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Abstract

The influence of preparation-induced surface roughness, as well as the hydrogen and oxide coverage on electronic properties of
Si(111) and Si(100) surfaces was investigated by combining various surface-sensitive techniques. Simultaneous surface photo-
voltage (SPV) and spectroscopic ellipsometry (SE) measurements, both in the ultraviolet/visible (UV–VIS) and the infrared (IR)
spectroscopic region, yielded detailed information about intrinsic and extrinsic surface states on hydrogen (H)-terminated Si(111)
and Si(100) surfaces, immediately after the wet-chemical preparation as well as during the initial oxidation. The energetic
distributions of interface states Dit(E) on Si(100) and Si(111) surfaces were correlated to the surface roughness �dr�, the change
of hydrogen coverage and the oxide growth on an atomic scale. As shown by these experiments, generally higher interface state
densities Dit, min were observed on Si(100) surfaces in comparison to Si(111). However, on Si(100) substrates a faster oxide growth
and a significantly thicker final native oxide layer were found. The wet-chemical preparation methods of hydrogen or oxide
passivated surfaces on Si(100) substrates were carefully optimized, resulting in smooth H-terminated surfaces (�dr�:4 A, and
Dit, minB5×1010 cm−2 eV−1) and passivating oxide layers in the thickness range of 1–3 nm (Dit, min B5×1011 eV−1 cm−2).
© 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

In order to remove particles, organic, and metallic
contaminants, cleaning steps are applied repeatedly
within the semiconductor process flow and occupy 30–
40% of all the process steps [1]. Monitoring and control
of surface properties during pre-cleaning treatments
have recently received increasing attention. This is be-
cause the miniaturization of circuit patterns and the
increasing level of density, integration, and perfor-
mance require microscopically smooth, chemically and
electronically passivated surfaces. The electronic inter-
face properties of very thin oxide, epitaxial, and passi-
vation layers are strongly influenced by the chemical
integrity and morphological structure of the substrate
surface prior to preparation. Therefore, controlling the
flatness as well as the growth rate of native oxides on

cleaned wafer surfaces is of great importance for the
semiconductor process.

By application of various spectroscopic and struc-
tural methods (FT-IR, XPS, HREELS, TSD and STM
[2–6]), the morphology and the chemical structure of
wet-chemically treated silicon substrates has been inten-
sively investigated in the recent years. These measure-
ments, however, are not sensitive enough to detect the
small number (typically 1010–1014 eV−1 cm−2) of sili-
con dangling bond defects which influence the elec-
tronic interface properties. As shown by our recently
reported results, the combination of surface photo-
voltage (SPV) and spectroscopic ellipsometry (SE) mea-
surements can serve as a very sensitive tool to
investigate the correlation between surface morphology
and dangling bond defects on Si(111) surfaces and
Si/SiO2 interfaces [7,8]. In this paper. we report on
investigations of the micro-roughness, the hydrogen
and oxide coverage, and the resulting density and en-
ergetic distribution of surface states of wet-chemically
cleaned Si(100) substrates and Si(111) substrates.
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2. Preparation

The first step of the preparation procedure was a
conventional RCA cleaning [9]. After removal of the
native oxide in NH4F solution, the wafers were chemi-
cally re-oxidized by four different procedures:
1. boiling solution of H2SO4:H2O2 (1:1) for 10 min —

a standard procedure described by Chabal [2],
2. RCA I solution at 80°C for 10 min,
3. RCA II solution at 80°C for 10 min and
4. deionized water at 80°C for 120 min.
Finally, the hydrogen-termination was completed by
placing the wafers into pure NH4F solution (40%,
pH=7.8) for 6.5 min. To investigate the influence of
the RCA cleaning process itself, smooth H-terminated
samples were again treated by the conventional SC1
and SC2 processes [9]. H-terminated samples were addi-
tionally treated (180 s) in HF (48%) solution to obtain
a sample with a well defined surface roughness. To
improve the chemical stability of the wet-chemically
treated surfaces the samples have been stored in clean-
room air (temperature 25°C, humidity about 50%) and
in deionized water (18 MV cm−1 resistivity at 80°C).

3. Measurements

Information on electronic interface properties was
obtained from the large-signal SPY measurements. We
utilized the SPV technique for the contactless measure-
ment of the surface band-bending (Y) and the energetic
distribution of surface states Dit(E). A mica foil dielec-
tric spacer was used in the same experimental configu-
ration as described in [10].

A pulsed laser diode (150 ns, wavelength l=904 nm
and power P=150 W) was used to flash the sample.
From the large-signal photovoltage pulse the surface
potential was obtained as a function of the applied bias.
Dit(E) was calculated from the band-bending bias rela-
tionship [11].

Surface roughness �dr� and oxide thickness �dox� on
wet-chemically treated wafers were determined by UV–
VIS SE. For the measurements in the photon energy
range 3.2–4.5 eV at an angle of incidence of 77.009
0.02° a commercial Woollam VASE spectroscopic ellip-
someter was used. The directly-measured complex ratio
of reflection coefficients was transformed to the com-
plex effective dielectric function �o�. Assuming appro-
priate models described below, values for the surface
roughness and the thickness of the native oxide were
calculated.

In addition, the hydrogen coverage of Si(100) and
Si(111) surfaces was directly measured by sensing the
Si�H and Si(�H)2 vibrational resonance by Fourier-
Transform infrared ellipsometry (FT-IR SE). In con-
trast to the attenuated total reflection (ATR) work

described by Higashi et al. [12], the FT-IR SE utilizes
only a single light reflection for sensing the Si�H vibra-
tional resonance and can therefore be used for standard
wafer characterization. For FT-IR SE measurements in
the region of 2000–2150 cm−1, a photometric ellip-
someter was employed [13], which is coupled to a
Fourier-Transform-Spectrometer (Bruker IFS55) set to
a resolution of 4 cm−1. The angle of incidence was 65°
and the MCT-detector output was corrected for the
non-linearity. From four polarizer settings, the �r �=
tan C and arg(r)=D spectra were calculated. For a
precise measurement of D in the range of 0°5D5360°
and to reduce depolarization effects due to reflections
from the sample backside, a reflection retarder (KR55-
Prism) with approximately 90° retardation described by
Röseler [14] was used.

4. Results

Wet-chemical cleaning methods can be classified into
two groups:
1. hydrophilic methods resulting in thin native oxide

layers, and
2. hydrophobic methods dissolving the native oxide

completely in HF or ammoniumfluoride (NH4F)-
containing solutions [2,15]

Hydrophilic methods such as the RCA standard clean-
ing process [9] are mainly based on H2O2-containing
solutions which increase the micro-roughness of the
silicon interface as a side effect to the H2O2 decomposi-
tion. If the native oxide growth is irregular, the micro-
roughness also increases after the native oxide removal.

4.1. Micro-roughness and surface state distribution of
hydrophobic Si(111) and Si(100) surfaces

Although there is no clear definition of ‘micro-rough-
ness’ itself, we will use the term to denote atomic scale
irregularities on the silicon surface or the Si/SiOx-inter-
face. In the UV–VIS the optical effect of a microscopi-
cally rough surface can be described accurately [16] by
a Bruggeman effective medium [17] (EMA) layer. For
microscopically rough wafers we used a two-layer
model that consists of bulk c-Si and a Bruggeman
EMA layer consisting of 50% bulk c-Si and 50% voids.

Fig. 1a shows the imaginary part of the effective
dielectric function �o2� obtained by UV–VIS SE mea-
surements immediately after a special preparation of
H-terminated Si(111) and Si(100) surfaces. Whereas the
surface is usually oxidized in H2SO4/H2O2 [2], for these
investigations we applied a wet-chemical oxidation pro-
cedure in deionized water of 80° prior to the final
etching step in NH4F solution [7] in order to minimize
the interface roughness between the substrate and the
oxide layer.
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The magnitude of �o2� at the E2 silicon bulk critical
point energy of:4.24 eV can be taken here as a
measure of the smoothness of the surface. We assume
that largest �o2�(E2) means �dr�=0. In our measure-
ments the largest �o2�(E2) values of 47.2 (curve 1 in Fig.
1) were detected on the H-terminated Si(111) samples.
The difference to the largest value given for Si [18]
corresponds to a surface roughness �dr� of about 1 A, .
On H-terminated Si(100), generally higher values �dr�
of about 4 A, were found (curve 2 in Fig. 1a) which
result from the anisotropic etching behavior of the
NH4F solution. On H-terminated samples additionally
treated in HF solution (180 s), a higher increase in
surface roughness was observed on Si(111) (curve 4 in
Fig. 1a) than on Si(100).(curve 3 in Fig. 1a).

Fig. 1b shows the surface state distributions Dit(E)
obtained on the same Si(111) and Si(100) samples. The
continuous energetic distribution of rechargeable inter-
face states as determined by the SPV method can be
separated into several groups of states originating from
dangling bond defects with different back-bond

configurations. Following the dangling bond model for
the Si/SiO2 interface [19], on the H-terminated surface
two groups of intrinsic states resulting from strained
(Si3
Si–Si
Si3) bonds and from dangling bond de-
fect centers back-bonded only to silicon (Si3
Si�) give
rise to a U-shaped distribution. The saturation of dan-
gling bonds by hydrogen eliminates such surface states.
Therefore, successfully H-terminated surfaces are char-
acterized by such a U-shaped surface state distribution
and very low minimal values (Dit, min) of the surface
state density that result from the remaining intrinsic
defects only. On the interfaces between silicon and
native oxides a superposition of different contributions
can be observed:
1. intrinsic states and
2. extrinsic states (PL and PH), which result from

silicon dangling bonds on oxidized silicon atoms
Si+1 (Si2O
Si–) and Si+2 (SiO2
Si–).

Therefore, the interface state distribution is directly
related to the state of oxidation of the silicon surface.

As shown in Fig. 1b the lowest value of Dit, min

B1.5× l010 cm−2 eV−1 was obtained on the
smoothest, H-terminated Si(111) surface (curve 1). On
Si(100) surfaces typically higher values of Dit, min B5×
l010 cm−2 eV−1 were observed on wafers prepared by
the floating zone technique (curve 2 in Fig. 1b) and of
about 3×1011 cm−2 eV−1 on wafers prepared by the
Czochralski technique (not shown here). A further in-
crease of surface roughness by the HF-treatment re-
sulted in higher surface state densities (curve 3 and 4 in
Fig. 1b). Moreover, the energetic distribution of surface
states changed as soon as the surface roughness ex-
ceeded two monolayers. A group of extrinsic states
(PL) forming Gaussian distributions in the lower half
of the forbidden gap additionally appeared. These ex-
trinsic states have been assigned to dangling bond
defects (Si2O
Si–) correlated to Si atoms of low state
of oxidation, Si+1. The occurrence of these oxygen
back-bonded defects, resulting from competing reac-
tions of various nucleophilic components (H2O and
OH−) of the HF solution, indicated that the atomically
rough HF-treated surface is not completely saturated
by hydrogen.

4.2. Oxide thickness and surface state density on
hydrophilic Si(111) and Si(100) surfaces

Fig. 2 presents the experimental interface state distri-
butions Dit(E) as typically obtained by SPV measure-
ments of initially H-terminated Si(111) and Si(100)
samples after the standard RCA I and RCA II process
[9] as well as after the newly-developed hot water
treatment (120 min) [8].

All conventional RCA treatments result in high den-
sities of the extrinsic interface states corresponding to;
Dit, min \5*1012 cm−2 eV−1 caused by the rapid and

Fig. 1. Imaginary part of the effective dielectric function �o2� (a) and
surface state distribution Dit(E) (b) for H-terminated NH4F- and
HF-treated Si(111) and Si(100) surfaces.

Fig. 2. Interface state distribution Dit(E) for Si(111) and Si(100) after
RCA and hot water treatment (80°C, 120 min).
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Fig. 3. Oxide thickness �dox� on previously H-terminated Si(111) and
Si(100) versus the treatment time in H2O.

further oxidation, however, a significant decrease of the
density of states as well as of the surface charge was
observed which was correlated to the layer by layer
formation of the Si/SiO2 interface [8]. The final inter-
face state density Dit, min \5× l011 eV cm−2 (Fig. 2) of
the resulting thin oxide layer on Si(111) and Si(100)
surfaces was found to be lower than that of convention-
ally prepared chemical and thermal oxides in the thick-
ness range of 1–3 nm. We assume that the very slow
layer-by-layer oxide growth on the atomically flat H-
terminated surface is due to a well-ordered interface
already during the formation of the first monolayers.

4.3. Surface electronic properties during nati6e oxide
growth in water and air

Simultaneous SPV, FT-IRSE, and UV-VIS SE mea-
surements were performed to monitor the change of
surface coverage and surface electronic properties dur-
ing the native oxide growth of initially H-terminated
Si(111) and Si(100) surfaces in water and air.

Wafers with a thin oxide layer were modelled by a
layer of SiO2 on top of c-Si using the data from the
initially H-terminated sample before oxidation to in-
clude the varying fraction of roughness remaining after
the H-termination procedure on Si(100) and Si(111)
surfaces. Fig. 3 presents the evolution of oxide thick-
ness �dox� on initially H-terminated Si(111) and Si(100)
surfaces during the hot water treatment at 80°C. The
Si(100) oxidizes faster than Si(111). However, the re-
sulting native oxide thickness reaches 1.5–2 nm on
Si(111) and 2.5–3 nm on Si(100) substrates.

In order to compare the stability of the surface
passivation by hydrogen, identically prepared H-termi-
nated Si(111) and Si(100) surfaces were repeatedly char-
acterized by FT-IR SE measurements during storage in
clean-room air. The Si�H and Si(�H)2 bonds on H-ter-
minated wafers were directly-detected by IR SE mea-
surements. According to our measurements the bond
vibrational stretching resonance on the completely H-
terminated Si(111) surface immediately after prepara-
tion causes a maximum difference dmax in the D
spectrum of approximately 0.4° and a minimum in the
tan C spectrum obtained at the resonance position 2083
cm−1 (Fig. 4). On H-terminated Si(100) surfaces, a
dispersion-like structure in Delta with dmax:0.1° at
2102 cm−1 is found, unambiguously caused by the
Si(�H)2 bond.

Fig. 5a shows the decrease of the relative number
Nrel=d/dmax of the Si(�H)2 and Si�H oscillators which
is directly proportional to the number of Si(�H)2 on the
Si(100) surface and Si�H bonds on the Si(111) surface,
respectively [13].

The increasing effective thickness �dox� of the native
oxide film as a function of storage time in air was
derived from UV–VIS SE measurements on the same

Fig. 4. Typical tan C (a) and D (b) spectra of the Si�H bonds
obtained on the H-terminated Si(111) surface.

irregular wet-chemical oxide growth. Furthermore, on
RCA I treated surfaces we observed a negative charge,
whereas the RCA II process, as known from CV-mea-
surements of thermally prepared oxides, causes a posi-
tive fixed oxide charge. To avoid both irregular native
oxide growth and contamination from H2O2-containing
solutions, we started the preparation of thin passivating
oxide layers on very smooth H-terminated surfaces by
applying the pure water treatment at 80°C. The initial
phase of this oxidation process was also characterized
by a drastic increase of the density of states and the
appearance of groups of extrinsic states. During the
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samples (Fig. 5b). During the formation of a first
oxide monolayer — the so-called initial phase of oxi-
dation —, a continuous reduction in the number of
Si�H as well as Si(�H)2 bonds complementary to na-
tive oxide growth was observed. When the hydrogen

completely disappeared, the effective thickness �dox�
of the native oxide film increased and the surface
state distribution change drastically. The native oxide
grown in air resulted in a rather high surface density
of Dit, min \1012 eV−1 cm−2. While successfully H-
terminated Si(111) surfaces are stable against re-oxi-
dation in air for 24–48 h, the duration of the initial
phase of oxidation was found to be significantly
shorter on Si(100) surfaces.

5. Discussion

Summarizing the results, generally higher surface
and interface state densities were observed on H-ter-
minated and HF-treated as well as on natively oxi-
dized Si(100) surfaces in comparison to Si(111). On
successfully prepared H-terminated Si(111) and
Si(100) surfaces, the density of states could be directly
correlated to the surface roughness; very low surface
state densities Dit,min of about 1010 cm−2 eV−1 on the
Si(111) surfaces with atomically flat areas and half of
a magnitude higher values of Dit,min about 5×1010

cm−2 eV−1 on atomically rough Si(100) were ob-
tained. Due to their selective etching behavior, NH4F
and HF-solutions cause differences in surface mor-
phology depending on the substrate orientation.
Therefore, during HF-treatment the surface roughness
on Si(111) increased more than on Si(100) substrates.
Nevertheless, on HF-treated Si(111) surfaces also
lower surface state densities were found. Fig. 6 de-
scribes the configuration of surface atoms on Si(111)
and Si(100), substrates. While the wet-chemically
treated Si(111) surface is characterized by one dan-
gling bond or electronegative substituent per atom,
on Si(100) surface atoms two dangling bonds or ad-
atoms are possible.

We regard the higher density of surface states to be
the reason for the lower stability of H-terminated
Si(100) surfaces against reoxidation in air. Moreover,
the electronegativity difference between the two sub-
stituents (-H, -OH, -F) and the Si surface atom re-
sults in a stronger polarization of the Si back bond
on Si(100) substrates, which leads to a heavy attack
of nucleophilic species (O2, H2O). Therefore, the ini-
tial phase of oxidation on Si(100) is significantly
shorter than that on Si(111) substrates. However,
compared to the Si(111) wafers, on Si(100) substrates
a faster oxide growth and a thicker final oxide layer
were found. These differences can be explained by the
greater atom distance on Si(100) surfaces shown in
Fig. 6. Independent of the kind of treatment, on wet-
chemically oxidized Si(100) surfaces also higher inter-
face state densities were observed, caused by the
faster oxide growth.

Fig. 5. The relative number of Si�H and Si(�H)2 bonds respectively
(a) and the effective oxide thickness (b) on a H-terminated Si(111)
and Si(100) surface versus the storage time in air.

Fig. 6. Schematic diagram of the atom void radius r and back bond
polarization (DSi and dY) for crystalline Si (100) and Si(111) surfaces.
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6. Summary

As demonstrated in this article, the combination of SPV
and SE measurements as non-destructive surface sensitive
methods can be successfully applied for controlling and
optimizing the wet-chemical treatment during the techno-
logical process. In contrast to ATR spectroscopy, FT-IR
SE applies only a single reflection for sensing the Si�H
vibrational resonance and can therefore be used for
standard wafer characterization. Correlation between the
surface roughness, the hydrogen and oxygen coverage,
and the surface states were investigated on Si(100)
surfaces and compared to recent findings obtained on
Si(111) surfaces. Considering the differences between the
surface properties and reactions discussed here, the
preparation of hydrogen or oxide passivated surfaces on
Si(100) substrates by wet-chemical preparation methods
has been carefully optimized aimed at smooth H-termi-
nated Si(100) surfaces with low surface state densities. By
the hot water oxidation of these H-terminated Si(100)
surfaces very thin passivation layers in the thickness range
of 1–3 nm characterized by interface state densities Dit,min

B5×1011 eV−1 cm−2 were prepared.
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