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An approach is presented to apply fractal concepts (by analyzing scanning length-dependent scanning tunneling microscopy meas-
urements) to the characterization of semiconductor surfaces exposed to various, technologically relevant, cleaning processes. In
particular, we have investigated the surface morphology and chemical composition of Ge(100) surfaces after cleaning in an aque-
ous HF solution and vacuum annealing. The roughness exponent a, a characteristic parameter to describe self-affine fractal surfa-
ces, depends on the cleaning procedure and correlates to the surface chemical composition. For temperatures close to 500�C,
atomic diffusion and desorption processes reduce the roughness exponent, which is equivalent to an increase in the sub-micron
scale roughness. At temperatures above 500�C, surface smoothening mechanisms are initiated, leading to increasing roughness
exponent values. In strong contrast, no pronounced changes in the surface roughness were observed on a large scale (saturation
roughness), i.e. beyond the regime of self-affine scaling. Our findings highlight the significance of using scanning length-depend-
ent roughness analysis to quantitatively assess variations in surface morphology after different cleaning processes and to directly
compare various complex surfaces.
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Cleaning of semiconductor surfaces is of great importance from
both scientific and technological perspective. In fact, surface clean-
ing is arguably the most frequently repeated process step during the
fabrication of any semiconductor device. Besides the effective sur-
face conditioning (removal of contaminants and surface termina-
tion), a quantitative assessment of the surface morphology upon
various cleaning steps is likewise of particular concern. The surface
roughness is a crucial parameter that can deteriorate surface/inter-
face properties, and hence the device performance and reliability, as
it may degrade charge carrier mobility or induce local high electric
fields which lead to premature breakdown.1 Needless to say that
good knowledge about the physical and chemical processes that
govern a cleaning step and their respective impact on the surface
characteristics is of crucial importance.

A problematic issue in the measurement of the surface roughness
is the lack of a uniform and consistent procedure, which allows
comparison of various complex surfaces. Commonly used (ampli-
tude) roughness parameters are e.g. the arithmetical mean height,
root-mean square (rms) roughness or the peak-to-peak height of the
surface.2 However, the arrangement of atoms on a surface that
results in a particular surface roughness parameter is not unique.3

Moreover, these roughness parameters depend on the length scale of
observation, i.e. for the same surface profile the roughness parame-
ter may significantly change with the sampling length. For a proper
evaluation of cleaning processes and their influence on the surface
roughness, and hence on device performance, one should account
for this fact since surfaces may appear smooth on a micrometer lat-
eral length scale while rather coarse on a nanometer length scale, or
vice-versa. It is, however, important to note that physical processes
responsible for performance loss, e.g. charge-carrier scattering, tun-
neling or diffusion processes, take place precisely on this nanometer
scale. Moreover, device dimensions such as the gate oxide thickness
or the gate length, approach the nanometer regime nowadays,4

implying that information of the surface properties on this length
scale is likewise of paramount importance.

To characterize surfaces in a more comparable and objective
way, and to account for the above described concerns, fractal theory

proves very valuable. In fact, a wide variety of surfaces exhibit a
roughness described by self-affine fractal scaling, i.e. the surfaces
are invariant under anisotropic scale transformations.3,5 Examples
include the surfaces of vacuum deposited thin-films,6–8 ion-bom-
barded films9 or surfaces after wet-chemical etching.10,11 For a self-
affine surface the rms roughness r increases with the lateral sam-
pling length L according to the power law r!La, with a
(0< a< 1) being referred to as the roughness exponent.3,5 This
exponent is correlated to the texture of the surface on a sub-micron
scale and quantifies how the roughness varies with scan length. A
small a value is usually (within solid-state physics phenomena) indic-
ative of a rough, jagged surface, whereas a large a is associated with
locally smooth surfaces.12 Moreover, self-affine surfaces exhibit a lat-
eral correlation length n, above which r may reach saturation (rsat)
and does no longer scale with the sampling length L. Using this con-
cept, even complex surfaces can be described and compared to a large
extent using just one parameter, i.e. the roughness exponent a.

Up to now, various experimental techniques have been utilized
for fractal analysis of surfaces, for an overview we refer to Ref. 3.
Scanning probe microscopy techniques (SPM) are, however, the
most appropriate methods as they can provide three-dimensional
topographic data with high spatial resolution, allowing to evaluate
the surface roughness on varying lateral length scales, typically
ranging from the micrometer range down to the atomic scale. More-
over, these techniques can be applied on a wide variety of materials
and in various environments (vacuum, air or liquid), that may be rel-
evant in semiconductor technology. To determine the scaling expo-
nent a, SPM images can be analyzed applying Fourier analysis, var-
iational approaches, height difference correlation functions or by a
direct measurement of the rms roughness versus scan size.3 A varia-
tion on the latter approach is to subdivide the recorded SPM image
into squares of decreasing dimensions and to extract the rms rough-
ness from each of them. This method, in principle, enables the eval-
uation of scaling properties from a single SPM image.13

In this paper, we show that the concept of fractal analysis can be
applied to evaluate cleaning processes and their impact on the char-
acteristics of Ge surfaces. Germanium has recently received special
attention as it is a promising candidate for the replacement of silicon
channels in future high-performance microelectronic devices. Yet,
detailed studies about the impact of standard cleaning methods on
the morphology and composition of this surface remain scant. We
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have investigated the surface morphology and chemical composition
of Ge(100) surfaces after performing wet-chemical cleaning in an
aqueous HF solution and subsequent ultra-high-vacuum (UHV)
annealing. In particular, scanning tunneling microscopy (STM) was
applied to determine the scaling properties by a direct measurement
of the surface roughness versus length scale r(L). This approach
was complemented by Auger electron spectroscopy, allowing to
identify atomic processes such as adsorption, surface reconstruction,
diffusion or desorption that occur during these cleaning steps.

Methods

Experimental setup.— We used p-type (gallium) doped
Ge(100) 6 0.5� substrates, which were immersed in 2% HF for
5 min without stirring, followed by a 1 min water rinse and a nitrogen
blow dry. After wet-chemical cleaning we immediately loaded the
samples into the respective analysis chamber for chemical or struc-
tural surface characterization. Sample annealing was performed in a
vacuum chamber at temperatures between 200 and 800�C, applying
a heating rate of 5�C/min, while maintaining the chamber pressure
below 1E-7 Torr. The temperature was read out with a thermocouple
at the backside of the molybdenum sample holder. The annealing
chamber is equipped with a mass spectrometer allowing to perform
temperature programmed desorption (TPD) measurements to detect
desorption products as a function of annealing temperature.

To verify whether hydrogen-termination was achieved upon HF
cleaning we used multiple internal reflection Fourier transform
infrared spectroscopy (MIR FT-IR). The MIR geometry allows to
significantly enhance the surface sensitivity as the IR beam is
reflected several times on the surface. We used a double-sided, pol-
ished Ge(100) wafer cut to 1 mm� 26 mm� 92 mm with both
edges beveled to 45�, which results in about 100 internal reflections.
FT-IR spectra were recorded over a wavenumber ranging between
500 and 4000 cm�1 with a resolution of 1 cm�1, using a nitrogen
cooled mercury cadmium telluride (HgCdTe) detector. All spectra
were referenced to an untreated Ge wafer with approximately 2–3
nm native oxide layer. The chamber pressure during measurements
was kept constant around 2 Torr.

Identification of residual surface impurities after chemical and
physical cleaning steps was achieved with Auger electron spectros-
copy (AES) using an Alpha 110 hemispherical analyser from
Thermo Scientific. In the same vacuum chamber a reverse view
low-energy electron diffraction (LEED) system is installed, allow-
ing to investigate the specific surface reconstruction after each
treatment.

Information on the depth distribution of impurities, such as oxy-
gen and carbon, was obtained using grazing incidence x-ray fluores-
cence (GIXRF). These measurements were carried out in the PTB
laboratory at the synchrotron radiation facility BESSY II in Berlin
(Germany) at the plane grating monochromator beamline (PGM-
U49) for undulator radiation. For detailed information on the experi-
mental conditions and setup we refer to Refs. 14–16. We recorded
the angular dependence of the O Ka and C Ka fluorescence radiation
with the incident photon energy set to 1060 eV and the angle of inci-
dence varying between 0� and 4.2�.

The surface morphology and scaling behavior were investigated
using a large sample (LS) UHV STM from Omicron. STM images
were recorded at room temperature in constant-current mode using a
PtIr tip with a sample bias voltage around 3.5 V and a tunneling cur-
rent around 0.3 nA. Image processing was done using the Scanning
Probe Image Processor (SPIP) (roughness analysis) and WSXM (Ref.
17) (visualization) software. To investigate scaling properties, the
following procedure was used: After each surface preparation step
multiple STM images ranging from 50 to 1000 nm in scan length
were recorded at random locations on the surface. All images were
plane fitted to account for macroscopic slopes present in the images
and the rms roughness was evaluated. Subsequently, all images
were divided into squares of decreasing linear dimension L and the
rms surface roughness r(L) was computed for each of them. Images

that showed atypical large defects, contamination or other irregular-
ities have been removed from the data set. The average r over
all images with the same dimension is finally plotted against L in a
double-logarithmic plot from which a and rsat were determined.

Sample annealing and subsequent AES, STM and LEED measure-
ments were performed in the same UHV system with a base pressure
of 1E-10 Torr. Only the MIR FT-IR and the GIXRF measurements
were performed in separate systems.

Theoretical calculations.— The OH/Ge(100) interface model
was generated from first-principles molecular dynamics (MD) simu-
lations, as implemented in the Siesta simulation package,18 using
density functional theory within the local density approximation for
the exchange-correlation functional19 and a Nosé thermostat, with a
1 fs time step. The core electrons were implicitly treated by using
norm-conserving pseudopotentials,20 and the valence electrons were
described by using double-zeta singly polarized (DZP) basis sets,
considering the following electronic configuration of the elements:
H 1s1, O (1s2) 2s2 2p4, and Ge (Ar 3d10) 4s2 4p2, where the core
configurations are shown in parenthesis. A plane wave cutoff of 250
Ry and a (4� 4� 1) k-point mesh were used for the computations,
assuring convergence of the total energy of the system below typi-
cally 10 meV. We started from a (2� 1) reconstructed Ge(100) sur-
face, modeled using slabs of 6 Ge layers, with the bottom slab passi-
vated by hydrogen atoms, and about 15 Å of vacuum above the
surface (2� 2 supercell, corresponding to 64 atoms). The surface
was then gradually loaded with oxygen atoms, and the MD simula-
tions were performed at 300 K, during typically a few ps. The
remaining Ge dangling bonds are saturated by hydrogen atoms.
Mercury 2.3 was used to visualize the atomistic models obtained by
the MD simulations.21

Results and Discussion

Chemical cleaning.— Chemical composition.— Prior to charac-
terization of the scaling behavior we investigated the chemical com-
position of the surface after wet-chemical cleaning. From AES
measurements (Fig. 1) we deduced that the Ge(100) surface after
immersing in hydrofluoric acid contains traces of carbon (272 eV)
and oxygen (510 eV). Residual surface oxides after wet-chemical
treatment are often reported in literature and we will discuss this
issue in more detail below. Carbon is similarly reported to be one of
the most common impurities on Ge(100) surfaces, with the initial

Figure 1. Auger electron spectrum measured on a Ge(100) surface after
cleaning in diluted HF solution.
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carbon concentration being strongly affected by the preparation con-
ditions (solution quality, air purification, etc.).22–28 A GIXRF angu-
lar scan (Fig. 2) confirms that oxygen is solely accumulated on the
surface. The carbon signal, on the other hand, emerges from deeper
in the substrate, as can be seen from the slower decline of the count
rate with increasing angles. This may indicate that this signal does
not merely originate from adventitious carbon adsorbed on the sur-
face during wet-chemical preparation, but also from C impurities
within the bulk. Even though the solubility of C in Ge is rather low
(108–1010 cm�3), it has been reported that carbon can be introduced
in the Ge lattice during crystal growth.4 This observation suggests
that not only surface impurities but also bulk impurities need to be
accounted for, in particular during annealing studies.

The removal of native or chemically grown GeO2 using HF solu-
tion has been studied for more than a decade. Whereas GeO2 can be
easily dissolved in water,29 acidic30 or alkaline solution,31 the re-
moval of sub-oxides is much more challenging. Most of the
studies28,32–34 agree that hydrofluoric acid does neither remove all
sub-oxides, nor produce stable H-termination as has been reported
for silicon. In contrast, the Ge surface is best described by an inho-
mogeneous hydrogen layer co-existing with an oxide layer. This
model is also confirmed by our own experiments. MIR FT-IR meas-
urements (Fig. 3) reveal a positive absorbance peak centered around
1984 cm�1, which can be assigned to the m(GeH) vibration mode
and implies adsorption of hydrogen on the Ge surface upon HF
treatment.35 The m(GeH) band can be fitted by a single, broad Gaus-
sian peak, which indicates a predominant formation of a single
GeHx phase on the surface, i.e. mono-hydride [1987 cm�1, (Ref.
27)]. It has been reported in literature that the formation of di-
hydrides [2020 cm�1, (Ref. 27)] on the Ge(100) surface is only sta-
ble if the surface exhibits a high defect density or surface roughness,
as is the case for example for sputtered surfaces36 or surfaces etched
with highly concentrated (>10%) HF solutions.37 On flat surfaces,
steric repulsion between the H atoms of adjacent GeH2 species
would significantly reduce the stability of this phase.36 A similar
effect might be expected for adjacent GeO areas, which could like-
wise lower the stability of di-hydrides on the surface. The broad,
intense peak around 3260 cm�1 is associated with the m(OH) vibra-
tion band. This is an indication for water adsorption or hydroxyl-ter-
mination and hence a rather hydrophilic surface. As termination
with hydrides is expected to yield a hydrophobic surface, this can be
a sign of incomplete hydrogen termination and residual surface
oxides after HF cleaning. The m(GeO) vibration band is located

around 750–1050 cm�1. Our measurements show a negative absorb-
ance band in this wavelength range after H2O or HF dipping (data
not shown). A negative absorbance is equivalent to a reduction in
the oxygen content (GeO) compared to an untreated Ge wafer (ref-
erence spectrum), even though this yields no quantitative informa-
tion about the oxide removal. However, from previous x-ray absorp-
tion spectroscopy measurements we know that the HF treated
surfaces are not free of GeO.14 In fact, after this cleaning step the
Ge surface contains traces of hydrogen, oxygen and carbon (organic
contaminants) and exhibits a hydrophilic rather than a hydrophobic
character.

Atomic structure.— It can be intuitively expected that the co-ex-
istence of the above described surface species (i.e. H and O) may
impact the atomic structure on the HF cleaned Ge surface. In an
attempt to investigate the atomic arrangement on these complex
surfaces in more detail, we have performed MD simulations. In
these simulations we only accounted for the presence of oxygen and
hydrogen atoms, whereas carbon impurities were disregarded. The
reason for this is the difficulty to precisely assign the oxidation state
of carbon on the surface, and hence its local bonding configuration.
In general, an adsorbate-free Ge(100) surface exhibits a (2� 1) sur-
face reconstruction as the top-most atoms rearrange within the sur-
face plane, thereby forming Ge dimers.38 An atomistic model of
such a dimerized Ge(100) surface is depicted in Figs. 4a and 4b.

Figure 2. (Color online) GIXRF angular scan on a Ge(100) surface after
cleaning in diluted HF solution showing the evolution of the C Ka fluores-
cence line (open circles), the O Ka fluorescence line (closed squares) and the
Ge L fluorescence line (solid line) with angle of incidence. The dash-dotted
line shows the attenuation length of x-rays with an incoming energy E0

¼ 1060 eV in a Ge crystal.

Figure 3. MIR FT-IR spectra recorded on a Ge(100) surface after cleaning
in diluted HF solution showing the m(OH) (left) as well as the m(GeH) vibra-
tion mode (right).

Figure 4. (Color online) Atomic geometries as obtained from molecular dy-
namics simulations and/or structural relaxations shown in side- (left) and
top-view (right). (a) and (b) clean Ge(100)-(2 � 1) surface. (c) and (d) OH/
Ge(100) surface.
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Upon adsorption of heteroatoms this (2� 1) dimer reconstruction
can be lifted, depending on the specific adsorption conditions and
coverage. This is illustrated in Figs. 4c and 4d, in which the atomic
configuration of the Ge(100) surface after partial oxygen and hydro-
gen adsorption is shown. It can be instantly inferred from this figure
that the atomic order on this OH/Ge surface changes drastically
compared to the adsorbate-free surface (Figs. 4a and 4b). In particu-
lar, it is observed that the Ge dimer bonds are broken after (i) the
chemisorption of oxygen and hydrogen atoms and (ii) the formation
of Ge-O-Ge bridging bonds on the surface. As these Ge-H and Ge-O
bonds do not show any preferential orientation on the surface, prob-
ably due to steric hindrance, long-range atomic order is impeded.
This OH/Ge model, generated by MD simulations, should be repre-
sentative of a real Ge(100) surface after an HF treatment (see dis-
cussion above). STM measurements on the HF cleaned Ge surface,
shown in Fig. 5a, likewise confirm the absence of long-range atomic
order. Hence, our results imply that treatment in HF solution does
not yield complete hydrogen-terminated, i.e. hydrophobic surfaces
with high atomic order, due to the co-existence of residual Ge-O
bonds and the random orientation of these chemical bonds on the
surface. These findings are in strong contrast to hydrogenation per-
formed under UHV conditions, where the Ge dimer bonds and
atomic order are preserved after exposure to atomic hydrogen at
room temperature.36

Surface roughness.— Besides revealing the surface atomic
arrangement, STM was also used to investigate the surface rough-
ness on a micrometer to nanometer scale. The evolution of the rms
roughness r with scan length L of the HF cleaned Ge surface is
shown in a double-logarithmic plot in Fig. 6 (open squares). r
increases with increasing sampling length L, followed by saturation
beyond the cross-over point n. From this behavior we conclude that
the Ge(100) surface after cleaning in diluted HF solution follows self-
affine scaling, with a¼ (0.44 6 0.07) and rsat¼ (0.32 6 0.01) nm.

Theoretical models that describe self-affine surface roughening
by wet-chemical etching processes and predict respective roughness
exponents are rather scarce. An example is the study by Santra and
Sapoval, in which it was shown that the interface between a finite-
etching solution and a random solid presents a fractal morphology at
the end of the etching process.39 Cafiero et al. presented a model for
chemical etching of crystalline silicon including an anisotropy pa-
rameter to account for the intrinsic anisotropy of etching rates.40

This model predicts roughness exponents ranging from 0.63 (for iso-
tropic systems) to 0.93 (for completely anisotropic systems), which

are however not in agreement with our experimental result. The
model proposed by Kessler et al. describes a fluid interface propa-
gating through a random medium.41 Depending on the effective
propagation velocity, a reaches values between 0.5 (for high veloc-
ities) and 0.76 (for low velocities). This model was used success-
fully by Dotto and Kleinke to describe surface morphology evolu-
tion in silicon etching processes.11 In our study, samples have been
immersed in solution without stirring or forced convection using an
ultrasonic bath. Hence, the propagation velocity of the etch process
is expected to be rather low. According to the model proposed by
Kessler et al. this should yield a roughness exponent close to 0.76,
which disagrees with our experimental finding. The discrepancy
between the experimental value and the roughness exponents pre-
dicted by theory may be caused by differences between the experi-
mental conditions and the conditions assumed by these models. Yet,
the determination of a roughness exponent after each surface treat-
ment, i.e. chemical or physical cleaning, allows for a qualitative and
quantitative comparison of various complex surfaces and to discern
relative variations in the surface morphology. For a better compari-
son of the experimental values with theory, theoretical models may
need to be further developed to account for the respective experi-
mental conditions.

Thermal cleaning.— Chemical composition and surface
roughness.— After the wet-chemical cleaning in HF solution, we
subsequently annealed the sample in small temperature steps up to
800�C. The surface roughness r(L) was evaluated after each anneal-
ing step. In general, the surface exhibits a self-affine topography af-
ter each temperature step, hence the evolution of r with scan length
L is comparable to what is found after the wet-chemical treatment.
An example of r(L) of the surface after annealing to 500�C is
shown in Fig. 6 (closed circles). It can be inferred from this figure
that there is no change in the overall scaling behavior. There are,
however, minor variations in the initial slope, i.e. a. An overview of
the a values extracted from the STM measurements after each
annealing step is shown in Fig. 7 (stars). As the roughness exponent
describes the surface topography on sub-micron scale, we assign the
variation in a upon annealing to temperature-induced, local atomic
re-arrangements on the surface. In particular, a reaches a minimum
value at 500�C, which can be associated with a maximum in the
sub-micron scale roughness. Hence, the surface is more jagged com-
pared to the initial state after wet-chemical cleaning. Further

Figure 5. (Color online) STM measurements on a Ge(100) surface (a) after
wet-chemical etching in diluted HF solution as well as after subsequent vac-
uum annealing at (b) 500�C (c) 700�C and (d) 800�C. All images were
recorded at room temperature.

Figure 6. (Color online) Evolution of rms surface roughness r with scan
length L after cleaning in diluted HF solution (open squares) and after subse-
quent vacuum annealing to 500�C (filled circles).
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annealing increases the roughness exponent, i.e. smoothens the sur-
face again.

Upon annealing, surface diffusion, decomposition of surface
phases or desorption processes can occur, which may influence the
local atomic arrangement and hence smoothen or roughen the sur-
face. A correlation between the roughness exponent and the chemi-
cal surface composition, i.e. the oxygen and carbon AES signal in-
tensity, is evident from Fig. 7 (closed circles, open squares). It is
apparent from this graph that the minimum value for a coincides
with a significant drop in the oxygen and carbon AES signal. The
removal of physisorbed species, such as water or carbon/oxygen-
containing surface species adsorbed during the wet-chemical treat-
ment, can be easily achieved by a mild annealing (< 300�C) and
may be the origin of the initial decrease in a. In contrast, complete
removal of oxygen chemically bonded to the Ge surface is reported
to occur at temperatures above 400�C,22,42–44 and proceeds through
the desorption of GeO.22,44,45 This is also confirmed by our TPD
study shown in Fig. 8, in which GeO is detected as a desorption
product upon annealing. The two distinct peaks in the TPD spectrum
are an indication for two different kinetic processes that lead to GeO

desorption.43,45 It has been postulated by Hansen and Hudson that
desorption of GeO primarily occurs from defect sites with the oxy-
gen species diffusing towards these sites.45 Hence, the desorption
mechanism initiates atomic re-arrangement and local etching proc-
esses as Ge atoms leave the surface. This explains the reduction in
a, or the increase in surface roughness on the atomic scale in this
temperature range. At temperatures above 500�C, however, the mo-
bility of Ge surface atoms is enhanced, leading to migration of sur-
face atoms and temperature-dependent smoothening mechanisms.46

This accounts for the decrease in surface roughness on the sub-
micron scale and hence the increase in the roughness exponent.

Atomic structure.— The Ge(100)� (2 � 1) surface reconstruction
is restored after oxygen desorption, as evident from the LEED dif-
fraction pattern shown in Fig. 9a. However, STM measurements af-
ter annealing to 800�C (Figs. 9b, 9c) reveal that the surface still
lacks long-range atomic ordering, nor can large, smooth terraces be
observed. In addition, bright protrusions with an apparent height
between 4 and 6 Å can be found in the STM image. Based on previ-
ous studies23,26 and due to the fact that the surface is not free of car-
bon impurities (Fig. 7), we assign these protrusions to carbon clus-
ters. These impurities may cause pinning of step movement during
annealing, which hampers the formation of large terraces and a
(2 � 1) dimer reconstruction on larger scale. In contrast to oxygen
impurities, carbon is not easily desorbed upon annealing.23 Besides,
GIXRF measurements (Fig. 2) have indicated that carbon is not
only accumulated on the surface but also present within the sub-
strate. Annealing the substrate at elevated temperature can lead to
enhanced carbon diffusivity and surface segregation of carbon
atoms. This has been observed, e.g. by Wei et al., who studied
carbon-implanted germanium substrates.47 The authors report on the
surface migration of carbon and a surface aggregation as nano-sized
graphite clusters after annealing at 500�C. As the diffusivity and
aggregation of carbon atoms increase upon annealing, these carbon
clusters will grow in size at the expense of smaller clusters, there-
fore decreasing the surface roughness. This likewise coincides with
the observation that a increases at temperatures above 500�C.

In summary, we have demonstrated that HF cleaned and vacuum
annealed Ge(100) surfaces exhibit self-affine fractal behavior. Using
this concept we were able to disentangle the complex atomic proc-
esses that impact the sub-micron scale surface morphology. In par-
ticular, it was shown that desorption of physisorbed and chemi-
sorbed surface species (< 500�C) causes an increase in the surface
roughness, whereas continuous annealing at higher temperatures ini-
tiates atomic diffusion and smoothening mechanisms. In strong con-
trast, beyond the regime of self-affine scaling no variations have
been observed in the saturation roughness rsat. This is apparent
from Fig. 10, which shows the temperature dependence of the rms
roughness extracted from (1000 � 1000) nm2 STM images. Large

Figure 7. (Color online) Evolution of the roughness exponent a with anneal-
ing temperature (right axis) in comparison to the O KLL and C KLL AES
signal (left axis).

Figure 8. TPD spectrum of GeO (m/e ¼ 90) collected from a Ge(100) sur-
face after cleaning in diluted HF.

Figure 9. (Color online) (a) LEED diffraction pattern on a Ge(100) surface
after cleaning in diluted HF solution and subsequent vacuum annealing to
500�C. (b) STM measurements on the same surface as in (a) after vacuum
annealing to 800�C. (c) An enlarged area of the image shown in (b).
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scale STM measurements after various annealing steps do
likewise reveal no significant changes in the surface morphology
(Figs. 5b–5d).

Conclusions

We have presented a thorough investigation of the surface chem-
ical composition and morphology of Ge(100) surfaces after wet-
chemical cleaning and vacuum annealing steps. The co-existence of
oxygen- and hydrogen terminated areas, present after cleaning in an
aqueous HF solution, drastically impedes the long-range atomic
ordering on the surface and results in a hydrophilic surface. The
wet-chemical cleaning step leaves organic contaminants, which may
form agglomerates on the surface upon thermal treatments. We have
shown that Ge(100) surfaces exhibit a self-affine morphology after
wet-chemical cleaning and subsequent vacuum annealing. The
roughness exponent a was found to vary with the annealing temper-
ature. We assigned these variations to temperature-induced surface
diffusion and desorption processes of surface atoms. On a sub-
micron scale, these processes cause an increase in surface roughness
for annealing temperatures between 200 and 500�C. At higher tem-
perature, surface diffusion and aggregation of surface atoms
smoothen the surface. On a large scale, however, no significant vari-
ation in the surface morphology could be observed. These findings
clearly demonstrate the power of measuring scanning length-de-
pendent roughness parameters and the use of scaling theory to quan-
titatively investigate variations in surface morphology upon a clean-
ing process. For surface cleaning and conditioning this is of special
importance, as chemically clean surfaces may exhibit defects and
increased roughness at the atomic scale, which may, however, not
be revealed at large scales. In the particular case of an initially wet-
chemically cleaned Ge(100) surface, subsequent annealing to tem-
peratures close to 500�C will be sufficient to remove surface oxides
and to initiate a (2 � 1) atomic reconstruction, but not to prepare a
smooth surface, required for further processing steps and proper de-
vice functioning.

We have shown that the approach of fractal analysis of SPM
data allows for precise and reliable characterization of the surface
morphology and a direct comparison of complex surfaces exposed
to different cleaning processes. With this, we were able to disentan-
gle the interplay between chemical and physical atomic processes in
a cleaning sequence, and, additionally, to what extent these processes
influence surface properties that determine device performance, e.g.

roughness and composition. This procedure provides a platform for
evaluating and optimizing cleaning methods and process parameters,
such as temperature, in order to prevent yield and performance losses.
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16. P. Hönicke, B. Beckhoff, M. Kolbe, D. Giubertoni, J. van den Berg, and G. Pep-

poni, Anal. Bioanal. Chem., 396, 2825 (2010).
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