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The Electrical and Material Characteristics of

Gd,0O; Gate Dielectric on Sulfidized GaAs Substrate

Student: Chih-Kuo Tseng Advisor: Dr. Chao-Hsin Chien

Department of Electronics Engineering and Institute of Electronics

National Chiao Tung University, Hsunchu, Taiwan

ABSTRACT

In this thesis, the rare-earth ‘oxide of Gd,O; was used as high-k gate
dielectric material, which is highly. stabilized: with GaAs, and we studied the
material and electrical properties of the Gd>Os/GaAs structures through surface
preparation procedures and post thermal annealing, respectively.

At first, for the wet chemical cleaning, it was found that the GaAs surface
preferred to form arsenic chemical species after etching in HCI solution, and
subsequent NH,OH solution assisted to remove these excess arsenic-related
defects. After that, we performed various kinds of the sulfur-based pretreatment
to passivate the cleaned GaAs substrate. The purpose of formed
sulfur—terminated GaAs surface is to restrain the growth of defective oxide
layers prior to and during the dielectric deposition; since they indeed cause the
degradation of the following electrical characteristics. We found that sulfur
atoms can react with both arsenic and gallium elements; an increase in sulfidized

temperature intends to form the Ga-S rather than As-S chemical bonding



because of the stronger bonding strength, which in turn facilitating to decrease
surface native oxides and interface trap density in Gd,Os/GaAs capacitors.

We also observed that (NH,),S aqua or combining with alcohol-based
solution can alleviate the well-known Fermi level pinning on metal/GaAs
interface. The mixed solution of the (NH,),S and the butanol was found to be
effectively decrease the Schottky barrier height due to the removal of substantial
interfacial oxides as well as the definite sulfide passivation.

In addition, the post-deposition annealing further boosted the quality of
Gd,0;3 thin film with improved Gd,O5/GaAs interface; moreover, changing the
annealing atmosphere showed several characteristic differences in C-V and I-V
curves. The O,-contained gas at 500-600 °C revealed the smaller C-V frequency
dispersion and lower leakage current level, whereas the inert Ar or N,-contained
gas revealed the opposed results. On ‘the ‘other hand, the humidity induced
degradation is not obvious for, deposited &d,O; high-k dielectric that the
identical electrical properties-can‘be preserved in Gd,Os/GaAs capacitors up to
one month through investigation of the Weibull distribution. Therefore, we
conclude that the highly stable Gd,Os/GaAs interface can be achieved
integrating the sulfide pretreatment and dielectric annealing processes, which
can be considered as the potential structure for metal-oxide-semiconductor

device application.
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Chapter 1

Introduction

1-1 General Background

Advancements in the performance of CMOS devices employing silicon
substrates have been consistently achieved by shrinking critical MOSFET
dimensions. Whiles critical dimensions keep decreasing to meet the demand for
smaller and faster chips, the associated challenges will become increasingly
difficult to address. As theoretical limits are reduced in the silicon CMOS world,
referenced to MOSFETs based on compound semiconductor substrates have
appeared in the International “Technology Roadmap for Semiconductor
[2] .Nanoscale device technology is driving intense study of thin dielectric
layers on semiconductors. The aggressive scaling of St CMOS technology calls
for identifying high k dielectrics to replace SiO, and oxynitride in gate related
applications [3]. About the substrate, Si and GaAs will be compared in the Fig.
1-1. The fundamental material requirements for the alternative gate dielectric are
very challenging in order to achieve performance comparable to SiO,. These
requirements include dielectric constant, band gap, conduction band offset, high

recrystallization temperature (for amorphous dielectrics only), low oxygen



diffusivity, The rare earth dielectric oxides have a high conduction band offset
over 1 eV and show good thermodynamic stability in contact with GaAs, hence
are considered as a very attractive candidate among several binary metal oxides
currently in contention[4] .The GaAs metal-oxide-semiconductor field-effect
transistor (MOSFET) in the driven by their applications in the high-speed circuit,
which a low-leakage current ,and high-electrical strength[5]. Fig. 1-2 illustrate
the energy band offset about GaAs substrate [6], and the difference of
conduction band between GaAs and Gd,Os is 1.8e V, which can reduce the

thermal leakage current.



1-2 Motivation-Development of Gate Dielectric of GaAs
Substrate.

Over the last few decades, there has been a dramatic increase in the number
of publications on gate oxide with GaAs. For instance, in 1963 Revesz first
appear that who use “anodic oxide” method to growth oxide, but the film
morphology was too coarse [7]. In 1965, Becke, Hall and White used hot
oxidation to growth SiO2 as gate oxide [8]. Hasegawa et al. have introduced the
Si02 or Si3N4 ultrathin film asyan interfacial control layer between a GaAs and
a gate dielectric [9].Wada haye proposed an-atomic layer passivation method
using atomically thin compound“ayer [10]. Of the proposed alternative gate
dielectrics for the GaAs, an epitaxially grown Gd,0O; film stands out as a stable
insulating layer for the MOSFETs due to a lowest interface-state density below
10" cm™ eV~ for both the inversion channel and the depletion-mode GaAs
MOSFETs[11] ~ [12]. Therefore, the Gd,O; on GaAs is the better surface
passivation required for the efficient protection of GaAs from the air exposure

and the deposition-induced degradation.



1-3 Organization of the Thesis

In Chapter 2, we developed the cleaning process of GaAs substrate.
Different diluted etching solutions were treated for GaAs wafer cleaning.
Various material analysis techniques, such as Atomic Force Microscopy (AFM)
and X-ray Photoelectron Spectroscopy (XPS) were performed to observe the
surface morphology and surface binding behavior of GaAs substrate after the
cleaning procedure.

In Chapter 3, with the optimized cléaning procedure of GaAs wafer, the
surface passivation was needed: The chemical wet solution was prepared to treat
the GaAs surface in order to'reduce the growth of native AsO, and GaO, oxide
when exposed to air ambient. Various material analysis techniques, such as
Atomic Force Microscopy (AFM), X-ray Photoelectron Spectroscopy (XPS) and
Photoluminescence (PL), were performed to observe the surface morphology,
surface binding behavior of GaAs substrate and surface trap after the cleaning
and passivation procedure. Electrical analysis was discussed with Schottky
barrier height reduction according to aluminum contact with n-type GaAs.

In Chapter 4, the thesis research focus on this chapter, the

metal-insulator-semiconductor structure was fabricated, the optimized surface



treatment, post deposition anneal and e-beam evaporated Gd,Os; high-k films
were included. Various material analysis techniques, such as Atomic Force
Microscopy (AFM), X-ray Photoelectron Spectroscopy (XPS) were performed
to observe the films morphology and surface binding behavior of GaAs substrate
after the film deposition procedure and metal-insulator-semiconductor structure
cross section behavior. Electrical analysis such as C-V and I-V characteristics
were used to discuss the capacitor properties.
Finally, in Chapter 5 gave the conclusion and suggestions of this thesis for

the future work.



Properties@300K Si GaAs
Mobility (cm */V - s)
electrons 1450 8000
holes 500 400
Energy gap (eV) 1.12 1.43
Intrinsic resistivity 3.3x10° 2.9x10°
(Q-cm)

Fig.1-1 Advantage of GaAs substrate compared to general Si material.
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Chapter 2

The Cleaning Process of Gallium Arsenide Substrate

2-1  Introduction

The last two decades have seen growing importance places on research in
Gallium Arsenide surface clean. Surface clean is the most important process in
order to improve the device performance. Gallium Arsenide is easy to oxidize
during the short time, and the native oxides description change with the acid or
alkaline solution. In order :to"achieve-the high-quality surface properties, the
following conditions are: (1) metal and particle-free surface (2) the thin surface
native oxide (3) flat surface morphology. For example of the mainstream silicon
devices, surface terminated by silicon hydride are gaining popularity for the
growth of gate oxide, which is used in the fabrication of deep submicron
ultra-large integrated circuits. Accordingly, several different methods for GaAs
surface cleaning have been reported. In the earlier stage, heating cleaning at high

temperature can desorption the surface oxide [13]-[18], when the temperature is



above 200°C will is mainly gallium oxide whereas it is an arsenic-rich mixture

of As and Ga oxides after the standard procedure [13]. The desorption

temperature: (1) AsO,: around 200 °C; (2) As element: around 350 °C; (3) GaO,:

around 500 °C [14]. Since volatile or unstable oxides are removed during the

temperature ramp, it is only a Ga,Oz-like oxide that remains on the surface

above 500 °C. Menda et al provide an excellent review of the method and

findings issues related to wet cleaning use [15]. In the thermal treatments at

temperature higher than 570.°C, 'thermal- facets are introduced on GaAs surface.

It reported that the native oxide on the GaAs-surface dipped in a HF solution can

be removed in vacuum at 490 °C and this is arsenic-rich from their analysis.

Alternative method of reduction of the density of protrusions on a cleaned GaAs

surface by arsenic-free high-temperature surface cleaning was found decrease

the temperature ramp-up rate of the thermal cleaning. Two-step-heating

sequence in arsenic-free high-temperature surface method for two-dimensional

electron gas transistor has increased about 50% electron mobility compared to



one-step heating [16]. The following is an instance of ion-cleaning, an undoped

substrate after conventional thermal cleaning under an As, flux is smoother than

that of a Si-doped substrate. The surface roughness of Si-doped was greatly

improved by cleaning using hydrogen radicals(H « ) at temperature of about 400

°C, the results indicate that the (H « ) treatment of non-smooth substrate is useful

for obtaining smooth and clean surface[17]-[18]. However, the above-mentioned

cleanings were thermal heating method. The wet chemical cleaning results of

this study could have considerable impact.on passivation of surface behavior.

The effective wet chemical cleaning process used NH,OH mixture to remove

particles and metals as a first step of wet-chemical cleaning and acidic peroxide

mixture to remove residual metallic contaminants and control the components of

oxide layer as a second step of wet-chemical cleaning [20]. Surface modification

of GaAs during argon ionic cleaning and nitridation has reported [21]. During

argon ionic bombardment, the values of FWHM of Ga3d peak and energy gap

will vary, and nitridation process at substrate temperature equal to 500 °C: N,

10



gas can due to a new contribution of Ga-N bonds in the XPS spectra. After
cleaning with HCI or H3PO,, elemental As remained on GaAs surface , but
elemental As is easily remove by NH;OH cleaning [22].Unlike the silicon
substrate was only one elemental in comparison to the binary of GaAs substrate.
The study searched some wet chemical treatments, which were tested in our
fabrication process, and sought for the optimized cleaning procedure for GaAs

substrate.

2-2 Experimental Procedure

The experimental wafers were the n-type (Si doped) 2-inch GaAs(100), and
the doped concentration is about 10™ cm™. Wet-cleaning method was the
feasible cleaning method for the experiments. The samples were washed with
deionized water (D.l.W) for 3min to remove the larger particles. In this work,
we propose the following two procedure cleaning method. First, the HCI acid

solution was capable stripper the native oxide and other contamination. After the

11



solution remove the native oxide, these wafers were washed with deionized

water (D.I.W) for 3min to bear the residual oxide and Ca-Cl bond. And the

NH;OH alkali solution was used as cleaning and broad-spectrum way. After the

solution, wafers were washed with deionized water (D.l.W) for 3min to remove

cation. Eventually, all samples were dry with N, blowing, and the surface

morphology was characterized immediately by atomic force Microscopy(AFM);

surface chemistry was measure by X-ray Photoelectron spectroscopy ( XPS).

2-3 Results and Discussion
2-3-1 XPS of cleaning GaAs substrate

In this study, by the use of X-ray photoelectron spectroscopy, the GaAs
surface oxides accurately measure the binding energies associated with the 2p
and 3d in the X-ray photoemission spectra. The X-ray photoelectron experiment
was performed at the National Device Laboratory (NDL) in Hsinchu, Taiwan.
The excitation was accomplished using a monochromatic Al K ¢ ration source(h
v =1486.6eV ). Fig. 2-1 shows the As 2p peak and As 3d peak spectra with

different HCI solution [22]. In Fig.2-1(a) spectra, the substrate peak As(GaAs)

12



binding energy is assigned as 1322.7 + 0.05eV; As-As metal peak signal is
assigned as 1323.7 £ 0.05eV, which is spacing to As(GaAs) signal with 1eV and

results from following equation:
GaAs+3H++4CI‘—>GaCI4‘+As°+gH2(T) (1)

And then, 1325.7 £ 0.05eV for As,03; 1326.5 + 0.05eV for As,0s [23]-[28],
and the clean method of HCI/D.I.W.(10%) can reduce the arsenic oxide of GaAs
compared to the method of HCI/D W.(10%). or added H,0O, solution to diluted
HCI solution. In Fig.2-1(b)-spectra, the-As 3d spectra also can see the oxide
signal at high binding energies, ‘the:substrate peak As(GaAs) binding energy is
assigned as 41.1 = 0.05eV; As-As metal peak signal is assigned as 41.7 £
0.05eV which spacing is similar to As 2p with 1eV; 44.5 + 0.05eV for As,O3; 45
+ 0.05eV for As,Os. Two orbit spectra both can see the cleaning surface
chemistry after HCI solution. Fig.2-2 is the Ga orbit spectra, and in Fig. 2-2(a)
the GaAs substrate of Ga 3d spectra is assigned at Ga(GaAs):1117 £+ 0.05eV;As
opposed to arsenic metal, gallium metal was not easily to form; 1118 £ 0.05 for
Ga,0; 1119 £ 0.05eV for Ga,03.The method of HCI/D.I.W.(1%) received the

broader peak width compared to other method. In the Fig. 2-2(b), the Ga 3d also
13



indicate the same message, the gallium oxide peak is less than the method of
HCI/D.1.W.(10%) solution. And the assigned peaks are described as follows:
19.2 + 0.05eV for Ga(GaAs); 19.9 + 0.05eV for Ga,0O ;21.05 £ 0.05eV for
Ga,05.To go a step further, finding the optimum concentration and cleaning
cycle are described as follows. Fig. 2-3 shows the As 2p peak and Ga2p peak
spectra with different HCI solution cycles. The concentration of 10%
(HCI/D.L.W.) and 1% both had advantage of different orbit spectra. In the
Fig.2-3(a) is the As 2p peak spectra, the concentration of 10% has resulted in
As,0;3 (~1326eV) component slightly less. than another. On the contract, the
concentration of 1% has ‘caused Ga<O less than 10% solution shown in
Fig.2-3(b). The fitting results.of photoelectron spectra are shown in Fig. 2-4, and
Table 2-1 is the ratio of component. Because of sensitivity (photo-ionization
cross sections) to different elements, the ratio of arsenic to gallium is needed
divide by 1.27(As2p3=27.2 | Ga2p3=21.4). After HCI solution with
concentration of 10%, the GaAs surface is arsenic oxide-rich and the ratio
percentage is 165%. It also remains As elemental, the percentage of As element
over total arsenic signal was 14%. The As element easily reacted with oxygen
compared to Ga elemental, and the arsenic oxides were unstable during thermal
process [29]. Table 2-2 and Table 2-3 are the fitting results of the GaAs
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component from photoelectron As 2p and Ga 2p spectra. The Equation (2) is the
arsenic oxides reaction equilibrium equation. The arsenic oxide desorbs at
around 200°C, and the other for As element at around 350°C. On the contrast,
Ga oxide (Ga,0) starts to desorb at around 500 °C, and the volatile Ga,O is
result from Eq.(3). The Ga,05; remains on the surface above 500°C, and it has

advantage of thermal stability [14].

As,0, + 2GaAs — Ga,0, + 2As, (orAs, T) @)

Ga,0, +4GaAs — 3Ga,0 T:42As, (orAs, T) @3)

Fig. 2-5 and Table 2-4 illustratesimprovement experiments, by adding NH,OH
solution after HCI solution cleaning [22] ~ [30]. Three ammonia conditions were
NH;OH/D.I.W.(1%,RT) -~ NH;OH/D.I.W.(10%,RT) and NH,OH/D.I.W.
(10%,80°C), respectively. The As element over total arsenic signal ratio really is
reduced because of As elemental is dissolved in NH,OH solution, and arsenic
oxide over gallium oxide ratio also had decreased. The better conditions of
ammonia solution are 1% and 10% at room temperature. Fig. 2-6 shows the
arsenic compound ratio with different NH,OH method, and the fewer As
element and arsenic oxide are in the 1% & 10% NH,OH etching solution,
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respectively.

2-3-2 Surface morphology of cleaning GaAs substrate

Fig. 2-7(a) shows the surface of n-type GaAs substrate after cleaning of
diluted HCI / D.I.W. etching solution with concentration of 10%. After HCI
solution cleaning, the wafer was washed by D.I.W. for three minutes because the
Ga-Cl bond is highly soluble in the water [22].The As element appearance had
discuss in chapter 1. Fig. 2-7 (b) shows the surface roughness of n-type GaAs
substrate after cleaning of diluted HCI/D.l.W.(10%) and NH,OH/D.I.W.(1%) ,
and D.I.LW. was used after:each step cleaning. It is known that the NH,OH
cleaning leads to the obvious decrease of As elemental component, and the
surface roughness of NH,OH-cleaned GaAs was flatter. The surface roughness
also slightly results from As element. In the Fig. 2-7(c), only one etching
solution of NH;OH/ D.I.W.(1%) was used in the n-type GaAs substrate. The
surface roughness is the same as two-step clean method. As shown in the Fig.
2-8, the GaAs surface roughness cleaned by different methods are between

0.354nm t0.266 nm.
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2-4  Summary

In this chapter, the suitable HCI and NH,OH solution both effectively clean
GaAs substrate. These physical properties can be of enormous value to GaAs
device. Finally, the optimum condition for HCI/D.1.W. solution is 10% at room
temperature, effectively remove surface native oxide; the solution of
NH;OH/D.1.W.is 1% at room temperature, which remove As elemental and
arsenic oxide/gallium oxide ratio equal to one. If next chapter 3, we can use the
cleaning method to develop surface treatment by sulfur solution, and the sulfur
passivation can improve the interface density (Di) of high-k film on GaAs
substrate. The improved interface density can solve the Fermi level pinning, and

the unpinned metal-oxide-semiconductorwill'come true.
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Clean process A'S oxide A'S substrate A'S total As°©
/Ga oxide IG d substrate IGa total [As total
HCI:H,0=1:10 165% 37% 84% 14%

Table 2-1 The fitting results of the GaAs component from photoelectron spectra.

Position (eV) |[FWHM (eV) |Area %L orentzian - Gaussian(0:G,100:L)
As (GaAs)| 1322.75 1.75 419939.8 75
As-As 1323.77 1.8 150880.7 75
As203 1325.7 1.8 314532.4 70
AS205 1326.35 1.8 199913:2 80

Table 2-2 The fitting results of the GaAs-component from photoelectron As 2p

spectum .

Position (eV) [FWHM (eV) |Area %L orentzian-Gaussian(0:G,100:L)
Ga (GaAs) 1117.25 1.8 780783.4 74
Ga20 1118 18 122867.4 70
Ga203 1118.5 1.75 123057.4 75

Table 2-3 The fitting results of the GaAs component from photoelectron Ga 2p

spectum .
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—— Raw data —@— As-As

—&— Fit curve

GaAs

As,03
—V¥—As,0g

Binding energy (eV)

following by different NH,OH solutions.

20000900%" T TFrey
1326

(c) HCI_NH40H
(1% RT)

(d)

HCI_NH40H
(10% 80°C)

1320

Clean prOCGSS A S oxide/ A S substrate/ AS o / A S tota|/
G a oxide G A substrate As total G a total
HCI Clean 165% 37% 14% 84%
HCI+NH40H(10%,RT) 102.3% 36.6% 10.8% 64.2%
HCI+NH40H(1%,RT) 94% 38.6% 12.7% 59.4%
HCI+NH40H(10%,800C) |  124.1% 33.1% 12% 63.3%

Table 2-4 The ratio of GaAs component with diluted HCI solution following by

different NH,OH solutions.
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Chapter 3

The Sulfur Passivation on Gallium Arsenide Substrate

3-1 Introduction

It is well known that the high density of surface states and difficult task of
passivating them have been responsible for the slow development of GaAs MIS
technology and other small geometry devices such as GaAs MESFETs, HBTs
and HEMTSs. Therefore, extensive effort has been expended over the past two
decade to passivate the GaAs:'surface to. realize GaAs MIS capacitors and
MISFETs [31]-[45]. Among them, the sulfur chemical treatment of GaAs
surface has received considerable attention because of its simplicity and
suitability for commercial exploitation. Thus, even though a number of sulfur
compounds such as Na, S - 9H,0 [31]- [36] and (NH; ),S [34]-[45]. In 1987,
Sandroff was the first man to passivating the GaAs by sulfur using
room-temperature ~ Photoluminescence(PL) and  low-temperature  PL
spectroscopy [31]. This can be attributed to the formation of native oxide on
GaAs surface. It has been found that with the decrease in the solvent dielectric
constant , in such solution the surface sulfur coverage increases , the thickness
of the native oxide layer decreases, and the efficiency of band-edge
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photoluminescence will increases [36]-[38]. The thermal stability of Ga-S bond
Is better than As-S bond. Annealing experimental show that As-S chemical
bonds were broken at a relatively low temperature, approximately 200°C-300°C,
whereas desorption of sulfur from the surface, through breaking of Ga-S bonds,
occurs above 500°C. At 500 °C-600 °C, only Ga-S remained stable, and the
increasing density of sulfur from As to Ga atoms[39]-[44].Compared to the
conventional basic (NH,),S solution treatment, a thick Ga sulfur layer and Ga-S
bond were formed on the GaAs surface after dipping GaAs in the neutralized

(NH,4),S solution [45].
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3-2 Experimental Procedure

The cleaning GaAs samples resulted from HCI and NH,OH-based solution
were immersed in sulfur solution for 1minute. Before immersing in sulfur
solution, we dry the samples with N, gas blowing to remove the excess surface
moisture. This blowing can assure fewer effects during interface reaction
between sulfur and semiconductor. We treat the cleaned samples with alcohol
and deionized water-based sulfur-solvent solution, and adjust the sulfur
concentration and temperature ramped from RT to 80°C by hot-plate machine to
obtain the higher passivation efficiency. After sulfur passivation, we washed
deionized water for 3minute-to-remove away the excess sulfur bond. Finally, dry
the samples with N, gas to blow excess' moisture. The sulfided samples
immediately were measured by X-ray Photoelectron Spectroscopy(XPS) and
atomic force Microscopy(AFM) to get the surface chemistry and
morphology .The electrical properties of sulfided samples were fabricated as
metal-semiconductor device to calculate the Schottky barrier height, and we
discuss passivation effect on barrier height. The gate electrode was 500nm Al
deposited through a shadow mask to form a top electrode on the topside. The
backside was 30nm indium(In) layer for ohmic contact and follow by 20nm
platinum(Pt) layer for fast electric conductivity and protection. After backside
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contact deposition, hot-plate with 90 °C and 10min was used to repair metal
quality. A precision impedance meter of HP4284 was used for C-V
measurement, and a semiconductor parameter analyzer of Keithley 4200 was

used for I-V measurement.
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3-3  Results and Discussion
3-3-1 XPS and PL of the sulfided GaAs substrate

The surface treatment of GaAs in sulfur solution results in a dramatic
decrease surface state density in the middle of the band gap. Reduction of
surface recombination velocity enables an improvement in the performance and
reliability of many devices. For the beginning, three sulfur passivation methods
were used to increase the efficiency on HCI-cleaned GaAs substrate, which was
shown in the Figure 3-1.

First, Sodium sulfide is thessalt of a strong base and a week acid, after its
dissolution in D.1.W.:

Na,S +H,0 = 2Na" +HS "+ OH" 1)

Second, Ammonium sulfide is the salt of a week base and a weak acid. In the
D.1.W. reaction occurs:

2NH4*+82‘;‘NH3+NH4++HS‘¢2NH3+HZS ()

Both above sulfur coat formation can occur either by reaction (3) [37].

GaAs+H,S = GaS+AsS+H, T @)
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Finally, the organic twelve-carbon thiol with long-chain molecule type was
used. The molecule was sulfur-terminated molecule which can be bonded with
gallium or arsenic element of substrate. Fig. 3-1 shows the set of (a) As 2p and
(b) Ga 2p core-level spectra after three sulfide treatment. The substrate peaks
were normalized to the same height and substrate signals shifted to the same
binding energy which was As(GaAs):1323 + 0.5eV; Ga(GaAs):1117.5 +
0.5eV. This study has taken a step in the direction of defining the relationship
between sulfur and GaAs surface passivation in order to suppress the oxides.
The sulfur signal also can be seen fromthe S 2p orbit spectra, as shown in the
Fig. 3-2, and Fig. 3-2(a) points-out the sulfur peak, which is overlap with Ga 3s
peak, and the spacing about 1.1e\/:"Fig.3-2.(b) is the subtraction of S 2p and Ga
3s orbit, and we can subtract Ga 2s peak of no-sulfided sample from S 2p peak
of sulfided one. The S 2p orbit can see the sulfur peak signal, but we don’t like
to use this indirect way. The suppression of sulfided samples after 1week
compared to no-sulfided one is shown in Fig. 3-3. Clearly, the sulfided sample
can decrease the growth rate compared to no-sulfided one. Hence, the sulfur
passivation for GaAs substrate is useful and further research is required. There
are two sulfur methods with PL analysis as shown in Fig. 3-4 and Fig. 3-5. The
Fig. 3-4(a) is the Photoluminescence(PL) intensity treated by (NH,;),S/D.I.W.
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liquid. It shows that sulfided temperature increasing the PL intensity before 400
°C, and it decreases at 500 °C. This is because arsenic bonds fully broke before
400 °C, and Ga compound bonds began to desorb. Then, the solvent effect was
replaced with C3H;OH solution, whose results were shown in Fig.3-4(b). When
anneal at 400°C and highest concentration with 10% will obtain the highest PL
intensity. The highest PL intensity cause may be the more sulfur bond coverage.
The Fig. 3-5 is the Photoluminescence(PL) intensity treated by Na,S/D.l.W.
liquid . Fig. 3-5(a) shows that sulfided temperature increasing the PL intensity at
400°C, and it decrease at 5002C. Then, the solvent was chosen with C;H,OH
solution, whose results were shown in_Fig.3-5(b). When the PDA anneal at 400
°C, highest concentration with 2.5% will"increase PL intensity.

Fig. 3-6(a) and (b) illustrate XPS spectra of the sulfide temperature effect.
When the temperature is increasing, the Ga-S bonds will increase and As-S
bonds decrease. This is because that thermal stability of Ga-S bonds is better
than As-S bonds. Fig.3-7 shows different ratio of GaAs surface signal, and we
divide into five parts: (i) As element (ii) As-S (iii) Ga-S (iv) As-O (v) Ga-O.
After sulfidation, the As element decrease from 13.9% to 3.5%, and oxides
decrease one half at least. About sulfur composition, the high sulfided
temperature causes the Ga-S bonds increasing compared to As-S bonds
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decreasing. Fig.3-8 (a) and (b) are spectra of GaAs with two sulfur concentration,
we believe that sulfur really suppresses the GaAs oxide under 80°C passivation
solution. Fig. 3-9 (a) and (b) are sulfur concentration at Ga orbit spectra. They
also show the same behavior compared to Fig. 3-8. In the Fig. 3-10(a) and (b),
we discuss the alkaline NH4OH solution effect combining with sulfur
passivation on the GaAs surface. From the Fig. 3-10 (a), we find the As element
peak magnitude of (i) and (ii) are different. With NH;OH solution cleaned, the
As element component will decrease, because of As(OH) bonds can remove
easily compared to Ga(OH) bhonds. When sulfided temperature increase, the
As-O and As element both:expressed decreasing behavior. Fig. 3-10 (b) is the
Ga 2p spectrum, we find “that~the“Ga-S-peak increase with 80°C sulfur
temperature compared to RT treatment. The Ga element likes to react with
sulfur solution at high temperature. Simply stated, the NH,OH solution etching
can reduce As compound bonds and get a Ga-termined surface .Fig. 3-11 shows
different ratio of GaAs surface signal, and we divide into five parts: (i) As
element (ii) As-S (iii) Ga-S (iv) As-O (v) Ga-O. After NH,OH and sulfur
solution, the As element decrease from 9.6% to 4.7%, and oxides also decrease.
About sulfur composition, the high sulfide temperature cause the Ga-S bonds
increase .On the other hand, As-S bonds decrease with high sulfided
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temperature.

3-3-2 surface roughness of the sulfided GaAs

Fig. 3-12 shows the variation of surface roughness of GaAs after the
cleaning of diluted HCI/D.I.W. (10%) etching solution with three sulfide
conditions of (a) without (b) 1%, RT (c) 1%, 80°C.The surface roughness
decrease as sulfide temperature increase from 0.354nm to 0.237nm. Fig. 3-13
shows the variation of surface roughness of GaAs after the cleaning of diluted
HCI/D.1.W.(10%) and NH,OH/D.1.W.(1%) etching solution with two sulfide
conditions of (a) without (b):1%, 80°C. The surface roughness ranges from
0.265nm to 0.235nm. Fig. 3-14"shows the variation of surface roughness of
GaAs after the cleaning of diluted NH,OH/D.I.W.(1%) etching solution with
two sulfide conditions of (a) without (b) 1%, 80°C. The surface roughness
ranges from 0.266nm to 0.245nm. All the variation of surface roughness after
different treatment is summarized in Fig.3-15, and the GaAs surface roughness

is smooth with different surface treatment.
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3-3-2 electrical characterization of the sulfided GaAs

In Fig. 3-16, we treatment the HCI cleaned GaAs substrate with two sulfur
solutions combined with three solvents. The curves were measured at room
temperature, and we find that the I-V curves depend on surface treatment. As
displayed in Fig. 3-17 was the extraction of Schottky barrier height(SBH) by

following equation:

J=J (1-e V™M) (1)

* _qCDB *
Where J, =A'T? e /KT 2" A™js the ‘Richardson constant; n is the ideal

factor; @gis the barrier “height:“Fig. 3-18 and 3-19 show the variation
of barrier height with different’sulfide treatment. Because that the ideal barrier
height difference of Al metal contact to n-GaAs substrate is about 0.4 eV, and
the barrier height of sulfided GaAs is smaller than no-sulfidation one. From the
Fig. 3-19, the barrier height decreased with decreasing dielectric
constant of solvent solution. This is because that efficiency for different solvents
solution. Fig. 3-20 shows |-V curves difference before and after sulfidation, and

we find that original Schottky-like diode curve has change to ohmic-like curve.
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3-4  Summary

After sulfur passivation, the GaAs surface elements bond with sulfur
element. The formation of As-S or Ga-S bond depends on clean method and
sulfided temperature. The HCI etching solution remains the As-terminated
surface, but NH,OH remains the Ga-terminated surface. We can use the sulfided
temperature to mathch with GaAs surface element. Because of thermal stability
for As-S bonds are worse better than Ga-S bonds. We need to increase the
sulfided temperature up to 80°C, and Ga-S bonds remain stable. The Schottky
barrier height (SBH) can beiy’changediito ideal-like value by sulfidation,

especially in solvent solution.
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Fig. 3-4 Photoluminance of Gd,0s/ GaAs sulfided by (NH,),S solution

with different (a) temperature and (b) concentration.
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Fig. 3-5 Photoluminance of Gd,0s/ GaAs sulfided by Na,S solution

with different (a) temperature and (b) concentration.
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Fig. 3-6 (a) As 2p (b) Ga 2p core-level spectra of sulfided GaAs at various
treatment temperature: (i) without sulfide (ii) sulfide at room temperature (iii)

sulfide at 50°C (iv) sulfide at 80°C.
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Fig. 3-7 GaAs component ratio-of the HCI cleaned with two sulfide temperature.
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Fig. 3-8 (a) As 2p and (b) As 3d spectra of GaAs after two sulfur concentration:

(i) cleaned (ii) sulfide at 0.5% concentration (iii) sulfide at 2% concentration.
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Fig. 3-9 (a) Ga 2p and (b) Ga 3d spectra of GaAs after two sulfur concentration:

(i) cleaned (ii) sulfide at 0.5% concentration (iii) sulfide at 2% concentration.
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Fig.3-10 (a) As 2p and (b) Ga 2p core level spectra after HCI+NH,OH solution

with two sulfided temperature.
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Fig. 3-11 GaAs component ratio of the HCI ~ NH,OH solutions cleaned with two

sulfide temperature.
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Fig. 3-12 Surface morphology of HCI cleaned GaAs substrate after different

sulfide condition: (a) without sulfidation (b) 1%, RT (c) 1%, 80°C.
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Fig. 3-13 Surface morphology of HCI +NH,OH cleaned GaAs substrate after

different sulfide condition: (a) without sulfidation (b) 1%, 80°C.
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Fig. 3-14 Surface morphology of NH,OH cleaned GaAs substrate after different

sulfide condition: (a) without sulfidation (b) 1%, 80°C.
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Fig. 3-17 Extraction of Schottky barrier height(SBH) with Al metal on n-type

GaAs
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Bethod n {(ideal factor) Is(A) Dy (V)

MI1(No treat.) 1.97 5.73E-6 0.774

M3(H,0,No anneal) 1.86 1.72E-6 0.686
MS(H, 0, 400°C anneal) 1.98 9.98E-6 0.640
M7(H,0, 500°C anneal) 1.83 1.73E-5 0.626
M4(C';H-OH, No anneal) 1.88 4.26E-6 0.662
M6(C;H-OH, 400°C anneal) 2.12 2.25E-6 0.679
MS8(C';H-OH, 500°C anneal) 2.07 2.17E-5 0.620

* error of $gis about {.0leV
Fig. 3-18 Schottky diode parameters with (NH,4),S solution after (i) no-anneal (ii)

400°C N, anneal (iii) 500°C N, anneal.

Bethod n (ideal factor) Is () Pp(eV)
Nosulfur (realment 1.97 5.73E-6 0.774
(NH,),S+H,0 1.8¢6 1.72E-6 0.686
(NH,),S+(';H-OH L.88 4.26E-6 0.662
(NH,),S+C H,O0H 2.74 3.24E-4 0.550
Na,S+C,H-OH 2.12 6.34E-6 .652
Na,S+H H,(JH 2.1 LIOE-5 L6440

* error of by is nbout 1 0.01e V

Fig. 3-19 Schottky diode parameters with sulfur solution and different

solvents: (i) H,O (i) CsH;OH (iii) C4HsOH.
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Chapter 4
Electron-beam evaporated Gd,0O; Gate
Dielectric On GaAs Substrate

4-1 Introduction

In recent years, high-k gate dielectrics on Si substrate have been proved
being able to significantly reduce the leakage currents as compared to the
traditional SiO,/Si system, while still maintain excellent reliability and
high-level of transistor performanceisin.order to further enhance device driving
capability, GaAs is a great-potential semiconductor material due to its higher
electron mobility for carrier transport—Interestingly, the lack of sufficiently
stable native GaAs oxide makes the integration of high-k gate dielectric on top
of GaAs substrate receive more and more attentions. Up to now, several metal
oxides, e.g., Al,O; [46], Ga,03 [47] showed high breakdown field and sharp
interface in atomic scale with low interface state density with n-GaAs substrate.
Epitaxial growth of single-crystal gadolinium oxide dielectric thin films om
GaAs is reported [48]. Ultrathin Gd metal was evaporated on GaAs surface
covered with native oxides, and the oxides could be reduced during the

deposition of Gd metal [49]-[50].By directly evaporated Gd,O; oxide on GaAs
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substrate to keep a stable interface [51]-[54]. In our work, we systematically
investigated the impact of surface treatment on the electrical and material

properties of Gd,O; dielectric on the GaAs substrates.

4-2 Experimental Procedure

The real time cleaning GaAs samples result from HCI and NH,OH-based
were immersed in sulfur solution, before immersing in sulfide solution, we dry
the samples with N, blowing to remove the excess surface moisture. This
blowing can assure the less causesiduring interface reaction between sulfur and
semiconductor. We treat thé immediate samples with (NH,4),S liquid solution,
we also adjust the sulfur conceéntration-and temperature to obtain the higher
efficiency. After sulfur passivation, we washed deionized water for 3min to
wash away the excess sulfur bond. Finally, dry the samples with N, blowing.
The Gd,Os film was deposited on the GaAs substrate by e-beam evaporation
from a source under 4x10°® torr at room temperature. The deposition rate of
0.05nm /s was calibrated using a quartz-crystal. The post-dielectric anneal (PDA)
with O,/Ar mixed gas and 25 torr vacuum ambient was performed to improve
the Gd,O3 film quality and electrical characteristics. The accomplished Gd,O;

film samples were measured chemical composition detected by X-ray
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Photoelectron Spectroscopy(XPS), surface morphology was characterized
immediately by atomic force microscopy(AFM). Then, the gate electrode was
70nm Pt metal deposited through a shadow mask to form a top electrode on the
topside, and the backside was 30nm indium (In) layer for ohmic contact and
follow by 20nm platinum (Pt) layer for fast electric conductivity and protection.
After the backside contact deposition, hot-plate with 90°C and 10min was used
to repair metal quality. The electrical properties of sulfided samples were
fabricated as metal-insulator-semiconductor (MIS) device to calculate the
electrical properties. A precision impedance meter of HP4284 was used for C-V
measurement, and a semiconductor-parameter analyzer of Keithley 4200 was

used for I-V measurement.

4-3 Electrical and Material Characteristics
4-3-1 C-V and I-V characteristics of Pt/ Gd,0s/ GaAs structure
Fig.4-1(a)-(d) shows multi-frequency C-V characteristics of Pt/ Gd,Os/
GaAs MOS capacitor with different surface treatment. If the sulfur temperature
increases to 80°C, the high frequency C-V curve will raise at accumulation
region. It shows that high sulfur temperature can reduce interface state in

electrical characteristics. Plotted in Fig. 4-2 is the hysteresis as functions of the

57



clean method and sulfide temperature at 10k Hz frequency. We find that the
sulfide temperature up to 80°C, the hysteresis reduce to about 20-30mv at
capacitance of flat band. We believe that As-S bonds are unstable compared to
Ga-S bonds, and As-S bonds broke by post dielectric anneal (PDA) about
200-300°C. And the broken As-S bonds capture carrier easily during the Gd,Os/
GaAs interface. Their corresponding frequency dispersion as shown in Fig.

4-3(a) is estimated by the equations below:

» (IKHz - 1MHz)
1KHz (4.1)

AV (@C,,) 2 1KHz “100KHz

AC(@C,.)

(4.2)

Fig. 4-3 displays the definition of dispersion and dispersion trend of
Pt/Gd,0s/GaAs MOS capacitor with sulfided conditions. It is observed that
NH,OH and sulfidation(80°C) can reduce frequency dispersion. Plotted in Fig.
4-4(a) is the 10k Hz frequency curve with different treatment, and the
accumulation capacitance increases with NH;OH etching solution because of
Ga-terminated surface remain stable after post dielectric anneal (PDA).On the
other hand, sulfide concentration increase 10% will decrease accumulation

capacitance because of residual sulfur element on the Gd,Os/ GaAs interface.
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Fig.4-4(b) shows the C-V curve hysteresis which place value on sulfided
temperature. The resultant difference in hysteresis value was evaluated at Cy, ,
and 80°C condition resulted in less hysteresis below to 50mV. In Fig. 4-5(a), we
study the leakage distribution with different treatment, and the condition:
HCI+NH,OH+Sulside (1%, 80°C) can obtain the lowest leakage current. In
contrast, higher sulfide concentration (10%) and low temperature (RT) led to the
larger leakage current for the Pt/Gd,Os/GaAs MOS capacitor. Fig. 4-5(b) is
leakage current trend at V; =+1V result from Fig. 4-5 (a).These differences will
be discussed in depth later in combination with the material analysis. In Fig. 4-6,
we studied the variation of density of state (D;;) using single-frequency method

[55], and equation is shown below.

_ (2/eAGp /o)
' [(Gmax/a)cox)2 + (1_Cm /Cox)z]

(4.3)

Where G IS the maximum conductance in the G-V plot with its corresponding
capacitance (Cm). The D;; shows the decreasing trend with sulfided temperature
and the input of NH,OH solution.

Fig. 4-7 (a)-(d) show multi-frequency C-V and hysteresis width
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characteristics of Pt/Gd,0,/GaAs MOS capacitor with two best clean methods
and the NH,OH concentration was chosen as 10% because of less As element
compared to 1% NH4OH/D.I.W.. Their corresponding frequency dispersion is
estimated by the equation (4.1) and (4.2), as shown in Fig. 4-8(a).Plotted in Fig.
4-8 (b) is the hysteresis as functions at 10k Hz frequency of the two clean way
with the same sulfide condition. The two clean ways mean that they are
HCI_NH,OH and NH,OH procedure. In Fig. 4-8 (c), we study the variation of
density of state (D). This shows that NH,OH/D.l.W. (10% ) concentration only
less As element, but worst electrical .characteristics. According to equation
below, the As-O will react withi GaAs substrate, so we need to think about this

important thing.

As,O, +2GaAs — Ga,0, +4As (4.4)

In Fig. 4-9(a), we study the leakage distribution with different NH,OH
solution and sulfidation. In contrast, higher sulfide concentration (2%) and
NH4OH/H,0,/D.I.W. led to larger leakage current, whereas result in the smaller
leakage current for Gd,O,/GaAs gate stacks, especially for the case of 1%

combined with NH,OH/D.I.W. Fig. 4-9(b) is Weibull current distribution at V,
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=+1V result from Fig. 4-9(a).The slope of fitting line is not sharp, especially in
the NH,OH with Sulfide method. We find that leakage distribution result from
non-uniform wet chemical clean and sulfidation.

In previous work, an improved C-V curves and I-V leakage current are
observed with NH,OH solution. We find that the As element will effect
electrical characteristics, and surface oxides also significantly determine
properties because of reaction between oxides and GaAs substrate. Following
are the electrical properties of Pt/Gd,Os/GaAs MOS capacitor with the
NH,OH/D.I.W.(1%) solution, whichsselution can suppress smaller oxide but a
little As element compared to the NH,OH/D.1:\W.(10%) solution.

Three possible clean ‘methods-were prepared to explain the observed
difference between the Gd,O3 /GaAs ‘interface. Fig.4-10 plots multi-frequency
C-V frequency characteristics of Pt/Gd,Os/GaAs MOS capacitor with three
cleaning methods: (i) HCI (ii) HCI+NH,OH (iii) NH,OH .According to the
Chaptr 2 and Chapter 3, the Ga-termined surface can obtain by NH,OH etching
solution, and Ga-termined compound is thermal stable compared to HCI cleaned
As-termined one. Fig. 4-11 (a) and (b) show the C-V dispersion and hysteresis
of Pt/Gd,0,/GaAs MOS capacitor. Clearly, the NH,OH solution and sulfidation

can reduce more dispersion and hysteresis because cleaned Ga-termined surface
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likes to react with high temperature sulfur element. The Ga-S bonds can against
the 500-600 °C PDA temperature. Next, from the single frequency method, we
observe that the density of state on the Gd,0s/GaAs MOS capacitor in Fig. 4-11
(c). The lowest density of state by wet chemical and sulfur passivation on GaAs
substrate in this work has reduce to 6x10* cm?e V. According to (4-4) and
(4-5) equilibrium reaction equation, leakage current result from the metal-like

As element.

As,S, +3GaAs —:3GaS 4 5As (4-5)

Equation (4.5) shows that the more-As-O-and As-S components increasing, and
the right hand of (4.5) equation wHl'produce more As element. In Fig. 4-12(a) is
the leakage current with different clean methods. The NH,OH solution and
sulfidation method is the best condition because of less arsenic compound
component. Remarkably, the Gd,03/GaAs with surface passivation revealed
extremely low Jy range from 1e® to 1e™ of magnitude with about CET equal to
2nm shown in Fig. 4-12(b).We find that Gd,O3;0n Si and GaAs substrate locate
on the same distribution line of this figure. Figure 4-13 shows the J, distribution

for annealed Gd,O; film under moisture test. Because that rare-earth oxides will
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absorb moisture contamination, and gate dielectric will degrade with time in the
electrical characteristic behaviors. According to the leakage current test, in our
work, the Gd,O; film also keeps the same leakage current after 1week or 1
month. So we think that the Gd,Os film don’t absorb moisture contamination
during a short period time. Finally, we show the TEM picture and EDS signal
with NH4OH solution under optimum sulfidation fabricated MOS capacitor
which is shown in Fig.4-14 and Fig.4-15. The interfacial layer between
Gd,03/GaAs interface is about 0.5nm, and oxide thickness is 0.96nm.

Following is the PDA conditiens at-different gas ambient. Fig. 4-16 (a)-(e)
plot multi-frequency C-V frequency.  characteristics of Pt/Gd,Os/GaAs MOS
capacitor with different gas ambient:-(i}:0» 500°C (ii) Ar500°C (iii) N,500°C (iv)
Ar ,0,500°C (v) Ar,0,600°C. Clearly: the O,gas ambient led to Gd,O3/GaAs
interface oxidized quickly during 10 second. Fig. 4-17 (a)-(e) show the
hysteresis width of Pt/Gd,0;/GaAs MOS capacitor. Fig. 4-18 is the 10k Hz
frequency C-V curve and hysteresis trend. The 600°C anneal led to Gd,Os film
quality more dense because of higher activation to fill Gd,O3 vacancy site. In Fig.
4-19(a) is the C-V dispersion and leakage current with different gas ambient

methods.

63



4-3-2 xps characteristic of Gd,Os film on GaAs substrate

Fig. 4-20 shows As and Ga 3d core level spectra from GaAs substrate with
different surface treatment after PDA 10s with Ar/O, ambient at 500°C. In the
As 3d, three oxides components appeared, one could be identified as As,03, two
as As,Os, and three as As(Gd-O) form their typical chemical shifts;
approximately 2 ~ 3.5 and 6 eV, respectively [55]. In the Ga 3d, three oxides
components appeared, one could be identified as GA,O, two as Ga,03, and three
as Ga(Gd-O) form their typical chemical shifts. After PDA at 500°C, the
interface still contains GaAs oxides:and GaAs(GdO)-like compound. When
Gd,Os film has deposited on‘the GaAs substrate with 500°C anneal temperature,
we can’t exactly describe the magnitude-of every component. This is because
interface GaAs oxides have desorbed ‘after 500°C anneal, and the Gd,O; film
combined with this residual element. From the Fig.4-21(a), the Gd-O oxide in
the Gd 3d orbit is assigned in 1188 eV which is one of the spin orbit of Gd 3d,
and Auger electron spectra of As LMN is 20 eV distance from Gd 3d orbit. We
find that a large number of As-O was found in the spectra regardless of surface
treatment. Fig.4-21(b) shows the Gd 4d spectra, the two peaks are known as Gd
4d spin orbit peak [52]. In the Fig. 4-22 spectra, we discuss the NH,OH solution

effect to remove cleaned residual native oxides. We know that the As-O of (ii)

64



and (iit) methods are less than (i) one after cleaned GaAs wafer. When the film
and PDA process has finished, according to equation (4-4), the As-O will be
desorbed, and it transfers to Ga-O component and remains As element. In the
Fig. 4-22 (b), the O1s spectrum has two peaks, they are deconvoluted into one
with a binding energy of around 529.8eV (Gd-O[l]) and 532.5eV(Gd-O[ll]). It
was reported the Gd-O[ll] correspond to both the oxygen contaminants and
interfacial GaAs oxides whereas Gd-O[l] correspond to the O-Gd bond in the
amorphous Gd,0s.Fig. 4-23illustrates the Gd,Osfilm contaminants, the (ii) and
(iii) methods contain less Ga,O component because of NH,OH solution.Fig.4-24
is the XRD spectra, which show that no serious crystallization behavior on the

Ar/O,500°C annealed Gd,Os film on-GaAs substrate.

4-3-3 surface morphology of Gd,Os film on GaAs substrate

Fig. 4-25 represents the 1x1 um AFM images of the different surface
treatments GaAs substrate surface after the deposition of the Gd,O; films, and
images show a relatively smooth surface morphology with a measured Rms
roughness ranging from 0.24 to 0.37nm.Because the surface roughness affects
the properties of a thin oxide or device, it is desirable to preserve a smooth

surface during the process. Fig. 4-26 shows the clean method effect on Gd,O;
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film under same silfidation, and the Rms roughness ranging from 0.25 to

0.29nm

4-4  Summary

We systematically investigated the surface treatment effect on the electrical
and material characteristics of GaAs MOS capacitors with Gd,O; gate dielectric.
The higher sulfur temperature and NH,OH solution was found to obtain the
lower EOT of Gd,03/GaAs gate stack, however, with a smaller hysteresis width.
A lower EOT of 20A with a low leakage current of 1 x 10° to 1 x 10° Alcm* @
V, = +1V, which has been achieved after 500°C annealing for 10 seconds. The
density of state can reduce to 6 x.10%em-=2e V' and lowest leakage current about
1 x 10°Alem® @ V, = +1V  for the best surface treatment. We believed that
the continuous optimization of the interface structure through process
modification is expected to further improve the electrical performance of the
Gd,03/GaAs gate stack, which thus be considered as a promising gate dielectric

of GaAs device.
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Fig. 4-1 (a)-(d) Multi-frequency C-V characteristics of Pt/Gd,03:/GaAs MOS

capacitor with different surface treatment.
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Fig. 4-20 XPS spectra of the annealed Gd,Os film at 500°C for 10 s. (a) the As

3d core level; (b) the Ga 3d core level.
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Fig. 4-21 XPS spectra of the annealed Gd,O; film at 500°C for 10 s. (a) the Gd

3d core level; (b) the Gd 4d core level.
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Fig. 4-22 XPS spectra of the annealed Gd,Os film at 500°C for 10 s. (a) the As
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anneal with different surface treatments.
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Chapter 5

Conclusions and Suggestions for Future Work

5-1 Conclusions

Firstly, the flatness of the GaAs surface was needed, but the thermal stable surface is
more important. The optimized surface roughness was ~0.266 nm after the NH,OH/DIW (1%)
and DIW solutions. From the XPS examination, it shows that the growth of native oxide on
GaAs surface still exists.

Next, surface passivation by sulfurssolution is effective wet chemical treatment included
material and electrical analysis. The (NHa).S: solution with C4HyOH solvent can reduce
Al/n-GaAs barrier height to 0.55 e V;.and-it-trends to ideal value. This diluted sulfur-solution
really suppresses the GaAs oxides, and increases sulfur temperature to bond strongly. The
80°C sulfur solution increases Ga-S bond when NH4OH cleaned GaAs surface is used.

Subsequently, the electrical and physical properties of e-beam evaporated Gd,O3 film

deposited on GaAs substrate are studied. For RT-sulfide treatment capacitor, the manifest
frequency dispersion with a larger hysteresis is observed in multi-frequency C-V
characteristics. High-temperature sulfided GaAs substrate results in the improvement of the
electrical performances, especially for the C-V distortion and gate leakage increment. For
NH,OH clean process, the thermal stability of Ga-termined surface facilitated to obtain

passivation result. Through the XPS analysis, the resultant composition of deposited Gd,O3
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film is found to be (GaAs)GdO mixed oxide. Furthermore, it is found that the surface
treatment, e.g., sulfur and NH;OH pre-treatment, is essential to improve the quality of Gd,O3
films on GaAs substrate.

Finally, we believe that the continuous optimization of the surface treatment through
process modification is expected to further improve the electrical performance of the
Gd,03/GaAs gate stack, which thus be considered as a promising gate dielectric of GaAs

device.

5-2 Future Work

For the GaAs cleaning, the-absence of:the hydrophobic phenomenon gives rise to our
attention. Because of such an interest difference between Si and GaAs substrate, how to
obtain the suitable cleaning procedures for GaAs wafer and clarify the discrepancy of surface
bonding mechanism between these two substrates is an attractive issue.

In the Chapter 3, we have demonstrated that the surface passivation through sulfur is
required to improve the GaAs surface, especially the XPS characteristics. On the other hand,
the easily oxidized properties of GaAs and the thermal instability of the surface bonds have
been noticed in our experiments. Therefore, the attempt of different surface pre-treatments,
such as the (NH4),S and Na,S, in order to change the surface bonding states may be an
essential procedure to improve the GaAs surface.

In the Chapter 4, a considerable C-V dispersion observed in e-beam Gd,Os3 film on GaAs
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is the most serious problem, which in turn leads to threshold instability of GaAs device. The
PDA resulting in the reliability degradation of dielectric film may be owing to the GaAs
incorporation and the formation of As-O and Ga-O bonding, since these events may serve as
the trapping states and/or dielectric defects. One solution is the attempt of surface passivation
has mentioned above, another is the advanced deposited instrument to growth high quality
high-k film. In addition, the Ar/O, mixed post deposition annealing of the Gd,O3 film is
performed. The aims of oxygen incorporation are expected to fill the vacancy inside the gate
dielectric and decrease the leakage current. For the material characterization, i.e., XPS, the
change of composition bonding and their:mechanism for bulk dielectric can be characterized.
We suggest that the other high-k-gate dielectrics with- very stable chemical property to GaAs

may be good candidates for GaAs device:
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