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Germanium thin films were deposited by Pulsed Laser Deposition (PLD) onto
single crystal Ge (100) and Si (100) substrates with a native oxide film on
the surface. The topography of the surface was investigated by Atomic Force
Microscopy (AFM) to evaluate the scaling behavior of the surface roughness of
amorphous and polycrystalline Ge films grown on substrates with different rough-
nesses. Roughness evolution was interpreted within the framework of stochastic
rate equations for thin film growth. Here the Kardar-Parisi-Zhang equation was
used to describe the smoothening process. Additionally, a roughening regime was
observed in which 3-dimensional growth occurred. Diffusion of the deposited Ge
adatoms controlled the growth of the amorphous Ge thin films. The growth of poly-
crystalline thin Ge films was dominated by diffusion processes only in the initial
stage of the growth. © 2017 Author(s). All article content, except where other-
wise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4981800]

I. INTRODUCTION

Since the first report of Pulsed Laser Deposition (PLD) in 1965,1 it has become an established
technique for coating surfaces and producing thin films. This technique has several advantages with
respect to molecular beam epitaxy, among which are the high versatility, applicability and possi-
bility to perform stoichiometric transfer, even with complicated compounds.2,3 For applications of
the PLD technique, it is important to understand the physical principles that govern the growth
process. Recent studies performed with Ge have yielded results about the roughness evolution,
parameter dependence of the epitaxial breakdown and coarsening of mound-like structures on the
surface.4–6 PLD has also been used to grow Ge nanostructures that have potential importance in device
fabrication.7

This work contributes to the understanding of basic, physical mechanisms in thin film growth
by PLD by taking into account the crystalline phase, film thickness, as well as substrate material for
the growth of Ge as an exemplary material. Particularly, diffusion rates of adatoms in PLD can be
increased and thereby change the surface topography significantly in comparison to other deposition
techniques.8 Consequently, the question arises, for which conditions diffusion processes dominate the
growth. With this objective in mind, the scaling behavior of the surface roughness was investigated.
By applying the power spectral density (PSD) function to the surface topography as obtained by an
Atomic Force Microscope (AFM), physical mechanisms that govern the growth processes on certain
length scales can be identified. The basic feasibility of such an approach has been demonstrated
within different scopes previously.9,10 In this context, the following continuum models that describe
the surface evolution were considered. In a simplest case, random deposition is assumed, which
means that particles are deposited on random positions and remain there. The growth exponent β,
which characterizes the scaling behavior of the roughness over the time, can be calculated as β=0.5
for random deposition.11 If surface diffusion is a dominant factor (in addition to random deposition)
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the Wolf-Villain equation12 that combines Mullins-Herring curvature-induced surface diffusion13,14

with stochastic noise has been demonstrated to yield results in good accordance with experimental
data:

∂h(x, y, t)
∂t

= -K∇4h (x, y, t) + η(x, y, t). (1)

Here, h(x, y, t) is the height of the surface at position (x, y) for time t. K is a temperature dependent
constant and η(x, y, t) a noise term. For the first term, diffusion of particles on the surface is assumed
to occur according to the local chemical potential, dependent on the local curvature of the surface.
The second term is a noise term that takes into account the randomness of the process. For this process
the growth exponent is β=0.25, assuming a two-dimensional system.15 The roughness exponent α
characterizes the scaling behavior of the roughness, depending on the length scale. For processes
dominated by the Mullins-Herring equation, the roughness exponent is α=1 for two dimensions.15

Another growth mechanism is represented by the Kardar-Parisi-Zhang equation16

∂h(x, y, t)
∂t

= v∇2h (x, y, t) +
λ

2
[
∇h(x, y, t)

]2 + η (x, y, t) , (2)

where h(x, y, t) is again the height of the surface at the position (x, y) and for time t. λ and ν are
constants. The first term reflects a deposition-desorption phenomenon. Depending on the chemical
potential of the vapor and surface, which depends on the local surface curvature, either desorption
from or deposition onto the surface dominates. The second term reflects the existence of lateral growth,
while the third term takes into account noise since random deposition is assumed. Growth which is
governed by this equation shows a scaling behavior characterized by a roughness exponent α=0.39
and a growth exponent β=0.25.17 These exponents are numerical results of the Kardar-Parisi-Zhang
equation.

If three-dimensional growth occurs, the coarsening exponent γ describes the relationship between
the film thickness and separation of mound-structures on the surface. For Ge films produced by PLD,
Shin et al. experimentally found a coarsening exponent γ=0.40±0.05.4

II. EXPERIMENTAL CONDITIONS

In the present investigations, Ge films were deposited from a high purity Ge target by means of
PLD. As substrates, Si (100) and Ge (100) were used. The native oxide layers on the substrates were
not removed. A KrF-excimer laser with a pulse length of 20 ns and wavelength of 248 nm was used
for PLD. The pulse frequency was 10 Hz and the pulse energy was fixed at 220 mJ, with a focal spot
size of roughly 0.05 cm2 that resulted in a fluence of 4.4 J/cm2. For all depositions, the background
pressure was <8×10�8 mbar. The average deposition rate was on the order of 0.001 nm per pulse. The
thickness of the Ge films was controlled via the number of laser pulses and monitored by a quartz
crystal microbalance, which was calibrated regularly by means of X-ray reflectometry. The substrates
could be heated using a resistive heater and the temperature was corrected using a thermocouple. The
topography of the films was investigated by an AFM in tapping mode with a scan size of 2x2 µm2.
The Si tips had a nominal radius of 7 nm. From the statistical point of view, the height fluctuations
of the surface could be described by the root mean square roughness (RMS) Rq, which is given by

Rq =

√
1

NM

∑N

i=1

∑M

j=1
[h(xi, yj) − h̄]2, (3)

where h(xi, yj) is the surface height at a given point (xi, yj), N and M are the number of points in
x- and in y-direction, respectively and h̄= 1

NM

∑N
i=1

∑M
j=1 h(xi, yj) is the average height of the surface.

The RMS value of each film was measured on a square area of 500 x 500 nm2. During film growth,
different points on the surface are not independent and the height at each point is related to the height
at other points nearby. The information about these correlations and about characteristic distances of
structures is provided by the height-height correlation function

H
(
δx, δy, t

)
=

〈
[h

(
x + δx, y + δy, t

)
− h(x, y, t)]2

〉
, (4)
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where δx and δy are distances in x- and in y-direction respectively. The angular brackets denote
averaging over the plane. Additionally, the PSD function was calculated in order to analyze the height
profiles in reciprocal space. The scaling behavior of this function is related to the aforementioned
roughness exponents.18 It is therefore possible to deduce the physical principles governing the growth
of the material. By performing the discrete two dimensional fast Fourier transformation (FFT) of the
height profile of the AFM images, the dominating spatial frequencies on the surface and amplitude
of the roughness can be determined. For the discrete case, a square image of N x N points, the
two-dimensional fast Fourier transformation is given by

FFT
(
fx, fy

)
=

1

N2

∑N

i=1

∑N

j=1
h
(
xi, yj

)
exp

[
−

2iπ
N

(
xifx + yjfy

)]
, (5)

where f x and f y are the spatial frequency coordinates along the x-axis and y-axis, respectively.
By calculation of the magnitude square of FFT (f x, f y), the two-dimensional power spectral density
function PSD(f x, f y) can be obtained.19 The structures on the surface were expected to be isotropic, so
the angular averaged PSD(f ) was used to evaluate the experimental roughness data. The averaging was

performed over all spatial frequencies with constant magnitude f =
√

f 2
x + f 2

y . For the PSD function,

an expression can be derived from which the contributing processes can be deduced10

PSD (f , t)=D(f )
1 − e−2t

∑4
i=1 aif i∑4

i=1 aif i
(6)

where D(f ) is the strength of the white noise, t is the time and ai ≥ 0 are constants whose relations
contain information about the growth process and the dominating mechanisms.

III. RESULTS AND DISCUSSION

Epitaxial growth of Ge on Si (100) by physical vapor deposition has been previously observed
(see e.g. Ref. 20). However, in this study, epitaxial growth was not expected due to the presence of
native oxide on the substrates and the comparably low temperatures during the deposition process.

FIG. 1. (a,b) AFM images of polycrystalline Ge films deposited on Ge at 175 ◦C. The RMS value and the thickness d are
given below each image. (c) The roughness evolution of polycrystalline Ge films deposited on Ge at 175 ◦C. (d) The evolution
of the roughness in the roughening regime with a rescaled film thickness (see text), shown with a power law fit. The same data
is also plotted with respect to the number of laser pulses, indicated by circular data points.
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FIG. 2. The mound separation determined by the height-height correlation function with respect to the film thickness of
polycrystalline Ge films deposited at 175 ◦C.

The evolution of the surface topography was studied by variation of both the substrate material and
substrate temperature. The Ge deposition was either carried out at room temperature to produce
amorphous films or at (175±30) ◦C to produce polycrystalline films.

In Figs. 1 (a) and (b), AFM images of polycrystalline Ge films deposited on Ge substrates
and with two different film thicknesses are compared. Additionally, Fig. 1 presents the roughness
evolution with respect to the film thickness. The AFM images and roughness evolution revealed that
the deposited Ge film was not initially closed. The Ge film was smoothened until it closed above
a critical layer thickness of approximately 45 nm. Consequently, the roughness rose with the layer
thickness, which was caused by a coarsening process during the deposition. In agreement to the
study of Shin et al.,4 the formation of irregularly shaped mounds was observed. During the pulsed
laser ablation process, the deposition rate was not constant; therefore, the film thickness was not a
time-equivalent quantity. For this reason, the film thickness d was rescaled in order to determine
the growth exponent. The rescaled and time-equivalent film thickness was calculated according to
d ′ = (r̄/r) (d − 45nm). Here, d is divided by the time-averaged deposition rate r of each sample and
multiplied by a constant r̄. This rescaling generated the film thickness that would exist if all the
samples were deposited at a constant deposition rate of r̄. The result of this rescaling is depicted
in Fig. 1 (d). The growth exponent β could be determined for the roughening regime above a film

FIG. 3. The roughness evolution of Ge films on Si substrates at two different temperatures. The filled points represent the
data for the polycrystalline films (deposited at 175 ◦C), while the hollow points represent the data for the amorphous films
(deposited at room temperature). The circular points (red) show the roughness evolution with respect to the number of laser
pulses, and the square points (black) show the roughness evolution with respect to the film thickness.
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FIG. 4. The PSD function calculated from AFM measurements of Ge films with different thicknesses on various substrates:
(a) amorphous films, deposited on Si at room temperature, (b) polycrystalline films, deposited on Si at 175 ◦C and (c)
polycrystalline films, deposited on Ge at 175 ◦C.

thickness of 45 nm. It was calculated from the slope of the log-log representation of the roughness as
a function of thickness. By fitting the roughness data, β=0.45±0.17 was obtained. Compared to the
aforementioned growth exponents, random deposition gave the most adequate representation of this
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roughening regime. Nevertheless, the values for growth dominated by diffusion and growth along the
local surface were within the margins of error.

The roughening regime was analyzed by means of the height-height correlation function (see
eq. 4). The separation of mounds was found by determining the distance of the first maximum to
the center peak in the height-height correlation. After rescaling,7 it could be shown, that the mound
separation increased with the film thickness (see Fig. 2). The coarsening exponent was determined to
be 0.48±0.29. This corresponded to a high coarsening rate, which was also found by Shin et al.4 In that
context, the high coarsening exponent was justified by defect-mediated filling of gaps and increased
effective corner-diffusion, which was confirmed by the observation of irregularly shaped mounds
(Fig. 1 (b)). The roughness evolution of Ge films deposited on Si substrates at room temperature and
at 175 ◦C is depicted in Fig. 3. For small film thicknesses the RMS roughness increased slightly up to
0.2 nm corresponding to a polycrystalline film thickness of about 10 nm. After that, a smoothening
regime occurred. For large film thicknesses (>50 nm) the roughness was rather constant.

For all films, only small differences between the roughness evolution of the amorphous and
polycrystalline films were observed.

In Fig. 4, the evolution of the PSD function for different crystalline phases of the film and different
substrate materials are presented. For the deposition of amorphous Ge on Si, the fits revealed that a4

(see eq. 6) was large compared to the other constants, while a3 was not negligible either. Mullins-
Herring diffusion was therefore identified as the presumably dominating process. On small length
scales, surface diffusion was important for the evolution of the surface. From the PSD curves at
intermediate spatial frequencies (f≈0.03 nm-1), the evolution of the topography could be described
by the Kardar-Parisi-Zhang equation. This behavior was similar for all the film thicknesses shown
here. For the deposition of polycrystalline Ge on Si, the fits revealed a comparably high a4-constant
for small film thickness (4 nm), while a4=0 and a3 dominated for medium film thickness (8 nm and 30
nm). In the beginning of the growth, surface diffusion as described by Mullins and Herring governed
the process. After a certain film thickness, surface diffusion was suppressed and the quadratic term
of the Kardar-Parisi-Zhang equation became more prominent. Traditionally the interpretation of this
term has been desorption, however due to the relatively small deposition temperatures, desorption
was assumed to be negligible here. Different, more complex mechanisms might also account for such
a functional dependency. For high film thickness (112 nm), ‘bumps’ and irregularities in the PSD
function appeared due to the formation of mound structures with characteristic separations.

For the deposition of polycrystalline Ge on Ge, the fits revealed domination of surface diffusion
up to a film thickness of 57 nm. In these cases the PSD curves show an f −4-behavior for large f
and an f �1-behavior for smaller f. Traditionally the f �1-dependency has been interpreted as viscous
flow.21 It is to be noted however, that noise might have also contributed here. It is not possible to
distinguish between noise and the real f �1-dependency. For larger film thicknesses, again ‘bumps’
evolved, leading to relatively large deviations between the fits and measured data. The ‘bumps’
moved to lower spatial frequencies from film thicknesses of 74 nm to 96 nm. This shift indicated,
that the average separation of mound-structures increased, as was also shown above by means of the
height-height correlation.

Kinetic Monte-Carlo simulations of PLD of Si on Si have already been performed.22 For thermal
deposition, the occurrence of mound-like structures and existence of a second maximum in the
height-height correlation were observed. Additionally the roughness exponent was determined to be
α≈0.95±0.1 for a deposition temperature of 400 ◦C. Comparable roughness exponents were found
in this study at lower temperatures depending on the exact deposition conditions.

IV. SUMMARY

For the deposition of polycrystalline Ge on Ge at 175 ◦C the roughness of the films initially
decreased. This regime was dominated by a Mullins-Herring diffusion process. Beginning at a certain
film thickness (approx. 45 nm), a roughening occurred. This roughening was accompanied by the
occurrence of mound-structures, which were observed in the height-height correlation function as
well as in the PSD spectra. These changes were also accompanied by a comparably high coarsening
rate.
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For the deposition of amorphous Ge on Si at room temperature, the surfaces were smoothened
after reaching film thicknesses of approx. 10 nm. Here, Mullins-Herring diffusion was found to
be the governing mechanism on small length scales, independent of the film thickness. For the
deposition of polycrystalline Ge at 175 ◦C, the surfaces were also smoothened after reaching film
thicknesses of several nm. However, the Mullins-Herring diffusion was identified as present only
for small film thickness (4 nm). For larger film thicknesses, surface diffusion was suppressed and
the Kardar-Parisi-Zhang equation was a suitable description of the process already on small length
scales.
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