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ABSTRACT OF THESIS

Surface and Interface Modification of Alternative Semiconductor
Materials for Advanced Transistors

By QI JIANG

Thesis Director:
Professor Eric Garfunkel

Alternative semiconductor materials have the potential to replace silicon in
next generation transistors. However, the lack of a stable insulating oxide
such as SiO, with high quality electrical properties prevents the further
fabrication of competitive metal oxide semiconductor field effect transistors
(MOSFETs). Germanium and gallium arsenide, two widely investigated
semiconductor materials, have high prospects for generating high quality
surfaces and interfaces between the dielectric layer and the semiconductor.

In this thesis, wet chemistry cleaning methods have successfully removed
the native oxide and other impurities on the Ge and GaAs surface. With
further sulfur passivation in (NHy4),S solution, a clean passivated Ge and

GaAs surface can be formed which shows appropriate stability and reliability

il



for fabrication. Physical and chemical characterization has been performed on
multilayer film structures after the high-k dielectric films are grown by atomic
layer deposition. Electric properties of the MOSFET confirm that the sulfur
passivation has greatly decreased the interface state density. The convenience
and low cost of wet chemistry cleaning and passivation provide a reliable
strategy for the application of alternative semiconductor materials like Ge and

GaAs in future transistors and related devices.
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Chapter 1 Introduction

1. Alternative Semiconductor Materials and Surface Passivation

With the rapid development of modern microelectronics, higher packing density and
lower power dissipation metal-oxide-semiconductor field-effect transistor (MOSFET)
devices have been improved primarily by physical scaling [1]. There is a strong motivation
to continue scaling MOSFETs with higher channel mobility using various alternative
materials in place of silicon. Germanium and gallium arsenide [2], in particular, are
actively investigated, and MOSFET have already been demonstrated. In Table 1 the

material characteristics of these potential channel materials are listed [3].

Properties Si Ge GaAs
Atomic Weight 28.09 72.60 144.64
Crystal Structure Diamond Diamond Zincblende

Density (g/cm’) 2.329 5.327 5317

Lattice Constant (A) 5.43102 5.64613 5.6533
Electron Affinity (V) 4.05 4.0 4.07
Energy Band Gap (eV) 1.12 0.66 1.42
Electron Mobility (cm?/V-s) 1450 3900 8000
Hole Mobility ( cm?/V-s) 500 1900 400

Table 1 Properties of different semiconductor materials at 300K.



For more than 40 years, the primary semiconductor material for transistors and
integrated circuits has been Si. The choice of Si over other semiconductors is often
attributed to its oxide (SiO,), which serves to passivate the Si and form a defect-free
interface between the Si and Si0O,. The oxide has traditionally been used for the dielectric
in MOSFET transistors. The superb interface that forms naturally between Si and SiO; is
critical to the operation of the transistor, as the interface between the dielectric and
semiconductor greatly influences the electrical properties of the device [4].

Ge and GaAs offer great potential for replacing Si to achieve high mobility. In fact, it has
long been known that Ge and GaAs have better inherent electrical properties than Si. The
very first transistor in 1947 was made of Ge and Ge-based MOSFETs have been studied
for decades [5]. Moreover, heterostructures of III-V semiconductors have been widely
used in the optoelectronic devices [6]. Even though the mobility-related advantages are
apparent, Ge and GaAs have not been developed in MOSFET primarily because the
surface is not effectively passivated with native oxides. The lack of a good passivation
oxide results in a high leakage current rate and high density of interface state [7]. For the
further application of high mobility channel semiconductor materials, surface modification

and passivation are necessary before device fabrication.

Figure 1 Dangling bond on the Ge(111) surface (side view).



One of the main issues that arise in considering new semiconductors such as Ge and
GaAs is the need for surface preparation and passivation strategies. Figure 1 indicates the
defects and dangling bonds on the Ge surface [8]. An effective passivation treatment
should be chemically stable, protect the substrate from unwanted oxidation and
contamination, as well as help minimize interface or surface-induced carrier recombination
[9]. Although an ideally passivated surface would resist oxidation and degradation
perfectly, such complete resistance is not possible in practice. We consider passivated
surfaces that strengthen resistance to oxidation in both ambient air and aqueous solution [4].
Three different surface passivation layers are investigated: sulfur [10-14], chloride [15, 16]
and hydride [17, 18]. Actually, sulfur passivation creates the most ideal results, whereas
both chloride and hydride add limited stability, which is sufficient to alter the surface
reactivity. Sulfur passivation can also be accomplished with wet chemical
functionalization; it is more desirable in industry because of its simplicity and low cost
[18].

The surface cleaning of alternative semiconductors is very crucial in the fabrication of
MOSFET devices. Unlike Si, both Ge and GaAs have different compositions and
stabilities of native oxides on the surface, which will affect the quality and electrical
properties of the resulting devices. The common cleaning procedures for semiconductor
substrates usually involve three steps: (1) degreasing, (2) chemical etching to remove
native oxide and other impurities, and (3) growth of a protective oxide layer (which is often
removed, for example by annealing, in a controlled environment right before the further
fabrication) to ensure a clean substrate. However, steps 2 and 3 are quite challenging for

the cleaning of Ge and GaAs to produce a surface appropriate to the production of



MOSFET devices, and it requires different chemical reagents and treatments for the

semiconductor materials with wet chemistry methods.

2. The growth of high-x Dielectric film by Atomic Layer Deposition (ALD)

Thermally grown SiO, has been used as a gate dielectric since the introduction of
MOSFET devices. Because SiO, has high compatibility with the Si substrate, a relatively
simple growth process on Si, and excellent insulator properties, Si has been the leading
semiconductor for decades. With the further development and scaling of devices, as the
Si0, gate oxide is scale below 1.5 nm, it permits a dramatic increase in the direct tunnel
leakage current through the insulator and reduces the drive current, which leads to a high

power loss and break-down of the device [19].

Contact

Metal Gate

High «

Source

Substrate

Figure 2 Scheme of MOSFET device with a high-k dielectric and a high mobility (high-p)

semiconductor channel



The high leakage current and the inadequate reliability of the SiO, layer when it is less
than 1 nm suggests a need for a replacement of SiO, with a thicker dielectric material with
higher permittivity (k). High-k dielectrics reduce the leakage current by providing a thicker
film while electrically behaving as a thinner equivalent dielectric [20]. Therefore high-x
materials are excellent candidates for replacements to the traditional SiO, gate oxide.
Figure 2 shows us the scheme of a MOSFET structure with a high-« dielectric film and an
alternative semiconductor (high-p).

From a process point of view, candidates for alternative gate dielectrics must meet a set
of criteria such as thermodynamic stability, interface quality, and film morphology [20].
Many dielectric materials have been investigated, but very few appear promising with
respect to all the guidelines listed above. Furthermore, an alternative gate dielectric should
have low oxygen diffusivity, a low density of defects and a high thermal stability with the
substrate, so that interfacial reactions with the adjacent layers are minimized. The
requirements mentioned above limit the gate dielectric candidates to only a few, among
which the oxides, such as Al,O3 [21-24], HfO, [25-28], ZrO, [29-31] and Ta,Os [32-34]
are the most promising. Oxides of binary alloys, such as ZrAl,Oy [35, 36] have also been
studied because of the attempt to combine the desirable qualities of the special properties in
industrial materials.

Atomic layer deposition (ALD), originally known as Atomic layer epitaxy (ALE), was
invented by Finnish scientists Suntola and Antson in the middle of 1970s for the
fabrication of thin film electroluminescence displays where high quality insulating and
luminescent films on large area substrates were required [37, 38]. However, with the

down-scaling of semiconductor device dimensions, the requirements of thin-film



technology have grown enormously and ALD has found new opportunities in MOSFET
devices and high density memory devices with strong level integration. Some leading
alternative high-x dielectrics such as Al,O3;, HfO, and ZrO, are deposited by ALD with
different types of precursors [39].

Different from chemical vapor deposition (CVD) and physical vapor deposition (PVD),
ALD is based on sequential and saturating surface reactions of alternately applied
precursors [40]. ALD consists of four essential steps: 1) precursor exposure, 2) evacuation
or purging of the precursors and any byproducts from the chamber, 3) exposure of the
reactant species, typically oxidants or other reagents, and 4) evacuation or purging of the

reactants and byproduct molecules from the chamber. Figure 3 illustrates the scheme of

Ligand removal

Et. Me. .H

Figure 3 Schematic drawing of one ALD cycle of HfO, film with the HfNCH3C,Hs)4

(TEMAHY) precursor of and H,O



one ALD cycle for HfO, film growth with the organometallic precursor and water.
Although there are many similarities between ALD and CVD, the clear and distinctive
feature of ALD lies in the self-limitation for precursors and reactants. The excellent
conformality, atomic scale thickness control, and low growth temperature determine the
great importance of ALD for novel device fabrication.

In our work, ALD of high-« dielectrics were performed in a homemade ALD system
coupled to a commercial x-ray photoelectron spectroscopy (XPS) system shown
schematically in Figure 4. The ALD system consists of a sample introduction chamber, a
reactor with a sample heater, and gas lines. The sample holder which is compatible with the
XPS system is loaded into the reactor from the quick load lock. The gate vale between the
reactor and the load lock makes it possible to load a sample without venting the reactor.

Together with the metallization chambers which have the ability to deposit various metals
XPS Chamber

Sample Loadlock

Intermediate Chamber

Transfer \

_Rod

ALD Reactor N

Metallization Chambers

Gas Flow /

Sample Loadlock

Figure 4 The integrated ALD, XPS, and metallization system



with evaporation and sputtering as the metal gate, and this integrated system makes in-situ
study of advanced MOSFET devices possible. With direct ALD reaction for thin film
growth and XPS analysis, the details of surface characterization can be investigated in-situ,

and different conditions can be controlled and optimized.

3. Structure of the Thesis

Chapter 1 outlines the research background and the potential significance of alternative
semiconductors in transistors, ALD for high-x dielectrics, as well as instrumental
characterization.

Chapter 2 describes the experiment process with chemistry, as well as a more detailed
description of instrumental characterization.

Chapter 3 reviews the results of the experiment of wet chemistry cleaning, sulfur
passivation and surface analysis. With further analysis, it provides the basis of a more in
depth discussion and reveals the significance of the work.

Chapter 4 concludes the thesis and proposes future work.



Chapter 2 Experiments and Characterizations

1. Wet Chemistry Surface Cleaning of Substrates

All the semiconductor substrates were degreased in organic solvents with 1) methanol
and 2) acetone in the ultrasonic bath for 10 min each. After total rinsing with de-ionized
water (DIW) and drying with nitrogen gas, the Ge substrate was cleaned with concentrated
sulfuric acid (H,SO4) and 30% hydrogen peroxide (H,O;) with the volume ratio at 4:1 for
10 min. GaAs substrate was cleaned with 9% hydrochloric acid (HCI) for 3 min and 5%
ammonium hydroxide (NH4OH) for 10 min. After cleaning, the substrate was cleaned with
methanol or placed in pure methanol until use. Other chemical reagents including
hydrofluoric acid (HF) were also explored, but did not result in MOS capacitors with high

electrical quality interfaces.-

2. Sulfur Passivation

We use commercial aqueous 48% ammonium sulfide (NH4),S solution for the sulfur
passivation of all the substrates at 70-80°C for 15 min. The substrates were rinsed with
methanol and soaked in pure methanol after the passivation. We also tried saturated
solutions of thioacetamide and thiourea for the sulfur passivation; however our results

were not promising with these chemistries.



10

All the glassware and tweezers for the wet chemistry and sulfur passivation were
cleaned by standard “RCA clean” methods. Sulfur passivation glassware and tweezers

were again cleaned immediately after the experiments.

3. ALD Experiments

In order to grow high-k dielectric films, we chose trimethylaluminum Al(CH3); (TMA)
and Tetrakis(ethylmethylamide)hafnium Hf(NCH;C,Hs)s (TEMAHY) as precursors for
the ALD deposition of Al,O3 and HfO,. The oxygen source was H,O. The corresponding
growth temperatures for Al,O; and HfO, were 95°C and 170°C. The reaction cycle was
adjusted by different conditions with different pressures for the experiments. The whole
ALD system was monitored and controlled with a LabView program running on a PC.
With a Baraton pressure gauge and thermocouples attached to the sample, the reactor, gas
lines and precursor bottles, the pressure and temperatures were logged at all times. Using
the LabView program, we can easily configure temperature set points for each part of the
system and design customized ALD growth parameters including gas pulse sequence,

duration, and number of cycles.

4. Surface and Interface Analysis

We mainly used XPS for the analysis of surface elemental composition and chemical
state of all the samples. After the ALD growth, the different film growth thickness and area

density were also quantified by Rutherford backscattering spectroscopy (RBS). For
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analysis of surface composition and depth profiling of the sample, the medium energy ion
scattering (MEIS, a high depth resolution variant of RBS) was also used for surface and
interface composition. We also did some cross sectional analysis using transmission

electron microscope (TEM) to determine the composition and interface structure of the

MOS gate stack.
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Chapter 3 Results and Discussions

1. Wet Chemistry Cleaning and Sulfur Passivation of Ge

On a Ge substrate, the formation of a non-permeable protective oxide layer has been
considered impractical because GeO, has a high water-solubility and can even be dissolved
by moisture from air. Figure 5 indicates the XPS Ge 3d spectra of an as-received Ge (100)
sample and the number in parenthesis for each peak denotes the corresponding chemical
shift in eV. The major peak at 29 eV is related to the elemental Ge originating from the
substrate [41], and the other peak at 32.5 eV is in good agreement with GeO, [42]. In order
to obtain the best fit, we also need to include two small peaks at 31.2 eV and 30.5 eV, and
both of them are determined as GeO and GeC correspondingly [42, 43]. The XPS results
show us that the native oxide consists mostly of GeO, and a small amount of GeO as well

as some impurity carbide species.

XPS Ge 3d
As-received

~ Ge

GEOZ

GeO

GeC .
>C\ \o
3 34 32 30 28 26
Binding Energy (eV)
Figure 5 Ge 3d XPS spectra from as-received Ge(100)
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XPS Ge3d
HF/DIW-treated Ge

GeO //GeC :
L e TN \—
34 32 30 28 26

Binding Energy (eV)

Figure 6 Ge 3d XPS spectra from HF/DIW cyclic treated Ge(100)

HF is often used to etch the native oxide layer and produce a hydrogen terminated
surface Si. The use of concentrated HF solution (49%) on Ge should be avoided because
such concentrated HF increases the roughness of the surface; the roughening is presumed
to be due to the Ge back-bond breaking during HF etching [16]. It has been determined that
cyclic HF/DIW rinsing is effective in removing the native oxide [44]. For the treatment of
cyclic HF/DIW rinses, Ge samples are rinsed in DIW, dipped in diluted HF solution (10%)
and rinsed in DIW again. This procedure is repeated for 3 to 5 times in order to peel off the
oxide layer. Figure 6 indicates the Ge 3d XPS spectra from a Ge(100) sample after cyclic
rinsing of HF/DIW. From the figure, we can find that the GeO, is completely removed, but
the peaks of GeO and GeC are still present. In fact, it has been shown that HF treatment

always leaves behind sub-oxides and carbides [16].



XPS Ge 3d Ge
HzOz-treated Ge

34 32 30 28 26
Binding Energy (eV)

Figure 7 Ge 3d XPS spectra from H,O,; treated Ge(100)

XPS Ge 3d
H2804/H202'treated

34 32 30 28 26
Binding Energy (eV)
Figure 8 Ge 3d XPS spectra from H,SO4/H,0, treated Ge(100)

14

Since it is difficult to completely remove oxide and carbon from Ge substrates, different

approaches were explored involving the transformation of these into other chemical
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species which are easier to remove. On the Ge sample, we propose to oxidize the sub-oxide
and carbide with some chemical oxidants and generate a protective chemical oxide layer
[45, 46]. H,0, is often used in wet chemical oxidation, because it has a high reaction
efficiency and does not result in the incorporation of other elements. In this work on Ge, we
have compared chemical oxides formed by concentrated H,O, and a mixture of
H,SO4/H,0, (v/v=4/1). The reasons for using H,SO4 with H,O, for oxidation are: (1)
H,SO4 helps remove hydrocarbons, and (2) the oxidation of H,O; in the acid reaction is
stronger and more effective in converting GeO and GeC. The Ge 3d XPS spectra with
chemical oxides formed by these two solutions are shown in Figures 7 and 8. With both
results, the GeO signals are not detectable and the intensities of the GeC peaks are small.
After the H,SO4/H,0,; treatment, a clean Ge surface without oxide and carbide can be
easily obtained using water to dissolve the GeO,. However, we find that hydrocarbon and
other contamination easily returns to the clean Ge surface if this protective oxide layer is
removed.

After the preparation of a clean Ge surface, we employ an appropriate chemistry to
obtain sulfur passivation on the Ge surface. It has been demonstrated that 1 monolayer of
elemental sulfur can be deposited on Ge (100) to form an ideal 1x1 S-terminated surface in
ultra-high vacuum (UHV) [10, 11]. However, the high cost and inconvenience of UHV
methods would be virtually impossible to realize by the semiconductor industry at a
reasonable cost. To prepare a sulfur passivated Ge surface with wet chemistry, 48%
(NHa4),S solution is used [14, 47]. After being heated to 70-80°C for 15 min, the Ge sample
is rinsed with methanol to remove excess (NH4),S and dried by N,. In our study, Ge

samples which are later used for ALD growth are first pretreated with H,SO4/H,0, to
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XPS Ge 3d
H2504/H202
S-Passivated

Ge

34 32 30 28 26
Binding Energy (eV)

Figure 9 Ge 3d XPS spectra of sulfur passivated Ge(100) after cleaning

remove the native oxide and grow a protective chemical oxide layer on the surface. Figure
9 shows Ge 3d XPS spectra of a Ge sample which has undergone such a treatment. In the
figure, the peak with a 3 eV chemical shift corresponding to GeO, disappears which
implies that the chemical oxide is completely removed by a hot aqueous (NHy),S solution.
Moreover, a broad shoulder peak after fitting is present due to the surface Ge atoms bonded
to S atoms. In previous studies, this has been attributed to one layer of bridge-bonded S
atoms on the Ge surface [10, 11]. Saturated solutions of thioacetamide and thiourea also
have been reported as effective passivation reagents [48, 49]. However, neither
thioacetamide nor thiourea can produce a sulfur passivated Ge surface.

To show the advantage of using H,SO4/H,0O; to clean the Ge surface, the following
cleaning treatments were applied to as-received Ge samples before sulfur passivation with
(NH4),S: cyclic HF/DIW/H,0; rinses, H,SO4/H,0, oxidation followed by HF etches and

H,S04/H,0; oxidation without following HF etches. The C 1s XPS spectra are shown in
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—As-received

——HF/H,0/H50,
HyS04/H505, HF, (NH,)2S

——H5S50,4/H505, (NH)5S XPS C 1s

292 290 288 286 284 282 280
Binding Energy (eV)
Figure 10 C 1s XPS spectra from sulfur passivated Ge(100) sample with different wet

chemistry treatments

Figure 10. In the case of cyclic HF/DIW/H,O; rinses, more carbon is left on the Ge surface
and follow-up sulfur passivation using (NH4),S does not help in removing carbon. The
sulfur passivated Ge sample pretreated with H,SO4/H,0, oxidation has the least amount of
carbon. However, if HF etches are applied after H,SO4/H,0O; oxidation, the carbon amount
increases because the removal of the protective chemical oxide makes the cleaned Ge
surface more vulnerable to carbon contamination. Therefore, this HF etch should be
avoided.

Further analysis of sulfur passivated Ge samples by MEIS yields surface composition
and depth profiling of the interface of the sulfur passivation layers. In Figure 11, the
modeling of sulfur passivated Ge surface results in an average layer composition of

GeOy»Sg 35 with the thickness of 18 A. Sulfur is present with density of 1.0x 10" cm'z,
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1000 | H+, incident energy 130 KeV 4
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Figure 11 MEIS spectra of a sulfur passivated Ge(111) surface with interface depth

profiling and element density analysis

consistent with literature data [50], and oxygen is present due to air exposure, with smaller
than found by others [51]. Almost no carbon signal was detected. With sensitively
measured by MEIS, we conclude that sulfur passivation with (NHy4),S not only removes the
chemical oxide layer but also forms a S/Ge layer which helps passivate the Ge surface. The
depth profiling shows a positive result for the sulfur signal on the Ge surface. These two
wet chemical treatments together prepare an appropriate Ge substrate for ALD deposition

and fabrication of MOSFET devices.
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2. Wet chemistry cleaning and sulfur passivation of GaAs

Wet chemistry cleaning for GaAs should be more deeply investigated because the binary
surface composition of GaAs produces different oxides of both Ga and As. Figure 12
indicates the Ga 3d and As 3d XPS spectra of as-received GaAs(100). For Ga, the main
surface oxide is Ga,Os3 according to the fitted data [52]. As for As, there are more
complicated surface compositions, such as As;Os, As;O3 and As’ (As-As) on the surface
[53]. The range of different oxides requires different strategies for removing them.

Both acidic (HCl-based [54], H,SO4-based [55], HF-based [56]) and basic e.g. (NH4OH)
etching solutions are used for the removal of the surface chemical oxides [57]. Gallium
oxides can be easily removed in acidic solutions and arsenic oxides can also be mostly
removed. Recent studies have reported that the GaAs surface is covered by gallium
chlorides and elemental arsenic after an HCI treatment [58]. On the other hand, arsenic
hydroxide and elemental arsenic are found on GaAs surfaces after NH4OH treatments [58].
The GaAs surface is found to be hydrophobic after HCl and hydrophilic after NH,OH
treatments. In our work, we first use HCI and then NH4OH for cleaning the GaAs, because
the hydrophilic surface is necessary for further ALD processes [59]. After cleaning, hot
(NHa4),S solution can be used to passivate GaAs surfaces [60]. Similar to Ge, HF etches
should be avoided because the deep etching from HF increases surface roughness, very
undesireable for the further device fabrication [56].

Figure 13 indicates the Ga 3d and As 3d XPS spectra of a sulfur passivated GaAs surface.
From XPS we can see that the oxide layer has been totally removed, there is neither Ga nor

As oxide peaks in the fitted XPS curves, and the Ga-S and As-S bond have been generated
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XPS Ga-As
Ga 3d

As-received

21 20 19 18 17
Binding Energy (eV)

XPS As-Ga

As 3d
As-received

T T T T T T T T T

46 44 42 40 38
Binding Energy (eV)

Figure 12 Ga and As 3d XPS spectra of as-received GaAs(100)

on the surface which have smaller binding energy than Ga and As oxide peaks [61]. As

expected, the As 2p peak is substaintially more sensitive to the presence of the surface



21

oxides than the As 3d because of the low kinetic energy of the photoelectrons [53]. We
observe the differences in the As 2p spectra after the sulfur passivation. By comparing the

as-received As 2p and S-passivated As 2p spectra indicated in Figure 14, we find that

Ga-As

XPS
Ga 3d
S-Passivated

21 20 19 18 17
Binding Energy (eV)

XPS As-Ga

As3d
S-Passivated

N cnaond

As-S

46 44 42 40 38
Binding Energy (eV)
Figure 13 Ga and As 3d XPS spectra of sulfur passivated GaAs(100) after HCl and NH4OH

cleaning
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the main As peak of GaAs is much larger after S-passivation, and the oxide peaks decrease,

although we can still see some As,Oj3 after the sulfur passivation [62].

XPS
As 2p
As-received

As-Ga

1330 1328 1326 1324 1322 1320
Binding Energy (eV)

XPS
As 2p
S-Passivated /

As-Ga

As O

273
27 As-S
,5////'.\ \

1328 1326 1324 1322 1320
Binding Energy (eV)

Figure 14 As 2p XPS spectra of as-received (upper) and sulfur passivated (lower)

GaAs(100)
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3. Atomic Layer Deposition of High-k dielectric films on Ge and GaAs

In this work, experimental results of ALD growth of Al,O; and HfO, on Ge and GaAs
substrates are presented; we mainly focus on HfO, on Ge growth. We also have examined
both Al,O3 and HfO, film growth on GaAs. We choose TEMAHT as the precursor of HfO,
and TMA as the precursor of Al,Os, using water as the reactant in both cases. The growth
temperature of HfO, is 170°C and Al,Os3 is around 70-95°C [63-65]. With the help of RBS,
the deposited film thicknesses were determined as well as the growth rates per ALD cycle.

The whole ALD system including the sample is first preheated to 100-110°C to obtain
the desorption of water and then pumped down to 10°-107 Torr for an hour before the
deposition. The flow rate of purging N, is set to 100 cc per minute by a mass flow
controller. During the deposition, the reactor and all gas lines are heated with heating tape
in a hot wall condition at fixed elevated temperature in order to prevent the condensation of
chemicals on the chamber walls. Figures 15 and 16 are RBS spectra that result after 35
ALD cycles, yielding 30 A of HfO, on Ge. We also find that 100 A of Al,Oj is deposited
after 120 cycles of TMA/H,0 on GaAs. With linear fitting, we can determine the growth
rate is 0.86 A/cycle on Ge and 0.84 A/cycle on GaAs, which is in agreement with literature
data.

After ALD growth of HfO, on Ge, we fabricated MOS capacitors with further
deposition of a metal electrode. The electric properties indentify that the interface state
density is below 10" eV'cm™. It can be concluded that the semiconductor/high-ik
dielectric interface has been improved by our wet chemistry cleaning and sulfur

passivation [51]. For the GaAs MOS capacitor with a HfO, dielectric layer, the interface is
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Figure 15 RBS spectra and growth rate of ALD with HfO,/Ge

still rough through as seen in the TEM images. Figure 17 indicates a cross-sectional TEM
image of a gate stack of TaN/HfO,/GaAs. From the image, we can clearly find roughness at
the HfO,/GaAs interface. It can be concluded that the surface properties of GaAs are more

complicated and the wet chemistry cleaning and sulfur passivation of GaAs still do not
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Figure 16 RBS spectra and growth rate of ALD with HfO,/GaAs

result in reliable interface for ALD growth of HfO,. It has been reported that there are
“self-cleaning” properties during ALD of high-k dielectrics on GaAs surface as the
organometallic precursor can consume the native surface oxide of GaAs, although the

exact mechanism is still not clear [62, 66-68]. For further investigation, we will focus on
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the surface ALD reactions between the precursor and GaAs, and our in-situ ALD-XPS

system will be very helpful in these studies.

Figure 17 Cross sectional TEM image of the MOS gate stack TaN/HfO,/GaAs
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Chapter 4 Conclusion

Scaling CMOS devices is the key to the development of semiconductor technology. The
need for higher performance semiconductors such as Ge and GaAs, which have higher
mobility relative to Si, are suggested. Because of the low thermal and chemical stability of
native oxides on Ge and GaAs, surface cleaning and preparation are not as straightforward
as they are for Si. On the Ge substrate, H,SO4/H,O; oxidation not only can greatly reduce
the amount of hydrocarbons and carbides, but it also creates a protective oxide to prevent
the surface from further contamination in ambient conditions. After the chemical oxide is
formed, we also find that HF etches should be avoided in order to reduce the amount of
carbon remaining on the Ge surface and to minimize roughening. For GaAs, continuous
HCI and NH4OH can efficiently remove the native oxide of GaAs, and the basic solution
forms a hydrophilic surface of GaAs which is preferred for further fabrication.

Surface sulfur passivation is another crucial step in the surface treatment of alternative
substrate. With hot aqueous (NHy),S solution, a clean Ge surface without oxides has been
demonstrated, and a S/Ge layer has been confirmed with MEIS analysis. Sulfur passivation
has efficiently removed the surface oxide and generates a clean passivated surface for
further device fabrication. On the GaAs substrate, sulfur passivation also removes and
oxide and forms an atomic bond between sulfur and both Ga and As.

Atomic layer deposition proves to be very useful for the growth of ultrathin high-x
dielectric films. In our home-built ALD system, HfO, and Al,O; films have been deposited
on Ge as well as GaAs substrates. The physical thickness and growth rate have been

determined by RBS. Through the combination of our work of wet chemistry cleaning,
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surface passivation, and ALD of high-k dielectric films, we are able to optimize the
fabrication of Ge-based MOS capacitors and the electric properties indicate interface
improvement with a lower interface state density.

Because of the binary structure and complicated surface properties of GaAs, the
interface of high-« dielectric and semiconductor has not been improved to a level to permit
a replacement of Si. For the further investigation, we should optimize the passivation layer
of GaAs and control the ALD condition for high-x film growth. Our integrated system is

quite appropriate of In-situ experiments for GaAs surface analysis.
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