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ABSTRACT
We investigate the electronic transport properties of Au-contacted graphene on Ge/Si(001). Kelvin probe force microscopy at room temperature
with an additionally applied electric transport ﬁeld is used to gain a comprehensive understanding of macroscopic transport measurements. In particular, we analyze the contact pads including the transition region, perform local transport measurements in pristine graphene/Germanium, and
explore the role of the semiconducting Germanium substrate. We connect the results from these local scale measurements with the macroscopic
performance of the device. We ﬁnd that a graphene sheet on a 2 lm Ge ﬁlm carries approximately 10% of the current ﬂowing through the device.
Moreover, we show that an electronic transition region forms directly adjacent to the contact pads. This transition region is characterized by a
width of >100 lm and a strongly increased sheet resistance acting as the bottleneck for charge transport. Based on Rutherford backscattering of
the contact pads, we suggest that the formation of this transition region is caused by diffusion.
C 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
V

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0013802

The successful growth of large-scale graphene on Ge/Si(001)1 has
been a signiﬁcant step toward the integration of graphene into siliconbased device technologies.2 To this end, several studies have focused
on the performance of graphene on Germanium (Gr/Ge) devices.3,4
However, all experimental approaches to access transport properties
so far have been done using conventional macroscopic transport
geometries. To improve the transport properties of a device, it is crucial to understand drawbacks and limitations on the local scale, i.e., to
explore where exactly voltage drops occur. This question can only be
addressed by locally resolved transport measurements. This knowledge
on a scale well below the micrometer scale is the basis for the development of targeted strategies to improve the overall performance of a
given device. Scanning probe techniques have shown to be a versatile
method to characterize charge transport down to this scale5 as demonstrated for transport properties of graphene on SiC dominated by
atomic scale defects6–8 or the proximity to the substrate.9 Combining
Kelvin probe force microscopy (KPFM) with an electric transport ﬁeld
across the sample has given access to charge transport under realistic
device conditions bridging the local scale and the lm-scale.10 In this
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study, we contrast KPFM with macroscopic transport measurements
to comprehensively investigate charge transport in Au-contacted Gr/
Ge/Si(001).
We have analyzed a Gr/Ge/Si(001) device with a width of
1:4 mm and a length of 1:8 mm contacted in a two-terminal geometry
[Fig. 1(a)]. Graphene was grown by chemical vapor deposition (CVD)
on 200 mm Si(001) wafers. In a ﬁrst step, a 2 lm thick Germanium
layer was deposited onto the silicon substrate by CVD.11 Despite the
absence of a dopant source during the Ge growth process, the epitaxial
Ge layer exhibits a light doping of <1  1015 =cm3 . The graphene
growth was initialized in a 700 mbar Ar/H2 environment at a deposition temperature of 885  C using CH4 as the carbon source. The deposition time was 60 min.1 The homogeneity of the graphene layer over
the area of the 200 mm Si(001) wafer was veriﬁed by Raman mapping
(see the supplementary material, Fig. S1). Then, the wafer was cut into
smaller rectangular pieces and contact pads (ﬁlm thickness 35 nm)
were deposited by a shadow mask procedure using thermal evaporation
of Au in high vacuum (5  107 mbar). The contact pads were electrically connected using Aluminum wire bonds. The measurements
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presented here were obtained from a single device that we analyzed in
great detail from left to right, i.e., from contact to contact. To ensure
reproducibility, a total of nine devices were manufactured on which different aspects of the measurements presented in this study were tested.
All devices showed qualitatively consistent results.
In a ﬁrst step, we analyze the surface morphology of our device.
We carried out topographic imaging using a commercial AFM setup
(Agilent 5600LS) operated in tapping mode. We separate three distinct
surface regions with different surface morphologies (Fig. 1): ﬁrst, pristine Gr/Ge, second, the contact pads, and third, the transition from
the contact pads to graphene. (i) The surface structure of pristine Gr/
Ge(001) is dominated by facets oriented 90 to each other with a facet
height of approximately 4 nm [Fig. 1(b)]. The faceting of the surface
occurs during the graphene growth process.3 Surface step pinning at
graphene nuclei breaks up the surface into (107) facets under the sublimation of Ge atoms.1 (ii) AFM topographies of the contact pads [Figs.
1(e)–1(g)] reveal a height of approximately 35 nm. Moreover, the contact pads [Fig. 1(c)] show an inhomogeneous surface morphology
with round holes (Fig. 1). With the used tip geometry (tip height
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17 lm, tip radius at the apex 10 nm, and half cone angle 25 ),
we ﬁnd a depth of up to 80 nm with a diameter of less than 3 lm
[Fig. 1(d)]. Hence, the depth of the holes signiﬁcantly extends the
thickness of the contact pads. The presence of such holes can indicate
diffusion processes that can lead to the formation of diffusion channels
in the form of micropipes or voids.12 (iii) Topographies across the contact edges additionally provide insight into the surface morphology of
areas adjacent to the contact pads. For the Au/Graphene contact on
SiC, one ﬁnds a nearly abrupt interface.13 In contrast for this device,
the areas adjacent to the contact pads show structural similarities with
the morphology of the contact pads. In particular, here, we also ﬁnd
round holes [Figs. 1(e) and 1(f)].
As the AFM results indicate a diffusion process, we employ
Rutherford backscattering (RBS) to determine the chemical composition of the contact pads. In Fig. 2, we compare the RBS spectrum of
pristine Gr/Ge/Si(001) with that of Au-contacted Gr/Ge/Si(001). The
signal at ion energies of ð725–800Þ keV reﬂects the thin ﬁlm on top of
Gr/Ge. Besides the presence of the Au-related peak, the RBS spectrum
of Au-contacted Gr/Ge/Si(001) reveals a depletion at energies around

FIG. 1. (a) Au contact pads of 35 nm thickness are deposited onto Gr/Ge/Si(001). (b) AFM topography of pristine Gr/Ge/Si(001). (c) AFM topography of the contact and (d)
line proﬁle across one of the holes marked in (c). AFM topographies across the left (e) and right (f) contact edge and (g) line proﬁle along the gray arrow in (e).
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In a ﬁrst step, we have performed standard macroscopic current–voltage measurements. The resulting I(V) relation of the entire
device exhibits a linear behavior in the investigated voltage range of
65 V [Fig. 3(b)]. We calculate the overall macroscopic sheet resistance
(approximating charge transport in our device by a 2D transport
X
geometry) extracting a value of q(
macro ¼ ð110 6 1Þ ( [Fig. 3(b)]. As
the contact pads reach into the Ge bulk [Fig. 2(c)] and, thus, directly
come into contact with the Ge ﬁlm electrically, the device exhibits two
parallel conduction channels, the graphene layer and the Ge ﬁlm. In
order to disentangle the contributions of these two conducting channels, we exfoliated the graphene layer using the Scotch tape technique.
The removal of the graphene layer is conﬁrmed by work function
measurements using conventional KPFM (supplementary material
Fig. S2). The macroscopic I(V) curve shows an increased resistance by
approximately 10% [Fig. 3(b)]. The linear behavior is an indication of
Ohmic contact to Germanium.
To disentangle local scale contributions from different parts of
our device to the overall macroscopic resistance, we make use of
KPFM. The advantage of using KPFM in comparison to the conventional transmission line method for determining sheet and contact
resistances is that KPFM measures the evolution of the voltage drop
with the spatial resolution of the AFM and, thus, gives access to local
charge transport phenomena. KPFM measurements were performed
in frequency modulation KPFM mode under ambient conditions in a
two-terminal geometry [Fig. 3(a)]. For all KPFM measurements, we
used Si tips with a 5 nm=20 nm Ti/Pt coating and a tip apex radius of
<25 nm. The tips were excited to oscillate near their resonance frequency of 70 kHz. In order to avoid temperature-dependent effects
due to Joule heating,10 the samples were mounted on a Cu plate during
KPFM measurements.
In Fig. 3(c), the transport signal in pristine Gr/Ge is shown, and
the simultaneously acquired topography is given in supplementary
material Fig. S3(a). We extract the averaged voltage drop along the
x-direction (parallel to the macroscopic current ﬂow direction), as
shown in Fig. 3(d). From this, the local sheet resistance q(
@V

FIG. 2. RBS analysis of the contact pads: 860 keV He2þ ions are accelerated
toward the sample (inset). The graphene monolayer is not visible. (a) RBS spectra
of pristine Gr/Ge/Si(001) (not contacted) and for Au-contacted Gr/Ge/Si(001). (b)
Close-up highlighting the prominent features of the RBS spectra and the best ﬁt. (c)
Side view of the “realistic” Gr/Ge/Si(001) device. The thickness is depicted in a notto-scale manner.

675 keV. For a quantitative analysis of the RBS data, we use the software package SIMNRA.14 Both features, the peak and the depletion,
can be modeled using an AuGe alloy for the contact pads instead of a
pure Au ﬁlm. The best ﬁt to the experimental spectrum is achieved
with an AuGe ratio of 44:56 [Fig. 2(b)]. In addition, the thickness of
the AuGe ﬁlm can be determined by analyzing the FWHM of the peak
in the energy range of ð725–800ÞkeV. We ﬁnd a thickness of
ð56 6 3Þnm. This value is signiﬁcantly larger than the topographic
height of the contact pads of 35 nm [Figs. 1(e)–1(g)]. Summarizing
the RBS result, a strong interdiffusion of Au and Ge is present in our
sample, which has to be considered while analyzing the transport
properties.
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¼ j @x ¼ j Ex can be calculated, where jmacro is the macroscopic 2D curmacro
macro
rent density determined from the I(V) characteristics and the sample
ð
ÞX
geometry. We ﬁnd a sheet resistance of q(
Gr=Ge ¼ 66 6 2 ( (Table I),
which is in the same order of magnitude as room temperature Hall bar
measurements of Gr/Ge.4
In order to separate the sheet resistance of the graphene sheet
from the Germanium layer, we have performed KPFM measurements
on exfoliated devices [Figs. 3(e) and 3(f), the simultaneously acquired
topography is shown in supplementary material Fig. S3(b)]. We ﬁnd a
X
sheet resistance of the Germanium ﬁlm of q(
Ge ¼ ð77 6 5Þ ( (Table I).
Assuming that the current ﬂow through the combined graphene-onGermanium system can be described by a parallel circuit, we calculate
(
the sheet resistance of graphene from q(
Ge and qGr=Ge using


1
1
 q1(
. This yields an estimation for the graphene
q(
Gr ¼ q(
Gr=Ge

Ge

X
layer of q(
Gr ¼ ð460 6 120Þ (. This value is comparable to the sheet
resistance of high quality graphene on SiC at room temperature.9 A
direct comparison with published results is difﬁcult because the sheet
resistance of graphene grown on Ge substrates is usually measured on
transferred samples, i.e., the graphene layer is transferred from the Ge/
Si substrate onto a SiO2/Si substrate,1 or the measurements are
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FIG. 3. (a) Schematics of the experimental setup, Gr/Ge/Si(001) contacted in a two-terminal geometry. (b) Macroscopic current–voltage relation for the Gr/Ge/Si(001) device
and for the one conduction channel (graphene sheet removed by exfoliation). (c) VTransport for pristine Gr/Ge/Si(001) (jmacro ¼ 26:0 Am1 ) and (d) line proﬁle along the black
line in (c) representing the voltage drop parallel to the macroscopic current ﬂow direction. (e) VTransport for Ge/Si(001) (jmacro ¼ 18:8 Am1 ) and (f) line proﬁle along the black
line in (e). (g) VTransport across the contact edge (jmacro ¼ 20:4 Am1 ) and (h) line proﬁle along the black line in (g). The shaded area indicates the contact pad; the inset shows
a close-up of the voltage drop in the contact.

performed at low temperatures to freeze the Ge conductivity.3
A difference in the sheet resistance can, thus, be explained by residues
of the transfer process and in the second case by an (up until now
unknown) inﬂuence of the temperature. In addition, the pronounced
diffusion of Au and Ge can affect the charge transport properties of
our device and, thus, might also cause a deviation from published
results.
Comparing a ﬁctitious, averaged macroscopic sheet resisX
tance q(
macro ¼ ð110 6 1Þ (, i.e., the resistivity of the entire device,
ð
ÞX
with the local sheet resistance of Gr/Ge q(
Gr=Ge ¼ 66 6 2 (, the
macroscopic measurement is a factor of 1.8 larger than the local
sheet resistance, indicating a signiﬁcant “contact resistivity.” To
localize this contribution, we have analyzed the transport properties of the contact pads as well as the interface region between the
contact pads and pristine Gr/Ge. A KPFM transport map across
the contact edge is shown in Fig. 3(g), and the simultaneously
acquired topography is given in supplementary material Fig.
S3(c). While at the topographic contact edge, no signiﬁcant jump
in the potential is observed, the averaged voltage drop [Fig. 3(h)]
reveals two clearly distinct slopes of the potential for both the
contact pad and in the vicinity of the contact pad. Surprisingly,
even the contact pad itself shows a non-vanishing voltage drop
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X
. Taking the RBS
[Fig. 3(h)] with a sheet resistance of 5:5 (
measurements into account, we attribute this signiﬁcant and nonvanishing voltage drop in the contact region to a not perfectly
metallic AuGe alloy.
Moreover, in the vicinity of the contact pad, a steep voltage slope
X
is
is observed. The corresponding sheet resistance of ð231 6 11Þ (
larger than the sheet resistance of the Ge ﬁlm (compare Table I).
Obviously, the assumption of a parallel circuit does not hold in this

TABLE I. Sheet resistances of the different regions of the Au-contacted Gr/Ge/
Si(001) device.

Sample region
Macro
Macro exfoliated
Pristine (Gr/Ge)
Exfoliated (Ge)
Contact region
Transition region
Gr

h i
X
(

Method

110 6 1
120 6 1
66 6 2
77 6 5
5:5 6 0:1
231 6 11
460 6 120

I(V)
I(V)
KPFM
KPFM
KPFM
KPFM
Calculated

q
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region. Instead, our results suggest that an extended transition region
[schematically shown in Fig. 2(c)] is present in our sample exhibiting
an increased sheet resistance compared to the contact pads and to the
pristine Gr/Ge. As the width ‘ of this region [Fig. 2(c)] is beyond the
scan range of our AFM, we estimate it using ﬁnite element simulations. As input parameters, the geometry of the investigated device
and the measured resistances for the different regions are used. For the
calculations, we model the transition region along both contact edges
with a constant sheet resistance. Thus, the results yield a lower limit
for the actual width of the transition region. For our device geometry,
we ﬁnd a minimum width of ‘  155 lm, which is approximately 9%
of the total distance between the contact pads, i.e., large parts of
our electronic device degenerate. Compared to the sheet resistance of
pristine Gr/Ge, the transition region exhibits a 3.5 increased
local sheet resistance (compare Table I). In conclusion, due to its large
sheet resistance and its spatial extension, we identify the transition
region as the bottleneck for charge transport in the investigated device.
Moreover, this ﬁnding
rationalizes the
h
i discrepancy between the
X
ð
Þ
¼
110
6
1
and the microscopically
macroscopically q(
macro
(
h
i
ð
ÞX
q(
Gr=Ge ¼ 66 6 2 ( determined sheet resistances.
From the results of our study, we conclude that diffusions play a
crucial role in the investigated device. It leads to an entire intermixing
of the Au ﬁlm with Ge and causes the degeneration of the device in
the vicinity of the contact pads. Based on the equilibrium phase diagram of the Au–Ge-system,15 these ﬁndings are surprising. At equilibrium, the solid solubility of Au in Ge is negligible.15 Furthermore, it is
known from experimental studies that even at elevated temperatures
(800 K–1100 K), Au in Ge exhibits only a relatively slow diffusivity.16
Based on this, we propose a catalytic effect of the graphene sheet
on the diffusion process. It has been shown experimentally17 and
conﬁrmed by calculations18 that Au atoms can diffuse in graphene.
Au-doped graphene is predicted to be a very good electrocatalyst for
oxygen reduction.19 For the presented device, these electrocatalytic
properties may directly affect the Ge oxide present at the Ge-graphene
interface. Further investigations have to show how these diffusion processes affect the charge transport properties.
In summary, we have analyzed charge transport in Gr/Ge/
Si(001) devices using a combination of macroscopic measurements
and a local scale approach based on KPFM upgraded with an additionally applied electric transport ﬁeld. We have found that at
room temperature, the graphene sheet on 2 lm Ge carries approximately 10% of the current injected into the device. Furthermore,
we have estimated the sheet resistance of the graphene layer at
X
. In addition, we have shown that for
room temperature to 460 (
the investigated device design, an electronic transition region
forms close to the contact edges. This transition region exhibits a
strongly increased sheet resistance compared to pristine Gr/Ge.
We propose that the degeneration of the device is driven by diffusion, resulting in AuGe alloy contacts and an extended transition
region of >100 lm. We have identiﬁed the consequences of this
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surprising strong diffusion process as the main limitations for
charge transport in the examined device.
See the supplementary material for Raman measurements on
pristine graphene on Ge/Si(001), work function differences for pristine
graphene compared to the exfoliated device determined by conventional KPFM, and the simultaneously acquired topographies for the
KPFM data shown in Fig. 3.
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