electrically active traps that may appear even before
high-« dielectric growth or are generated during the deposition [5]. On the other hand,
the measured interface state densities are also deeply affected by the indium
concentration. While indium content increases, the amount of air-grown Ga,Os;
decreases probably due to the increased size of In atom reducing the available space
for oxygen to bond to the interfacial gallium atoms [6]. High interface trap states
would inhibit control over the charge carriers in the channel and the realization of
MOSFETs with good performance. Therefore, the most important thing is to reduce
Di. Various passivation techniques and surface pre- or post-treatments [7-15] have
been considerably researched in the last several decades. Moreover, traps present in

the bulk of a high-x oxide layer may also have a great impact on the performance
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owing to their potential to increase gate leakage current, scattering carriers in the
channel, and threshold voltage shift of the device [16]. In addition, the prospects of
I11-V devices are brightening with the introduction of ALD for high-k gate dielectric.
Its precise thickness controllability is attributed to its surface-saturation controlled,
layer by layer deposition kinetics [17]. Films deposited by ALD are conformal,
pin-hole free, which normally can be further improved by thermal annealing. It is also
noted that “self-cleaning” interfacial oxide reaction has been observed on III-V
compound semiconductors such as GaAs [18-19], InGaAs [20].

Al,O3 is the most commonly used as a gate dielectric for I11-V semiconductors
due to its less Fermi level pinning and thermal stability than HfO,. Furthermore,
trimethylaluminium (Al(CHs)s, “TMA”) is generally used as a metal precursor, which
is known to have more effective self-cleaning capability for removing native oxides
on lll-V surface than tetrakis(ethylmethylamino)hafnium (TEMA-Hf) used for the
HfO, deposition [21]. Here, we focus our study on the interface between
Inos3Gag47As and Al,Os. For the sake of further improving oxide quality and its
interface, several methods of thermal annealing have been applied to gate dielectric
such as PDA, PMA and post-metallization FGA. Surface orientation of I11-V channel
is also an important parameter in controlling MIS properties. (111)A-oriented
Inos3Gag.47As has been investigated in different PDA conditions with FGA and is
compared with  (100)-oriented = Ings3Gag47As.  Capacitance-\Voltage (C-V)
measurements are traditionally utilized to characterize MOS devices and materials;
besides, we use conductance method to extract interface states, which can be
determined directly from the experiment [22]. In addition to studies on electrical

characteristics, some chemical characteristics have been discussed.
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2.2 Experimental Procedures
2.2.1 A|203/|n0.53630_47AS (100) MOSCAPs Pretreated with

Trimethylaluminium

P-type (Zn-doped, 4x10™ cm™) InP (100) wafers were used as the starting
substrates. P-type (Zn-doped, 1x10*" cm™®) Ings3Gag.47As (100) of 500 nm thick was
grown as a buffer layer, followed by a 300-nm p-type Ings3GagazAs (100) channel
layer (Zn-doped, 1.23x10* cm™). Similarly, the n-type (100)-oriented IngssGag47AS
was grown on an IngssGag.47As buffer layer on InP wafers. Because of air exposure,
all samples had initial native oxides on the Ing53Gao 47As surface. To remove these
native oxides, suitable surface pretreatment must be carried out prior to gate dielectric
deposition. Ings3Gag47As surfaces were initially rinsed for 5 minutes each in acetone
(ACE), isopropanol (IPA), followed by the dilute HCI solution (HCI:H,O = 1:10) for
2 minutes. Then the samples were transferred to ALD chamber as soon as possible.
TMA treatment was performed for 10 cycles with a period of 0.06 s for a TMA pulse
and 10 s for a N pulse at 250 °C before the subsequent Al,Ozdeposition [23]. The
TMA-treated Ings3Gag s7As surfaces were then in-situ coated with ALD-AI,O3 films
for 100 cycles, using alternating pulsed of TMA and H,0O precursors at 250 °C and N,
as a purging gas to carry redundant reactants away. After that, the samples underwent
PDA in N, ambience with different annealing conditions, for instance, As-deposited,
and 300 °C, 400 °C, and 500 °C for 120 s. Circular MOSCAPs formation was done by
sputter deposition of 50 A of Ti and 500 A of Pt through a shadow mask. The area of
gate electrode examined by optical microscopy was 4x10* cm?® Backside ohmic
contacts were formed by evaporation. Finally, some of the samples (no PDA) were

completed by post-metallization annealing (PMA) in a N, flow at 300 °C for 30 min,
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and the others were carried out by forming gas annealing (FGA), which consists of a
continuous flow of 5% H,/95% N, ambience at 300 °C for 30 min.

The process flow and MOSCAPs structure are shown in Fig. 2.1 and Fig. 2.2.
The cross-sectional TEM image of the as-deposited Al,O3 on Ings3Gag 47AS epitaxial

layers with TMA treatment (10 cycles) and FGA is shown in Fig. 2.3.

2.2.2 A|203/|n0.536a0.47A3 (111)A MOSCAPs Pretreated with

Trimethylaluminium

P-type (Zn-doped)-InP-(111)A wafers were used as the starting wafers. P-type
(Zn-doped) Ings3Gags7As (111)A of 500 nm thick was grown as a buffer layer,
followed by a 300-nm p-type IngssGapszAs (111)A channel layer (Zn-doped,
3.43x10"" cm™®). Due to air exposure, all samples had initial native oxides on the
Inos3Gag47As surface. To remove these native oxides, appropriate surface
pretreatment must be carried out prior to gate dielectric deposition. IngssGag47AS
surfaces were initially rinsed for 5 minutes each in acetone (ACE), isopropanol (IPA),
followed by the dilute HCI solution (HCI:H,O = 1:10) for 2 minutes. Then the
samples were transferred to ALD chamber as soon as possible. TMA treatment was
performed for 10 cycles with a period of 0.06 s for a TMA pulse and 10 s for a N,
pulse at 250 °C before the subsequent Al,Os; deposition [23]. The TMA-treated
Inos3Gag 47AS surfaces were then in-situ coated with ALD-AI,O3 films for 100 cycles,
using alternating pulsed of TMA and H,O precursors at 250 °C and N, as a purging
gas to carry redundant reactants away. After that, the samples underwent PDA in N,
ambience with different annealing conditions, for example, As-deposited, and 300 °C,

400 °C, and 500 °C for 120 s. Circular MOSCAPs formation was done by sputter
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deposition of 50 A of Ti and 500 A of Pt through a shadow mask. The area of gate
electrode examined by optical microscopy was 4x10™ cm?. Backside ohmic contacts
were formed by evaporation of Ti/Pt (50/500 A). Finally, all the samples were
finished by forming gas annealing (FGA), which consists of a continuous flow of 5%
H2/95% N, ambience at 300 °C for 30 min.

The process flow and MOSCAPs structure are shown in Fig. 2.4 and Fig. 2.5.

2.3 Electrical Characteristics of ALD-TMA/INg 53Gag 47AS

(100) and Interfacial Chemistry

It has been taken a long time to develop MOS devices with various oxides on
I11-V compound semiconductors. The electrical characteristics of these MOSCAPs is
closely related to processing conditions such as wafer preparation, passivation
technique, dielectric deposition technigue, PDA, PMA, FGA, etc. In this section, the
electrical behaviors of Al;O3 on Ings3Gag47As with respect to interfacial chemistry
had been demonstrated. Capacitance-Voltage (C-V) and conductance-voltage (G-V)
measurements were measured by HP4284A LCR meter at the temperature of 300K.
Nevertheless, application of the technique to 111-V systems requires considerable care,
as described extensively by Passlack [24].

We quantitatively define frequency dispersion ratio A C. The equations of AC
are as follows:

AC(@Vg=-2 V)={[C(@1kHz) - C(@100kHz)]/C(@1kHz)}*x100% p-type, (2.1)
AC(@Ve = 2 V)={[C(@1kHz) - C(@100kHz)]/C(@1kHz)}x100% n-type, (2.2)
where AC is the frequency dispersion of capacitance measured in 1 kHz and 100 kHz

at Vg = 2 or Vg = -2 volt. The overviews of frequency dispersion of the samples are
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shown in Table 2.1.

2.3.1 C-V Measurements of MOSCAPs w/ or w/o FGA

The CV responses at room temperature (300K) with ac signal frequencies from
100 kHz to 100 Hz for the p-type and n-type Pt/Ti/Al,O3 (As-deposited)/Ing 53Gag 47AS
MOSCAPs with or without FGA are shown. in Fig. 2.6 (a) (c) and Fig. 2.7 (b) (d),
respectively. It is noted that the C-V curves for p-type and n-type MOSCAPs are
remarkably improved by FGA. The Table 2.1 shows that the frequency dispersion of
p-type MOSCAPs without FGA is 64.39%. After FGA, the frequency dispersion at V¢
= -2V dramatically reduces-to 8.96%. Moreover, the stretch-out of C-V curves has
also_been improving after FGA. Correspondingly, the frequency dispersion and
stretch-out of C-V curves for n-type MOSCAPs received FGA become well. In
general, the stretch-out and frequency dispersion of the C-V curves are mainly caused
by the existence of interface states. The higher the Dj;, the larger the frequency
dispersion of the C-V curves and stretch-out. Therefore, we infer that the interface
between gate dielectric and substrate might be restored by FGA, which is well known
for passivating Py-like defects in SiO,/Si and high-k/SiO,/Si systems [25, 26]. Then,
we adjust the process flow, doing FGA subsequent to gate oxide deposition, to
confirm whether FGA can reduce interface defects. However, we found that there is
no marked difference in C-V curves between MOSCAPs without FGA and MOSCAPs
with FGA subsequent to gate oxide deposition (not shown). FGA must be done after
the deposition of gate metal probably for repairing the damage caused by sputter or
improving the interface between gate dielectric and gate electrode.

In the next section, we will discuss the discrepancy between FGA and PMA.
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2.3.2 C-V and G-V Measurements of MOSCAPs w/ FGA or

PMA

Fig. 2.8 (a) (c) and Fig. 2.9 (b) (d) show multifrequency C-V curves of
MOSCAPs with a thick (~11 nm) Al,O3 film on p- and n-type TMA treated
(100)-oriented Ing 53Gag.47As with FGA or with PMA, respectively, measured at 300K.
For the p-type, both two samples never reach strong accumulation, which indicates a
high Dj; close to the valence band edge. The frequency dispersion of MOSCAPSs with
PMA is 12.34% larger than MOSCAPSs with FGA, but much smaller than MOSCAPs
without any post-metallization-thermal annealing, shown in Table 2.1. A hump is seen
at positive bias in both two samples, which may indicate the response of Dj. For the
n-type MOSCAPs, accumulation is achieved at positive gate bias. The frequency
dispersion of MOSCAPs with PMA is 8.08% larger than MOSCAPs with FGA, also
shown in Table 2.1. At negative gate voltages the total capacitance changes with gate
bias and frequency, which may also indicate the response of interface states.

Fig. 210 (a) (c) and Fig. 2.11 (b) (d) show conductance maps of
Al,O3/TMA-treated Ings3Gag 47As MOSCAPs with FGA or with PMA, on both p- and
n-type (100)-oriented Ings3Gag 47As, respectively, at temperature 300 K. These maps
show the magnitude of normalized conductance (G/w)/Aq as a function of ac
frequency f and the gate voltage V¢ For the p-type MOSCAPs, both two plots show
that a distinct signal exists at the gate voltage between 0 and 1 volt and at frequency
between 100 Hz and 10 kHz. We speculate that this energy loss is caused by interface
states due to its gate-voltage dependent and frequency-dependent conductance. For
the n-type MOSCAPs, there is a conspicuous variation in color appearing at the

negative gate voltage in both two graphs, which implies the dramatic energy loss.
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Similarly, the G-V response to this energy loss is made by interface states owing to its
gate-voltage dependent and frequency-dependent conductance. Additionally, the color
variation at negative gate bias in Fig. 2.11 (b) is less dramatic than in Fig. 2.11 (d).
The frequency dispersion of the accumulation capacitance can be attributed to
tunneling of carriers between the substrate and defect states in the ALD-AIl,O3
dielectric. The term “border traps” is referred to near-interfacial oxide traps that can
exchange charge with substrate or gate, respectively [27]. While filling and emptying
of interface states is a thermally activated process, tunneling of charges into border
traps depends only on the measurement frequency and the distance of the defect states
from the oxide/semiconductor-interface. Some related studies have reported that the
dispersion in the accumulation capacitance of such MOSCAPs is consistent with a
tunneling mechanism for charge trapping, insensitive to temperature [28, 29]. Border
traps that are close to conduction band edge of semiconductor contribute most
effectively to the dispersion in accumulation, for n-type channel. Fig. 2.12 shows
schematically the tunneling process between border traps and conduction band in an
n-doped MOSCAP operated in accumulation. Our results are generally consistent with
previous reports of hydrogen passivation of Al,O3/Ings3Gag 47AS, mainly passivating
border traps in the Al,O3 layer [30]. Since interface states nearly respond immediately
in deep accumulation, the decreased dispersion in accumulation observed in Fig. 2.8
(@) and Fig. 2.9 (c) may result exclusively from passivation of border traps.
Nonetheless, the response of interface states observed at V=0~ -2 volts still exists
but less dramatic after FGA, shown in Fig. 2.11 (b), and also the evidence of interface
states observed at V=0~ 1 volt for p-type MOSCAPs, shown in Fig. 2.10 (a), does
not disappear after FGA. Therefore, we suppose that hydrogen is unable to completely
reduce all interface states. Their binding energies are 2.52 eV for In-H, < 2.84 eV for

Ga-H, and 2.84 eV for As-H [31]. Other researches consider that annealing in
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hydrogen can remove most of the fixed oxide charge and interface states [32-34]. The
presence of positive bulk fixed charge and negative interfacial fixed charge is
identified as oxygen and aluminum dangling bonds (DBs), respectively. Fig. 2.13
shows the band alignment between Al,O3; and relevant semiconductors, and position
of charge-state transition levels for dangling bonds in the oxide from the reference
[32]. After FGA, O DBs and Al DBs are neutralized by hydrogen, which the resulting
binding energies are 1.3 eV for O-H and 1.4 eV for Al-H, respectively. However,
some groups consider that the previously reports of FGA cannot be solely attributed to
hydrogen passivation [35]. Hydrogen passivation of dangling bonds and border traps
is responsible for improving the interfacial properties, while the thermal budget is
responsible for minimizing the fixed charge. According to their opinions on the
thermal effects of annealing, the presence of sufficient thermal energy can reconstruct
the bonds to fill vacancies and to passivate dangling bond throughout the oxide.
Another possibility is that PMA may provide enough thermal energy to break the O-H
hydroxyl groups existing as a byproduct during the deposition of Al,Qz. Hence, free
hydrogen dissociated from these O-H groups can also passivate dangling bonds, but
the amount of hydrogen available would be limited by the presence of O-H bonds in
the film.

In summary, FGA was found to suppress frequency dispersion in accumulation,
which suggests that hydrogen could be a promising candidate as the method for
passivation of border traps. In addition, it can also reduce some, but not all, interface
states. Hydrogen annealing of these devices at 300 °C for 30 min has demonstrated
better C-V and G-V characteristics, and we’ll further discuss the impact of PDA on the

electrical characteristics of these MOSCAPs in the next section.
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2.3.3 Electrical and Chemical Characteristics of MOSCAPs

w/ FGA under Various PDA Conditions

Fig. 2.8 (a), Fig. 2.14 (a) (b) (c) and Fig. 2.9 (b), Fig. 2.15 (a) (b) (c) show
multifrequency C-V curves of MOSCAPs with a Al,O3 film on p- and n-type TMA
treated (100)-oriented Ings53Gag47As after post-metallization FGA under different PDA
conditions, respectively, measured at 300K. For p-type, the MOSCAPs with PDA at
500 °C for 120 s exhibit the worst electrical characteristics. Although the capacitance
value at V= -2 volts of MOSCAPs with PDA 500 °C for 120 s is the largest, the
frequency dispersion of the samples with PDA 500 °C for 120 s severely degrades not
only near accumulation (AC (@Ve = -2 V) =16.91%) but also in depletion. It is noted
that the response of interface traps at Vg= 0 to V= 1 volt is severely getting large as
the temperature of PDA increases; therefore, for our Ings3GagszAs substrate, the
limited temperature of post deposition annealing is 300 °C. The minority carrier
response of MOSCAPs with PDA 500 °C for 120 s is obviously seen at Vg= 1 to
V=2 volts. For the n-type MOSCAPs, the frequency dispersion of MOSCAPs with
PDA 500 °C for 120s is 8.99% larger than MOSCAPs with other PDA conditions. All
the samples under various PDA conditions demonstrated the response of interface
states at negative gate voltages due to bias-dependent and frequency-dependent
capacitance. All of the frequency dispersion values under various PDA conditions are
summarized in Table 2.1.

Fig. 2.10 (a), Fig. 2.16 (a) (b) (c) and Fig. 2.11 (b), Fig. 2.17 (a) (b) (c) show
conductance maps of Al,O3z/TMA-treated Ings3Gag47As MOSCAPs with FGA under
different PDA conditions, on both p- and n-type (100)-oriented Ings3Gap47AS,

respectively, at temperature 300K. These maps show the magnitude of normalized
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conductance (G/w)/Aq as a function of ac frequency f and the gate voltage V¢, For the
p-type MOSCAPs, all plots show that a distinct signal exists at the positive gate
voltage and lower frequency. The color variation in this region is getting dramatic as
the temperature of PDA is above 400 °C. We speculate that the amount of interface
states considerably increases as the temperature of PDA is getting higher. For the plot
of PDA 500 °C for 120 s, there is an additional signal existing at gate voltage between
-2 and -1 volt and higher frequency; furthermore, we also observe that the
conductance is constant at gate voltage between 1 and 2 volts, indicating minority
carrier response. For the n-type MOSCAPSs, there is a conspicuous variation in color
appearing at the negative gate voltage in all graphs, which implies that energy loss is
dramatically rising. Similarly, the G-V response to this energy loss is _made by
interface states owing to its gate-voltage dependent and frequency-dependent
conductance. Additionally, the signal existing between Ve= 1 and Vs= 2 volts and
higher frequency becomes distinct as the temperature of PDA increases.

Fig. 2.18 (a) (b), and (c) show X-ray photoelectron spectroscopy of ALD-TMA
(10 cycles)/Al, O3 (10 cycles) on (100)-oriented Ings53Gag.4;As with post-metallization
FGA under various PDA conditions. XPS scans of Ga 2p3/,, In 3ds/,, and As 2ps, core
levels are taken. From Fig. 2.18 (a) and (b), we observe that there is no significant
change in Ga 2ps; and In 3ds;, spectra. The As 2psp Spectra, shown in Fig. 2.18 (c),
demonstrates that As-As bonds are present in these PDA conditions. It is noted that
the concentration of As-As states dramatically increases under PDA 500 °C. We also
find that a lower binding energy peak, which is labeled As- in the spectra, is detected
on the samples with PDA 500 °C for 120s. This may be an indication of breaking of
As-As states at the surface, creating an arsenic dangling bond. In addition, the ratio of
As,05t0 As,Osat PDA 500 °C is the lowest. Table 2.3 shows the ratio of the fitted

area of the As-As and As- components and As;O3 to As,Os from the As 2p3, spectra
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for the Ing53Gag 47As (100).

The results suggest that the considerable existence of As-As states or As- states
and As,Os at the interface should be avoided, causing the degradation of electrical
characteristics. The reason for the degradation of C-V characteristics with PDA 500
°C for 120 s may be the precipitation of arsenide and lower ratio of As,O3t0 As,Os
(As;03 to As,Os). High temperature annealing results in the excess arsenic atoms
produced either the. decomposition of  Ings3Gag47As itself or the chemical
transformation of the oxide species through reactions with the IngssGap 47As channel
layer. The elemental arsenide overlayer acted as a metallic contamination source
nearby the interface between oxide and substrate increases the surface recombination
velocity, deteriorating insulator properties [36]. In addition, the possibility that a little
amount of arsenic oxides diffused into the Al,O3 during post deposition annealing at

temperature above 300 °C cannot be excluded.

2.4 Electrical Characteristics of ALD-TMA/Ings:Gag 47AS

(111)A and Interfacial Chemistry

There have been few studies regarding the MIS properties on the (111) surface of
I11-V semiconductors. Some previous research showed that the electrical
characteristics of (111)A-oriented Ings3Gag47As and (111)A-oriented GaAs MIS
capacitors with Al,O3 dielectrics deposited by ALD were comparable to or even better
than those on the (100)-oriented Ings3Gags;As and (100)-oriented GaAs MIS
capacitors [37-39]. Besides, since the former approach has succeeded in forming

uniform and dislocation-free InGaAs layers on Si (111), the characteristics of

20



MISFET on the (111)-oriented InGaAs are of great interest [40].

Fig. 2.19 (a) (b) (c) (d) show multifrequency C-V curves of MOSCAPSs with a
Al,O; film on p-type TMA treated (111)A-oriented Ings3Gagq7As after
post-metallization FGA under different PDA conditions, measured at 300K. The
frequency dispersion at V= -2 slightly improves at PDA of 300 °C and 400 °C but
degrades at PDA of 500 °C, shown in Table 2.2. At positive gate bias, the capacitance
remarkably increases at lower frequency compared to our previous C-V curves of
p-type Ing53Gaga7As MOSCAPS with (100) orientation, shown in Fig. 2.8 (a) and Fig.
2.14 (a) (b) (c). We suppose that the inversion response appears at more positive gate
voltages and lower frequency due to the constant capacitance.

Fig. 220 (a) (b) (c) (d) show conductance maps of Al,Qs/TMA-treated
Ino53Gag47As MOSCAPs with FGA under different PDA conditions, on p-type
(111)A-oriented Ings3Gag 47AS at temperature 300K. These maps show the magnitude
of normalized conductance (G/w)/Aqg as a function of ac frequency f and the gate
voltage Vs, Under various PDA conditions with FGA, we could easily observe the
minority carrier response at more positive gate bias in all graphs, and the as-deposited
one with FGA demonstrates the strongest minority carrier response. The response of
interface states also exists at gate voltage between -1 and 0 volt.

Fig. 2.21 (a) (b), and (c) show X-ray photoelectron spectroscopy of ALD-TMA
(10 cycles)/Al, O3 (10 cycles) on (111)A-oriented Ings3Gags7As  with
post-metallization FGA under various PDA conditions. XPS scans of Ga 2psp, In
3dsp2, and As 2psj, core levels are taken. From Fig. 2.21 (a) and (b), we observe that
there is no significant change in Ga 2ps, and In 3ds/, spectra. The As 2ps, Spectra,
shown in Fig. 2.21 (c), demonstrates that the As- component dramatically increases
under PDA 500 °C for 120 s. Furthermore, the ratio of As,Os; to As,Os slightly

increases at PDA 300 °C but becomes low at PDA 400 °C and 500 °C. Table 2.4
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shows the ratio of the fitted area of the As-As and As- components and As,Os3 to

As,0s from the As 2ps/, spectra for the Ings3Gag 47As (111)A.

2.5 Conductance Method

Methods of quantifying Dj;, the trap level energy position and the degree of
Fermi level (un)pinning are important in the development of high quality interface
between high-«k dielectric and 111-V materials [41-43]. It is often impractical to
fabricate MOSFET for 111-V devices because the transistor fabrication process may
introduce other issues. Therefore, MOSCAP structures are commonly used to study
the "dielectric/substrate -interface, dating back to 1960s. The conductance method
including the effects of the energy distribution of interface states in the bandgap and
surface potential fluctuation (SPF), which has been established by Nicollian and
Geotzberger, is a powerful and sensitive tool to determine Dj. Fig 2.22 (@) shows that
a n-type MOSCAP applies to a small amplitude (~25 mV) ac signal with frequency f
(typically between 1 MHz and 100Hz) superimposing on a dc gate bias, Vg. Also
shown are the conduction and valence band DOS, Dyos, an arbitrary interface states
density distribution, the Fermi level Er and the intrinsic level E,. Fig. 2.22 (a)
assumes that the band diagram of this MOSCAP is in depletion region. The gate
voltage, inducing a space charge and band bending,ys ,determines the Fermi level
position at the interface. A periodic change in ysis caused by the ac small signal and
the Fermi level at the interface oscillates around the energy level position determined
by the dc gate bias. Only traps with energy levels that are near the Fermi level are able
to change their occupancy. An equivalent circuit model for a MOSCAP with interface

states in depletion region, including the gate oxide capacitance, Cy the
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semiconductor capacitance, Cgos(®,ys), interface trap capacitance, Cilw,ys),
equivalent parallel conductance, Gy(w,ys) and a series resistance, Rs, is shown in Fig.
2.22 (b). The circuit model shown in Fig. 2.22 (b) assumes that the minority carrier
response is negligible. Fig. 2.22 (c) shows the equivalent circuit of impedance
analyzer with the measured capacitance, Cn, and conductance, Gn,. The frequency

dependence is related to the characteristic trap response time,

2
T=—"")
w

where  is the angular frequency;,

w =27 ~(f=measurement frequency)

The interface trap capacitance is related to the interface states density by
Cit = q2 Dit J
where q is the elemental charge

The trap response time for electron or hole is given by Shockley-Read-Hall statistics

of capture and emission rate:

# N 4
z-e:(Ovth,eNc)leXp{ T(T !
"4 (2.3)
E,—E,
kT

Ty = (wth,h Nv)_l eXp|:

where E; is the trap energy in the band gap, o IS the capture cross section, vy, is the
average thermal velocity of majority carriers, N is the effective density of states of the
majority carrier band, kg is the Boltzmann constant, and T is the temperature.

The conductance method is based on analyzing the loss that is caused by the
change in the trap level charge state. Gy/w is given in terms of the measured
capacitance, Cp, the oxide capacitance, Coy, and the measured conductance, G, by

comparison the circuit of Fig. 2.22 (b) and Fig. 2.22 (c), shown as follows:
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For continuum trap level, the time constant dispersion must be taken into

account and the normalized conductance is shown as follows:

o _ BPu oh 4 (or, ] 25)
o 20t

Maximum loss occurs when interface traps are in resonance with the applied ac signal.

For Eq. (2.3) we find

G
D, ~ E(—p] as wr, ~2 (2.6)
Ag\ @ )

where A Is the device area. Ercan be determined from the frequency at (Gp/w)max and
applying Eq. (2.5). Fig. 2.23 (a) (b) show trap level position calculated from Eq. (2.3)
using the values for the average thermal velocity and the band DOS for Inos3Gag 47AS
and a capture cross section ¢ = 1x10™" cm? The characteristics trap frequency as a
function of temperature determines the part of interface traps in the band gap
observable in the MOS admittance characteristic. Fig. 2.23 (a) shows the
characteristics trap frequency as the function of trap energy in the band gap under
different temperature (300K, 250K, 200K, 150K, 100K, and 77K). Due to typical
measurement frequency between 100 Hz and 1M Hz, it’s impossible to extract the
interface state density over the whole band gap at room temperature. However, by
varying the temperature, the complete D;; profiles can be done. For the band gap
around 0.74 eV of Ings3Gag47AS, traps near midgap could be observed at room
temperatures. The traps closer to the band edges could be probed by measuring the
impedance at lower temperature because of increase of the trap response time. Fig.
2.23 (b) shows the traps energy as a function of temperature at frequency 100 Hz

(orange line) and 1 MHz (dark blue line). It also demonstrates the measurement
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windows at given temperature and the limited range of typical measurement

frequency.

2.5.1 Comparison between FGA and PMA

Fig. 224 (a) (b) and Fig. 225 (a) (b) show conductance maps of
Al,O3/TMA-treated Ing s3Gag 47As MOSCAPS with FGA or with PMA, on both p- and
n-type (100)-oriented Ings3Gag47AS, respectively, at temperature 300K. These maps
show the magnitude of normalized parallel conductance (Gy/w)/Aq as a function of ac
frequency f and the gate voltage Vg, The D;; Is estimated by multiplying the peak value,
[(Gplw)/AQ]max, With a-factor-of 2.5[see Eq. 2.6]. In Fig. 2.24 (b), there is a
remarkable response appearing at V= -2 volts and frequency between 1 kHz and 100
Hz. \WWe speculate that this response might be slow traps or border traps [section 2.3.2].
The samples with FGA, shown in Fig. 2.24 (a), don’t show the response at the same
region, which indicates H, annealing is able to passivate these slow traps and reduces
the frequency dispersion in accumulation. For n-type MOSCAPs, we also observe that
the slow traps are effectively passivated by hydrogen annealing and lower interface
states exist in the samples with FGA [Fig. 2.25(a)].

Fig. 2.26 (a) (b) and Fig. 2.27 (a) (b) show the parallel conductance curves of
Al,O3/TMA-treated Ing53Gag.47As MOSCAPs with FGA or with PMA, on both p- and
n-type (100)-oriented Ings3Gag47AS, respectively, at temperature 300K by using Eq.
2.4. The Gplow-f curves from Vg= -1 to 1 volt for p-type and Vg= 0.5 to -1.5 volts for
n-type are demonstrated here, and Dj;can be obtained by multiplying peak value with
a factor of 2.5. It is clearly known that MOSCAPs with FGA have lower interface

states than MOSCAPs with PMA. According to Eq. 2.3, the frequency corresponding
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to peak value can transfer to trap position in band gap; consequently, Dj;profiles can
be done by the conductance method. The Dj; profiles of MOSCAPs with FGA and
with PMA are shown in Fig. 2.28 (a) (b), assuming the capture cross section to be
10" cm® We can only observe the interface states near midgap because of material
properties and measurement temperature (300K). This result corresponds to our
previous graph, Fig 2.23 (a) (b). It is noted that the interface states near midgap can

be reduced slightly about 22.28% (E= 0.428 eV) by hydrogen annealing,

2.5.2 MOSCAPs with FGA under Various PDA Conditions

Fig. 2.29 (a) (b) (c)and Fig. 2.30. (a) (b) (c) show parallel conductance maps of
Al,O3/TMA-treated Ings3Gags7As MOSCAPs  with FGA under different PDA
conditions, on both p- and n-type (100)-oriented Ings3Gag47AS, respectively, at
temperature 300K. These maps show the magnitude of normalized parallel
conductance (Gp/w)/Aq as a function of ac frequency f and the gate voltage Vg The
Ditis estimated by multiplying the peak value, [(Gp/@)/Ad]max, With a factor of 2.5[see
Eq. 2.6]. For p-type MOSCAPs, all plots show that a distinct response of Dj; exists at
the gate voltage between 0 and 1 volt and lower frequency. The color variation in this
region is getting dramatic as the temperature of PDA is above 400 °C. This indicates
Di: dramatically increases, causing higher frequency dispersion in this region. For the
samples with PDA 500 °C for 120 s, we also see the minority carrier response at gate
voltage between 1 and 2 volt; furthermore, we speculate that the response appearing at
V= -2 volts and lower frequency may be the slow traps, resulting in higher frequency
dispersion at V= -2 volts. For the n-type MOSCAPS, the response of Dj; is obviously

seen at gate voltage between 0 and -2 volts and. In addition, we also observe slight
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response of slow traps appearing on the samples with PDA 500 °C for 120 s.
Consequently, in order to retain our interface and oxide quality, higher PDA
temperature should be avoided. PDA of 500 °C seriously degrades electrical
characteristics due to the presence of border traps and higher Dj. We suppose that
higher interface traps appearing at PDA 500 °C might be the precipitation of arsenide
or As- states and the considerable existence of As,Os, and border traps might be the
diffusion of arsenic oxides into Al,Oz during higher temperature of PDA, discussed in
previous section 2.3.3.

Fig. 2.31 (a) (b) (c) and Fig. 2.32 (a) (b) (c) show parallel conductance curves of
AlLO3/TMA-treated Ings3Gaga7As MOSCAPs with FGA under different PDA
conditions, on both p--and-n-type (100)-oriented Ings3Gags7As, respectively, at
temperature 300K. The Gy/e-f curves from Vg= -1 to 1 volt for p-type and V= 0.5 to
-1.5 volts for n-type are demonstrated here, and Dj; can be obtained by multiplying
peak value with a factor of 2.5. It is found that the peak value is getting larger as the
temperature of PDA increases for p-type. For n-type MOSCAPs, the peak value is
almost the same but its position is nearly pinned at the frequency between 10 kHz and
1 kHz when the temperature of PDA is above 400 °C. Fig. 2.33 (a) (b) (c) show the
Di: profiles of Al;O3/Ings3Gag47As (100) with post-metallization FGA under various
PDA conditions, assuming the capture cross section to be 107" cm? It is obviously
seen that the higher PDA temperature is, the higher Dj; exist close to midgap. Di
increases 322.65% at Ei-0.377 eV after PDA 500 °C for 120 s, which indicates the

degradation of interface quality.
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2.5.3 Comparison between the orientation of (100) and

(111)A

Fig. 2.34 (a) (b) (c) (d) show parallel conductance maps of Al,O3/TMA-treated
INos53Gag47As MOSCAPs with FGA under different PDA conditions on p-type
(111)A-oriented Ings3Gag47As at temperature 300K. It is noted that the response of
slow traps only appears in the samples only with FGA, shown in Fig. 2.34 (a). This
response disappears at other PDA temperature. Compared to Table 2.2, it seems that
the electrical characteristics.of MOSCAPs under PDA 300 °C with FGA is the best in
all the samples for (111)A-orientation. Even though we don’t observe the slow trap
response at the samples with- PDA 400 °C and 500 °C, there’s been an upward trend in
the frequency dispersion at Vg= -2 volts. In addition, the minority carrier response is
strong in all samples, especially for only FGA one.

Fig. 2.35 (a) (b) (c) (d) show parallel conductance curves of Al,O3/T MA-treated
INnos3Gagsa7AS MOSCAPs with FGA under different PDA conditions on p-type
(111)A-oriented Ings3Gag47As at temperature 300K. We observe that the interface
states are reduced after PDA. However, the peak position is weakly pinned at
frequency around 10 kHz for MOSCAPs with PDA temperature above 400 °C. Fig.
2.36 shows the Dj; profiles of Al,O3/Ings3Gag47As (111)A with post-metallization
FGA under various PDA conditions, assuming the capture cross section to be 107°
cm?. The interface states can be reduced about 67% at the trap energy of 0.347 eV
after PDA 300 °C for 120 s. The proper temperature of PDA is very important;
otherwise higher temperature could damage the gate oxide and degrade the interface
between gate dielectric and substrate, causing higher frequency dispersion, higher Dy,

and Fermi level pinning. Eventually, we demonstrate the Dj; profiles of the best PDA
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conditions for the orientation of (100) and (111)A. In comparison with the orientation
of (100), we find that the interface states of (111)A are even larger. The overviews of

D;; values of MOSCAPs under various thermal treatments are shown in Table 2.5.

2.6 Summary

The conductance method is a basic and useful tool for interface engineering. It
can extract interface states over band gap directly from impedance measurements of
MOSCAPs by varying. the temperature. Analyzing Al;O3/Ing53Gag47As interfaces
with 'the conductance -method; we can clearly find the best oxide and interface
qualities under various process conditions and different substrate orientations. Our
primary purpose in this chapter is to design the optimum process conditions for gate
stack, also corresponding to fabrication of p-MOSFETSs later.

Firstly, we study the effect of different thermal annealing. Compared to PMA,
frequency dispersion in accumulation can be efficiently reduced by FGA. In addition,
midgap traps have been slightly decreased after FGA. Subsequently, MOSCAPs under
different PDA with FGA have also been discussed. It is noted that MOSCAPs under
PDA 500 °C for 120 s with- FGA show. the worst electrical characteristics.
Furthermore, higher PDA temperature is, the higher Dj; exists near midgap. The
reason for the degradation of electrical characteristics may be the lower ratio of As,;03
to As,Osand the existence of As-As states or As- states, which is shown in our XPS
analysis.

Next, in our experiment, the electrical characteristics of Ings3Gag47As (100) is
better than Ings3Gag 47As (111)A, such as lower frequency dispersion and lower Dy,

Hence, the (100)-oriented substrate would be used to fabricate MOSFETSs.
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Furthermore, the reason for studying different PDA conditions is the lift-off process
used in gate patterning of MOSFETSs. Because the developer solution used in this
lift-off process is capable of etching Al,O3;, we manage to strengthen our gate oxide
by thermal annealing or other methods. In general, Al,O3; would be strong as the PDA
temperature becomes high. However, excess thermal budget is not suitable for
Ino53Gag 47AS substrates, probably resulting in degradation of electrical characteristics.
Therefore, we have to find the optimum process conditions not only for anti-etch gate
dielectric but also for lower Dj;. In our study, the MOSCAPs with PDA 300 °C for 120
s have demonstrated quite good. electrical characteristics. Other methods like

depositing thin HfO, on Al,Ozcan be considered.
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Fig. 2.18 X-ray photoelectron spectroscopy of ALD-TMA (10 cycles)/Al,O; (10
cycles) on (100)-oriented Ings3Gag47As with post-metallization FGA

under various PDA conditions (a) Ga 2psz (b) In 3ds, (¢) As 2pap
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post-metallization FGA under different PDA conditions in N, ambience

for 120 s (a) as-deposited (b) 300 °C (c) 400 °C (d) 500 °C
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Fig. 2.21 X-ray photoelectron spectroscopy of ALD-TMA (10 cycles)/Al,O; (10
cycles) on (111)A-oriented Ings3Gags7As with post-metallization FGA

under various PDA conditions (a) Ga 2psz (b) In 3ds, (¢) As 2pap
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Fig. 2.24 Map of the normalized parallel conductance, (Gpy/w)/Aq, as a function of

gate bias Vg and frequency f measured at 300K for MOSCAPs with Al,O3

(as-deposited) on p-type Ings3Gag 47As (100) after (a) FGA and (b) PMA
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Fig. 2.29 Normalized parallel conductance, (Gy/w)/4q, as a function of gate bias V¢
and frequency f measured at 300K for MOSCAPs with ALD-TMA/AI,O3
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Fig. 2.30 Normalized parallel conductance, (Gy/w)/4q, as a function of gate bias V¢
and frequency f measured at 300K for MOSCAPs with ALD-TMA/AI,O;
on n-type Ings3Gags7As (100) after post-metallization FGA under different

PDA conditions in N, ambience for 120 s (a) 300 °C (b) 400 °C (c) 500 °C.
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Fig. 2.31 Parallel conductance curves of MOSCARPSs with Al,O3 on p-type INgs3Gag 47-
As (100) with post-metallization FGA and under different PDA conditions
for V= -1 to 1 volt (a) 300 °C (b) 400 °C (c) 500 °C. The measurement is

performed at 300K.
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Fig. 2.32 Parallel conductance curves of MOSCARPSs with Al,O3 on n-type Ings3Gag 47-
As (100) with post-metallization FGA and under different PDA conditions
for Vg= 0.5 to -1.5 volts.(a) 300 °C (b) 400 °C (c) 500 °C. The

measurement is performed at 300K.
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Fig. 2.34 Normalized parallel conductance, (Gy/w)/4q, as a function of gate bias V¢

and frequency f measured at 300K for MOSCAPs with ALD-TMA/AI,O;

on p-type Ing53Gap 47As (111)A after post-metallization FGA under different
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PDA conditions in N, ambience for 120 s (a) as-deposited (b) 300 °C (c)

400 °C (d) 500 °C.
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Fig. 2.35 Parallel conductance curves of MOSCAPSs with Al,O3 on p-type Ing53Gag 47-

As (111)A with post-metallization FGA and under different PDA conditions
for Vg= -1 to 1 volt. (a) as-deposited (b) 300 °C (c) 400 °C (d) 500 °C.
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64.39%
8.96% 10.81% 9.16% 16.91%
12.34%
6.49%
4.77% 5.29% 4.78% 5.99%
8.08%

Table 2.1 The overviews of frequency dispersion of ALD-TMA/AI,O3 (100)-oriented

)

> for p-type olt for n-type)

2% | 1352% | 1589% |

MA/AI,O4

INg.53

Table 2.3 Ratio ¢ h area A S ponents and As,Os to

As,05 from the As . : e Ing53Gap47As (100) samples at

different PDA conditions
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0.185 1.176
0.024 0.109 1.862
0.287 0.838
0.441 0.891

Table 2.4 Ratio of the fitted area of the As-As and As- components and As,Os to

As,05 from the As 2ps, spectra for the Ings3Gag47As (111)A samples at

different PDA conditior

\

Table 2.5 The overv A 00)-oriented and

(111)A-oriented : 5 under different thermal treatments
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Chapter 3

Self-Aligned Metal Source/Drain Ings3Gag 47AS
N-MOSFETs using Ni-InGaAs Alloy

3.1 Introduction

Lately, the performance improvement accompanied by device scaling has
become tough owing to-the-increase in leakage current, short channel effects, and so
on. In order to solve this-scaling problem, several groups are dedicated to application
of new materials for future generations [1-2]. Indium Gallium Arsenide (InGaAs) is
considered to be a potential channel material for its high electron mobility. One of the
challenges to achieve high drive current in MOSFETs is to develop stable and
low-resistance ohmics contact to InGaAs. High S/D resistance results from low
dopant selubility of 111-\VV compound semiconductors, and metal S/D structure is one
of the hopeful methods to reduce S/D resistance. In addition, self-alignment of the
S/D contacts to the gate electrode is desirable for reduction of S/D access resistances
and for achieving reduced transistor footprint [3]. In this respect, the requirements of
S/D for scaled I11-V MOSFETSs can be satisfied by the self-aligned metal S/D using an
alloy layer formed by the reaction of I11-V and metals (Fig. 3.1), like silicides, with
low sheet resistance and low Schottkey Barrier Height (SBH) against I11-Vs. A
self-aligned metallization process is also simple and similar to the salicidation process
in Si CMOS technology

In this chapter, we made attempt to fabricate the self-aligned Ni-InGaAs
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metallization process for InGaAs channel n-MOSFETSs. The self-aligned metallization
process consists of conversion of sputtered nickel (Ni) on InGaAs into a uniform
Ni-InGaAs film by rapid thermal annealing (RTA), and removal of unreacted Ni by
selective wet etching. The most critical parts of this technique is the selective etch of

Ni over Ni-InGaAs, which can be quantified as the ratio of the etch rates of Ni and

Ni-InGaAs, i.e.
r..
S=—"="— [3.1]
rNi—InGaAs

where ry; and fni-mcaas are the etch rates of Ni and Ni-InGaAs respectively.

Many etch chemistries etch Ni-at a rapid rate, such as Hydrochloric (HCI), Nitric Acid
(HNOs), Aqua-Regia [ HCI:HNO3:H,0 (3:1:2)], Sulfuric Peroxide Mixture (SPM)
[H2S04:H20; (4:1)], HCI:H,0; (4:1), HCI:HNO;3 (5:1), and HF:HNOg3 (1:1). Here, we
focus on HCI and HNOg solutions performed at different temperature, and prefer the
high selectivity etchant that etches Ni quickly but etches Ni-InGaAs slowly. The
results are shown in Table 3.1, which is from reference [4]. The concentrated HCI (25
‘C) etching the Ni film at a rapid rate of approximately 61 nm/minute gives the
highest selectivity of approximately 15.6. The consequences of this reference could be
useful for the process of Ings3Gags7As channel n-MOSFETs with self-aligned

Ni-InGaAs S/D.

3.2 Transistor Fabrication

The process flow for transistor fabrication and device structure of Ings3Gag.47AS
channel n-MOSFETs with self-aligned Ni-InGaAs alloy are illustrated in Fig. 3.2. The

starting substrates are p-type (Zn-doped, ~4x10™ cm™) InP wafers. A 500 nm thick
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p-Ing53Gaga7As (Zn-doped, ~1x10' cm™) buffer layer and a 300 nm thick
p-Ino53Gag.47As (Zn-doped, ~1.23x10™® cm™) channel layer are sequentially grown. In
the beginning, 100 cycles thick Al,O; and 420 nm thick SiO; isolation layer were
deposited on the substrates, and then the active area (AA) was patterned by optical
lithography. After cleaned by acetone, IPA, and diluted HCI, the substrates were
transferred to ALD chamber for the deposition of gate oxide. Then, 10 cycles TMA
treatment was performed before the subsequent 100 cycles Al,O3; and 50 cycles HfO,
deposition at 250 °C. After the deposition of gate oxide, the samples were followed by
PDA 300 °C for 120 s in Ny. Ti/Pt (5.nm/ 100 nm) gate deposition by sputter and gate
patterning were carried out. Following gate stack formation, a 30 nm Ni was also
deposited by sputter and RTA was performed at 250 °C for 30 s and 300 °C for 60 s in
N, for the formation of Ni-InGaAs as S/D regions. Concentrated HCI was able to
remove unreacted Ni with its good selectivity between Ni and Ni-InGaAs alloys.
Subsequently, 100 nm SiO, was deposited as the passivation layer and contact holes
were patterned by optical lithography. Finally, Ti/Pt for the S/D pad and back contact

electrode was sputtered.

3.3 Failure analysis

The reason why the devices can’t work may be the junction parts of MOSFETSs.
Even though we found the good rectifying behaviors (on/off ratio~ 10°), shown in Fig.
3.3, from our junction characteristics (I-V curves), it might not be the characteristics
of Ni-InGaAs/Ings3Gag47As junction. We speculate that this Schottky junction
characteristics might be the Pt(metal pad)/p-Ings3Gag4;As diode. Ideally, we can

verify that whether the Ni-InGaAs is formed by SBH. In ideal case, the SBH for
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electron of Ni-InGaAs/Inys3Gag 47As and Pt/Ing s3Gag47AS contact is 0.7 eV and 1.1
eV, respectively. However, we observed that SBH is relatively independent of the
work function of the metal from reference [2], shown in Fig. 3.4. The relative
constancy of the barrier height with various work function metals is sometimes
attributed to Fermi level pinning, where the Fermi level is almost pinned at the charge
neutrality level (CNL). The CNL for Ings3Gag47As is near the conduction band,
shown in Fig. 3.5, which also indicates that the SBH is almost pinned in the vicinity
of the conduction band edge. The thermionic current-voltage relationship of Schottky

barrier diode, neglecting series and shunt resistance, is given by

qVv
| =lg(e™" —1)
—q®g
I = AAT %e ' [3.2]
- 4agkim
h3

Where I is the saturation current, A the diode area, A" Richardson’s constant, ®g the
effective barrier height, and n the ideal factor. Among the current-voltage methods,
the ideal factor n and the effective barrier height ®g are determined by the slope of the
semilog | versus V curve and its intercept of zero bias (V=0), respectively. For the
samples with RTA 250 °C for 30 s, 1 is 1.28 and ®g is 0.16 eV, while 1 is 1.21 and ®g
is 0.14 eV for the sample with RTA 300 °C for 60 s. This result corresponds to the fact
that Ef is pinned near the conduction band edge for the CNL of Ings3Gag7AS.
Therefore, other methods such as TEM and energy dispersive X-ray (EDX) are used
to judge whether Ni-InGaAs is formed. Fig. 3.6 shows the cross-sectional TEM image
of self-aligned metal S/D structure. There is no obvious color difference at the S/D
region part of substrate, which can distinguish Ni-InGaAs from Ings3Gag47AS
substrates. Evidence which Ni-InGaAs may not be formed is also seen by EDX

analysis, demonstrated in Fig. 3.7 (a) and (b). The positions (1| and Where we did
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EDX analysis are shown in Fig. 3.6. It is noted that the amounts of Ni in both graphs
are few, which indicates that there is no formation of Ni-InGaAs at this region. One of
the possible reasons that the Ni-InGaAs cannot be formed is the thin native oxides
existing between Ni and Ings3Gag47As channel layer. Before loading to the sputter,
the samples were cleaned by diluted HCI for 2 min. We suppose that the regrowth of
native oxides happened during the loading time. Hence, surface pre-clean before

deposition of Ni might be a critical point in-order to avoid this uncertainty.

3.4 Summary

The good rectifying characteristics of Pt/p-1ngs3Gag 47As contacts results from E¢
pinning near the conduction band edge even though its ideal SBH for electron is 1.1
eV. In addition, the critical reason why devices are unable to work is the
non-formation of Ni-InGaAs alloy, verified by EDX analysis. The native oxides
existing between the Ni and Ings3Gag47As substrate should be avoided, which may

inhibit the formation of Ni-InGaAs alloy.
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Fig. 3.1 Schematic cross-sectional image and technology requirements of future I11-V

MOSFETs

Process Flow

e 4200A SiO, field oxide and define AA

e Surface pre-clean
-Acetone (5min.), IPA (5 min.), HCI (2 min.)

e ALD : TMA treatments (10 cycles) + Al;O3 (100 cycles) + HfO, (50 cycles)
e PDA300°C for 120 s in N3

e Ti/Pt deposition and gate patterning

e Ni-InGaAs S/D formation
-S/D Ni deposition
-RTA 250 °C for 30 s or 300 °C for 60 s
-removal of unreacted Ni (selective etching by HCI)

e contact hole and metal pad (Ti/Pt)

e back contact (Ti/Pt)
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Fig. 3.2 Process flow and device structure of 1ngs3Gag47As channel n-MOSFET with

self-aligned Ni-InGaAs source and drain
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Fig. 3.5 Energy level for charge neutrality level (CNL) in InyGag.xAs

Fig. 3.6 The cross-section TEM image of self-aligned metal S/D structure. [1] and

show the positions where EDX analysis was done.
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Fig. 3.7 (a) and (b) show the EDX analysis at position [1] and [2, where the amounts of

Ni are few.
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Chapter 4

Conclusion

In this thesis, Ti-Pt/Al,O3/Ings3Gag47As(100) MOS capacitors with different
conditions of thermal treatments such as PMA, FGA, and PDA were investigated.
FGA is able to effectively suppress frequency dispersion in accumulation (p-type:
12.34%—8.96% & n-type: 8.08%—4.77%) and reduce some, but not all, midgap
traps ( Djt (E;=0.382 eV). | 19.48% & Dj; (E=0.428 eV): | 22.28%), compared to
PMA. Then, we discuss- MOSCAPs under various PDA conditions with FGA to find
the highest temperature limit of our gate stack. It is noted that MOSCAPS under PDA
500 °C for 120 s with FGA demonstrate the worst electrical characteristics such as
extremely high frequency dispersion in_accumulation (p-type: 8.96%—16.91% &
n-type: 4.77%—5.99%) and higher midgap traps (Di: (E=0.377 eV): 1 322.65% & D
(E=0.487 eV): 1 117.56%) causing Ef pinning. The XPS spectra of As 2ps;, show
that the area ratio of As;O3to As,Os becomes lower as the PDA temperature gets
higher; therefore, lower extent of the As,O3 passivation of the Al,O3/Ings53Gag 47AS
causes the degradation of interface between Al;Ozand Ings3Gap 47AS.

Next, Ti-Pt/Al,O3/p-Ing53Gag 47As(111)A MOS capacitors under various PDA
temperature with FGA were studied. The electrical characteristics of the capacitors
can be improved by PDA 300 °C for 120 s with FGA, for example, the reduction of
frequency dispersion in accumulation (14.57%—12.72%) and midgap traps (Dit
(E=0.347eV): | 67%). The XPS spectra of As 2ps/, show that the area ratio of As,O3
to As,Os is the highest for the MOSCAPs under PDA 300 °C for 120 s with FGA,

which indicates the lowest interface traps in all the samples. Subsequently, we
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compare MOSCAPs with orientation (111)A to orientation (100). It is seen that
MOSCAPs with (100)-oriented Ings3Gag 47AS substrates demonstrate better electrical
characteristics than MOSCAPs with (111)A orientation. Despite the fact that
Al;O3/Ing53Gag 47As (111)A interface has lower As atoms of oxidation states than
Al;O3/Ing 53Gag 47As (100) interface, the area ratio of As,Os to As,O3 of orientation
(111)A s still higher than that (100). Hence, Dj; of (111)A is much higher than that of
(100).

Finally, the failure of self-aligned Ni-InGaAs S/D Ings3Gap 47As N-MOSFETSs is
attributed to the non-formation of Ni-InGaAs according to the TEM images and EDX
analysis. Surface pre-clean before the Ni deposition is very important, avoiding the
regrowth of native oxides during the loading time preventing the formation of
Ni-InGaAs. In the future, we hope our device can be successfully fabricated by
solving these problems mentioned above. In addition, we suggest that the gate oxide,
Al;03, could be replaced by Al,Og (thin)/HfO, (thick) double layers or other high-«
oxides such as ZrO,, which EOT can further be scaled down. Devices with Si- or Ge-
doped S/D with Ni-InGaAs contact are also a promising method to suppress the

junction reverse leakage current significantly.
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