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E
xfoliated monolayer graphene sus-
pended and contacted at its ends ex-
hibits mobility values of∼105 cm2 V�1

s�1 at temperatures between 5 to 240 K,
with carrier concentrations nG ∼ 1011�
1012 cm�2.1�3Corresponding resistivity values
are of the order of F∼ 1�10 μΩ cm, i.e., com-
parable to the resistivity of Cu (F∼ 0.6 μΩ cm)
and lower than the resistivity of indi-
um tin oxide (ITO) (F∼ 620μΩ cm).4 Further-
more, the thermal conductivity of graphene
has been measured to be approximately
∼5000Wm�1 K�1, a value∼10 times higher
than Cu at room temperature.5,6

This excellent conductivity and charge
carrier mobility of graphene suggests sev-
eral applications in fast analog electronics,
including transistors potentially operating
in the THz regime, as well as graphene elec-
trodes to replace ITO and graphene inter-
connects with low resistance and capacitance
to replace copper. These applications do not
require a high on�off ratio for switching,
and thus are independent of the extensive
efforts to create a band gap in graphene to
enable its use for digital circuits.
The realization of any graphene-based

device is dependent on finding functional
substrates onwhich the high carrier mobility

observed for freestanding sheets of gra-
phene is maintained. A suspension geo-
metry imposes significant constraints on
device processing and creates serious relia-
bility issues. To overcome these limitations,
several materials have been tested as hosts
of transferred graphene sheets, with the
general conclusion that the mobility of
charge carriers in freestanding graphene is
degraded by bonding to a substrate, in some
cases quite significantly. The majority of
studies has focused on graphene transferred
onto SiO2, because of the desire for a high-
quality, inexpensive dielectric substrate.7

They produce mobility values in the range
of 102�103 cm2 V�1 s�1 at 300 K at a carrier
concentration nG ∼ 1012 cm�2, a conductiv-
ity two to three orders of magnitude lower
than for suspended graphene. Graphene
transferred to h-BN substrates (very thin
sheets of exfoliated BN) shows mobilities of
∼104�105 cm2 V�1 s�1 at 300 K and ∼105

cm2 V�1 s�1 at 10 K, at carrier concentra-
tions nG ∼ 1011�1012 cm�2.8 These mobili-
ties appear to be the highest values so far
achieved for supported graphene, but, of
course, such substrates are also not ideal.
Factors limiting carrier mobility in sub-

strate-supported graphene are currently

* Address correspondence to
fcavallo@unm.edu and
lagally@engr.wisc.edu.

Received for review June 22, 2014
and accepted September 9, 2014.

Published online
10.1021/nn503381m

ABSTRACT The excellent charge transport properties of gra-

phene suggest a wide range of application in analog electronics.

While most practical devices will require that graphene be bonded to

a substrate, such bonding generally degrades these transport

properties. In contrast, when graphene is transferred to Ge(001)

its conductivity is extremely high and the charge carrier mobility

derived from the relevant transport measurements is, under some

circumstances, higher than that of freestanding, edge-supported

graphene. We measure a mobility of∼5� 105 cm2 V�1 s�1 at 20 K, and∼103 cm2 V�1 s�1 at 300 K. These values are close to the theoretical limit for

doped graphene. Carrier densities in the graphene are as high as 1014 cm�2 at 300 K.
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under considerable debate.1,9�13 Carrier scattering
from charged impurities14�21 trapped in the sup-
porting substrate and at the graphene-substrate
interface is thought to be significant. Host substrate
roughness may result in rippling of the graphene
sheet, which may also limit the charge carrier
mobility.1,4,22�24

We report here exceptionally good charge transport
properties for graphene transferred to a Ge(001) host.
Charge transport in graphene supported on semicon-
ductor substrates has not been extensively explored.
Yet they are potentially good candidates to provide a
high carrier mobility and a high conductivity in gra-
phene because they are relatively smooth and can be
highly resistive. The use of Si and Ge substrates for the
fabrication of large-area devices can take advantage of
well-established processing techniques. Additionally,
Si and Ge are versatile host substrates, because the
semiconductor behavior can be utilized in parts of
a device that do not contain graphene. Finally, the
surface structure and chemical behavior of these semi-
conductors are well-known.25,26 As a result they can
potentially be functionalized to achieve charge trans-
fer between the substrate and graphene and thus tune
carrier concentration to improve the conductivity in
the graphene sheet.

RESULTS AND DISCUSSION

We investigated charge transport in graphene trans-
ferred to very lightly n-dopedGe(001) [nominal bulkdop-
ant concentration ND ∼ 6 � 1013 cm�3] with different
surface conditions, and to H-terminated Si(001). In
addition we studied transport in graphene transferred
onto a SiO2/bulk Si substrate as a reference system.
Because of its unique properties, we focus here on the
graphene/Ge(001) system, using the others as refer-
ence points. We used graphene grown by chemical
vapor deposition (CVD) on Cu substrates; it allows
growth of high-quality films over a large area and with
high yield. We fabricated Hall bars in the transferred
graphene, as reported in the Materials and Methods
section. A typical device is shown in Figure 1(a).
Using these Hall bars, we made resistance measure-

ments in a four-probe geometry at temperatures rang-
ing from 10 to 300 K. Voltage�current characteristics
acquired at 300 K are compared in Figure 1(b) for
identical graphene Hall bars on three substrates,
SiO2, H-terminated Si(001), and Ge(001). The difference
in slopes of these V�I curves confirms the strong
influence of the supporting substrate on lateral charge
transport in graphene. Specifically, V�I characteris-
tics measured for graphene/SiO2 and graphene/
H-terminated Si(001) yield sheet resistivities of 2.91

Figure 1. Resistance and X-ray photoelectron spectroscopy data for graphene transferred to several substrates. (a) False-
color optical micrograph of a Hall bar fabricated in graphene transferred to a Ge(001) substrate. (b) Voltage�current
characteristics measured for graphene transferred to H-terminated Si(001) (squares), SiO2 (triangles), and Ge(001) (circles).
Results are obtained fromHall bars havingwidths (W) of 85 μmand lengths (L) of 286 μm. The corresponding sheet resistivity
values are shown. (c) Ge 3d and C 1s core-level spectra of Ge(001) before and after graphene transfer. The surface preparation
of Ge before transfer of graphene (black curve) is described in the Materials and Methods. The red and blue curves are
acquired immediately and 48 h after graphene transfer, respectively. The spectra are normalized to theGe 3dpeak amplitude;
they are intended to show only the presence of graphene and the relative stability of the interfacial chemistry after graphene
transfer. (d) Ge 2p core-level spectra corresponding to the three cases shown in (c). A stable GeOx/GeO2 layered structure is
present at the graphene/Ge interface after transfer; before that only the suboxide is present. The V�I characteristic in (b) for
graphene transferred to Ge(001) is obtained typically at a time between the red and blue curves in (c) and (d). The spectra are
normalized to the Ge 2p peak amplitude.
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and 9.71 kΩ/sq, respectively. The value of the resistivity
for graphene on SiO2 is similar to those previously
reported,1,4,27 confirming the reliability of our transfer
technique and characterizationmethods. For graphene/
Ge(001), on the other hand, the sheet resistivity is only
∼0.08 kΩ/sq [Figure 1(b)]. We have repeated these
results numerous times on different Hall bars and on
different sheets of graphene transferred to Ge(001).
This low sheet resistivity is in and of itself of great inter-

est, as it supports the use of graphene on Ge(001) in the
applications of fast analog electronics mentioned ear-
lier. The low resistivitymay be due to a high carrier con-
centration or a highmobility. We consider both in turn.
As we believe that the graphene/Ge interface con-

trols the electrical transport, we performed X-ray
photoelectron spectroscopy (XPS) measurements of
the Ge(001) substrate before and after graphene trans-
fer. Figure 1(c) shows XPS spectra in the regions of the
Ge 3d andC 1s peaks before (black curve) and after (red
and blue curves) transfer of the graphene. Figure 1(d)
shows the same spectra in the region of the Ge 2p
peak, which, because of the lower kinetic energy of the
emitted photoelectrons, is more sensitive to the near-
surface region than the 3d peaks. Previous reports28�31

show that a layered GeOx/GeO2 film forms on Ge(001).
We therefore carefully analyzed the Ge 2p spectrum
before, upon, and 48 h after graphene transfer to
establish the existence of this GeOx/GeO2 film at the

graphene-Ge interface. The spectra in Figure 1(d) are
dominated by an elemental-Ge peak centered at
∼1217 eV. Before graphene transfer a small shoulder
is visible at higher binding energy. The shoulder can be
attributed to a substoichiometric Ge oxide,28�31 with
a very small contribution from GeO2 at somewhat
higher binding energy. The spectra after graphene
transfer (red and blue curves) show an immediate
increase in the GeO2 component, which grows only
very slowly with time, while the GeOx component
remains more or less constant. The V�I characteristic
shown in Figure 1(b) for graphene transferred to
Ge(001) was measured within 48 h after the transfer.
With this information, we are able to suggest the

possible origin of the low sheet resistivity measured in
graphene/Ge(001). For that purposewe used a physical
model based on traditional metal�semiconductor
junction32 theory and the unique energy structure of
graphene.1,33,34 We expect charge transfer to occur
from Ge to graphene, leading to the graphene and the
Ge surface to be populated with an excess of electrons
and holes, respectively. Although an interface width of
3 nm (the combined oxide layers) is assumed in the
calculations shown below, the resulting doping is quite
insensitive to the barrier width, as may be expected.
We calculate the type and concentration of carriers
transferred to graphene using the band structures
of n-doped Ge and of graphene reported in the

Figure 2. Electrical and structural model illustrating charge transfer across a graphene/oxidized-Ge junction. Schematic
illustration of the band structure of graphene and oxidized, lightly doped Ge (a) before contact between the two materials
occurs and (b) after a junction is formed and thermal equilibrium has been reached. Amixture of acceptor- and donor-like states
is assumed, with the charge neutrality level, ECNL, positioned 0.18 eV (φ0) above the Ge valence band maximum.
(c) Charge distribution in graphene and Ge as a result of charge transfer across the interface. (d) Calculated carrier concentration
at 300K ingraphene vsdoping level in ann-typeGewafer.Above is a sketchof a cross-sectional viewof grapheneonoxidizedGe,
detailing the multilayer structure at the graphene/substrate interface, including substoichiometric-Ge-oxide and GeO2 layers.
Calculations areperformedat 300K for several densities,Dit, of interface states. The reddashed line indicates the nominal doping
level of the Ge(001) substrate used in our experiments. Values for Dit = 0 and Dit = 1010 cm�2 eV�1 give the same results.
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literature.32�34 In our analysis we take the effect of
interface states into account. The model and results of
the model are shown in Figure 2.
Figure 2(a) shows simplified band diagrams of gra-

phene and lightly doped n-type Ge before the two
materials come into contact. The graphene work func-
tion is taken to be the conventional literature value for
undoped graphene, 4.5 eV,33 greater than the work
function of n-type Ge at any Ge bulk doping concen-
tration considered here. From previous theoretical and
experimental studies, the oxidized Ge surface, having a
structure Ge/GeOx/GeO2, is known to have amixture of
acceptor- and donor-like trap states, with the charge
neutrality level (CNL) (i.e., the energymarking the point
at which their densities are equal) located ∼0.18 eV
above the valence band maximum of Ge.35�37 A
density of interface states, Dit, in the range of
1012�1014 cm�2 eV�1 has been reported in the litera-
ture for Ge/GeOx/GeO2.

35�37 In Figure 2(b) we show
the band diagrams of the graphene/Ge junction in
thermal equilibrium after contact has occurred. Elec-
trons have transferred from donor-like states at the
G/Ge interface to graphene, leaving a positive surface
charge (hole accumulation) behind. At the same time
electrons residing in donor levels in the bulk of
Ge lower their energy by occupying acceptor-like
states at the Ge surface. Electrons transferred from
bulk Ge to surface states leave behind an equal num-
ber of ionized donors in a region depleted of mobile
carriers. Band-bending then occurs in Ge as the Fermi
levels of graphene and Ge line up across the interface
in proximity of the CNL (see Figure 2(b)).
Charge transferbetweengrapheneandGehasbroken

the symmetry of the electron and hole concentrations in
the graphene, which is now electron doped. The Fermi
level of graphene has risen from the Dirac points toward
that of the Ge (n-type to a greater or lesser degree).
Figure 2(c) schematically illustrates the charge distribu-
tion in graphene and Ge. A sheet of mobile electrons in
graphene is counterbalanced by the positive charge
associated with holes accumulated at the graphene/
oxidized-Ge interface and by ionized donors in Ge.
Using the model illustrated in Figure 2(b) and (c), we

calculated the density of charge carriers transferred to
graphene bonded to an n-type Ge substrate that has a
doping level ND ranging from 5 � 1013 to 5 �
1019 cm�3. We compare results obtained for ideal
(Dit = 0 cm�2 eV�1) and real graphene/oxidized-Ge
junctions, with Dit ={10

10, 1012, 1013, 1014} cm�2 eV�1

at φ0 = 0.18 eV, φ0 being the difference between the
energy of the CNL and the valence band maximum.
Figure 2(d) plots the calculated carrier density in gra-
phene vs doping concentration in Ge at room tempera-
ture for these cases. In an ideal graphene/oxidized-Ge
junction, the amount of charge transferred to graphene
from Ge increases monotonically with an increasing Ge
bulk dopant concentration. This result is not surprising,

as Ge substrates with a higher donor doping level have
their Fermi energy farther from the graphene Fermi
level when the two systems are not in contact
[a greater work function difference]. Hence a higher
Ge n doping results in a higher driving force for charge
transfer across the graphene/Ge interface, but even at
near degenerate doping levels in the Ge bulk, the
carrier density in graphene is not exceptional without
the presence of interface states.
When the density of interface states, Dit, is high, the

effect on doping of graphene can be quite significant.
At lower Dit the interface condition has a weaker
influence on the charge transfer. Indeed, results for
Dit = 1010 cm�2 eV�1 are indistinguishable from those
for Dit = 0. In contrast, as seen in Figure 2(d), in a
graphene/oxidized-Ge junctionwithDit =10

14 cm�2 eV�1,
the concentration of carriers transferred to the gra-
phene is very high and is only weakly dependent on
the Ge substrate bulk dopant concentration.
We expect a Dit of the order of ∼1013 to 1014

cm�2 eV�1 for thegraphene/oxidized-Ge interface.35�37

Thedashed vertical line in Figure 2(d)marks the concen-
tration of donor dopants in the Ge substrates used in
our experiments. Figure 2(d) shows that the values
of carrier concentrations in graphene correspond-
ing to the expected density, Dit ∼1013 to 1014

cm�2 eV�1, of interface states lie between nG ∼ 1.4 �
1012 cm�2 and nG∼2� 1014 cm�2 at 300 K. The excess
carriers in graphene are electrons. As stated earlier and
shown in Figure 2(c), electrons in graphene are coun-
terbalanced by holes accumulating on the Ge surface
and the positive fixed charge of ionized donors. In the
limit of high Dit the positive charge at the Ge surface is
approximately balanced by the negative charge in
graphene. This region enriched with mobile carriers
at the Ge surface is separated from the bulk Ge by a
depletion region. Specifically, the depletion width is of
the order of several hundred micrometers for a Dit

∼1013�1014 cm�2 eV�1 and the nominal bulk doping
concentration ND∼ 6� 1013 cm�2 of the Ge substrate.
At this stage we have shown that transferring gra-

phene to oxidized Ge(001) produces a very high con-
ductivity in the graphene. We have proposed a model
of the interface that arrives at a correspondingly high
carrier concentration in the graphene, using only
known values from the literature, i.e., we have found
a very efficient way to dope graphene, using charges
from the Ge oxide interface. The uncertainties in the
carrier concentration in graphene due to uncertainties
in the input parameters are 1 order of magnitude.
Nevertheless, we now have to provide experimental

proof of the high carrier density. For that purpose we
performed Hall effect measurements. We show below
that these provide carrier densities in reasonable
agreement with those obtained by the model de-
scribed in the previous paragraph. Using the Drude
model,32 we then extract the mobility of the charge
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carriers in the graphene sheet. Our results demonstrate
that the highmobility seen in free-suspended graphene
sheets is maintained, or even exceeded, in this complex
multi-interface system.
We evaluated the temperature dependence of

charge transport by performing measurements of the
longitudinal resistance, Rxx, at zero magnetic field, B =
0, and the transverse voltage, V3,5, as the B field varies
from�1 to 1 T. Results for B in the range of�0.5 to 0.5 T
are shown in Figure 3. Specifically Rxx is obtained as
V2,3/I1,4.The subscripts indicate the contact pads shown
in Figure 3(a).
Figure 3(b) plots values of V3,5 vs B acquired at

different temperatures for one Hall bar. A nonlinear
behavior is observed at all temperatures, with the
“effective” Hall coefficient RH =V3,5/I1,4B decreasing
with increasing temperature. This behavior may result
when we have two conducting layers with dif-
ferent conductivity values and carrier types acting
in parallel,38�40 namely, the graphene layer, with

electrons as carriers, and the Ge surface, with holes
as carriers. The current I1,4 forced through the Hall
bar will split between the two conducting paths, in
the graphene and in the Ge surface region. The Hall
voltages arising within each layer will be different
and opposite in sign. The existence of two carrier types
will result in a potential difference across the interface
between the graphene and the oxidized Ge, driving
a current across the plane between them. This current
produces voltage drops across the series resistances
representingGeandgraphene, the interface impedences
[across the plane between them], and the contact resis-
tances. As a result the measured voltage V3,5 does not
directly reflect the internal Hall voltage in graphene.38�40

We model the graphene/GeO2/GeOx/Ge structure
with the equivalent circuit shown in Figure 3(a).38�40

We fit the data of Figure 3(b) by adjusting the resis-
tances shown in Figure 3(a), and thereby extract the
Hall voltage produced in graphene as a function of
magnetic field. The fitting yields values of all circuit

Figure 3. Charge transportmeasurements for graphene transferred to oxidizedGe(001). (a) Schematic three-dimensional and
side views of the Hall bar structures and interfaces, along with equivalent circuits. Themeasurements were made at interface
chemical conditions corresponding approximately to the middle XPS spectra in Figures 1(c) and (d). The heavy green arrow
indicates the direction of the magnetic field corresponding to the circuit diagrams shown. (b) Typical dependence of the
transverse voltage V3,5 onmagnetic field at different temperatures. (c) Temperature dependence of the carrier concentration
in graphene/Ge(001), extracted by fitting V3,5 vs B results from three Hall bars (different shapes and colors of symbols). (d)
Longitudinal resistance, Rxx, of graphene transferred to oxidized Ge(001) measured as a function of temperature, for the same
Hall bars. (e) Mobility as a function of temperature in graphene transferred to oxidizedGe(001), extracted from thedata in (c) and
(d). The threeHall barsare identical indimensionsbut fabricatedondifferent areasor ondifferent sheetsof transferredgraphene.
The uncertainties in repeated measurements on the same Hall bar are within the size of the data points, The one-order-of-
magnitude sample-to-sample variation in nG, Rxx, and μG reflects variations in the interface conditions, particularly Dit.
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parameters shown in Figure 3(a), and reveals that the
current in the graphene sheet is 2 orders of magnitude
higher than the current in the underlying oxide/Ge
interface region. The fit requires that interface im-
pedences must have a component that depends on
the sign of the B field.
The values of Hall voltage in the graphene, VHG, so

obtained are used to calculate carrier concentrations in
graphene at temperatures from 10 to 300 K. Results are
shown in Figure 3(c) for Hall bars fabricated on three
different chips. The value of nG stays effectively con-
stant at 1012 cm�2. At T = 300 K, the values of nG are
somewhat higher, of the order of 1013�1014 cm�2. We
expect that at 300 K the activation of bulk-Ge dopants
plays a role in determining nG. The drop at very low
temperatures may indicate a very slight activation
energy for exciting interface states.
Measured values of longitudinal resistance for three

devices are shown in Figure 3(d) as a function of
temperature. The inferred values of carrier concentration
in graphene, nG, (Figure 3(c)), along with the measured
values of longitudinal resistance, Rxx (Figure 3(d)) are
used to calculate the carrier mobility, μG, according to32

μG ¼ L

enGRxxW
(1)

The results, summarized in Figure 3(e), show a
mobility from >103 to ∼5 � 105 cm2 V�1 s�1 between
300 to 10 K. At temperatures below 80K, mobility
values obtained via eq1using thedata show in Figure 3
are comparable to or higher than ones at the same
temperatures for suspended, edge-supported gra-
phene or for graphene transferred and bonded to
h-BN, the two systems with the highest reported
mobilities. Comparison of the carrier concentrations
in the graphene extracted from the Hall effect mea-
surements (Figure 3(c)) and the values we predict with
our graphene/oxidized-Ge interface model, using the
density of Ge oxide interface states reported in the
literature (Figure 2) shows quite reasonable agreement,

given the number of parameters in the model and their
interdependence. The mobility values quoted above
would be even an order of magnitude higher if the
carrier densities from Figure 2(c) are used in eq 1.
The highmobility is somewhat unexpected, because

one might anticipate charge�charge scattering. We
believe that the highmobility for graphene transferred
onto oxidized Ge(001) is a consequence of a large
density of fixed charges forming effectively a contin-
uous sheet of charge at the graphene/Ge interface,
yielding a constant or nearly constant electrostatic
potential. As a result no or only weak localized poten-
tial fluctuations exist to scatter moving carriers.
Furthermore, the absence of ripples in the graphene
and a relatively smooth Ge surface (rms roughness
∼0.3 nm) have been confirmed by atomic force micro-
scopy (see Supporting Information). In this scenario
we expect the dominant mechanism limiting carrier
mobility to be in-plane acoustic and nonpolar optical-
phonon scattering for a large portionof the investigated
temperature range.41 The trend shown in Figure 3(e)
suggests that carrier mobility is limited by phonon
scattering between 300 and 20 K, and that other
scattering mechanisms prevail at lower temperatures.
The fact that the transport properties of graphene

transferred to a host substrate are sensitive to the
functionalization of the host surface,42 as we indicated
in the introduction, can be readily demonstrated for
graphene on Ge(001). As indicated in theMaterials and
Methods, the final cleaning step of Ge(001) before
transfer of graphene was immersion into deionized
(DI) water at 85 �C for 5 min. When the combination
of graphene/Ge(001) is immersed into DI water at the
same conditions, the resistance drops below what is
measured for the fully oxidized substrate. The V�I

curve and XPS results are shown in Figure 4. XPS
shows that this cleaning step dissolves the GeO2

that had formed on the substrate surface during the
graphene transfer,29�31,43�46 but that the GeOx layer
remains intact. The dissolution occurs via attack at the

Figure 4. Effect of hot-deionized-water treatment on the resistivity of graphene transferred to Ge(001). (a) Voltage�current
characteristics at 300KusingHall barswithW=10μmand L=286μmbefore (solid circles) and after (solid squares) immersion in
DIwater at 85 �C for 5min. The graphene-on-Ge(001) now shows a resistivity comparable to or lower than somemetals.25 (b) Ge
2p spectra for graphene/Ge(001) 48 h after initial transfer (bottom spectrum, same as top panel in Figure 1(d)) and immediately
after immersion in DI water at 85 �C for 5 min (top spectrum). The GeO2 has disappeared, while the GeOx remains intact.

A
RTIC

LE



CAVALLO ET AL. VOL. 8 ’ NO. 10 ’ 10237–10245 ’ 2014

www.acsnano.org

10243

edges of the Hall bar, and not through the graphene.47

Using Hall effect measurements and analysis as above,
we extracted a carrier concentration in the graphene at
room temperature also of the order of nG∼ 1013 cm�2.
Using the measured conductivity (Figure 4(a)) in eq 1
then yields a mobility value of 2 � 104 cm2 V�1 s�1 at
room temperature. This topic will be discussed inmore
detail elsewhere.47

Finally we compare our results with other experi-
mentally determined mobility values and with the
theoretical limit of graphene mobility as a function of
carrier concentration, as reported in ref 41. This com-
parison is shown in Figure 5. It is evident that the
mobility values we measure at any temperature above
20 K combine with higher carrier densities than those
of any other data. Furthermore, the carrier mobilities
at 20 K (and 40 K within the margin of error) equal or
exceed any other mobilities at any temperature
(including those of suspended graphene) and do so
at a higher carrier concentration. Above 20K, the
mobilities we measure for graphene transferred to
oxidized Ge(001) are near or at the theoretical limit.

CONCLUSIONS

We have demonstrated that the transfer of gra-
phene to Ge(001), which provides a natural high
density of interface states via its suboxide layer, creates
a system in which the conductivity is very high,
through both a high mobility and a high carrier con-
centration, even for an essentially insulating substrate.
That this is possible on a semiconductor provides the
added benefit that semiconductor functions and gra-
phene functions can be readily combined on one
platform. We can also conclude that thick Ge is not
required, as long as the GeOx interface is present. Thus,
semiconductor nanomembranes (NMs)49�51 can be
used as substrates, opening the possibility of flexible
and strain engineered semiconductor devices that also
contain graphene as an element.

MATERIALS AND METHODS
Fabrication of Hall Bars in Graphene Transferred to a Host Substrate. A

high-quality layer of graphene is grown on a Cu substrate by
chemical vapor deposition (CVD). Next, a support layer, here
poly(methyl methacrylate) (PMMA), is formed on the graphene
via spin coating. The Cu growth substrate is then selectively
removed from the structure by an iron chloride (FeCl3) solution.
After removal from the iron chloride solution, the graphene/
PMMA combination is immersed in deionized (DI) water and
then removed using the new host as the substrate. The result is
a supported graphene film. After graphene transfer to the new
host the PMMA support layer is finally selectively removed by a
combination of acetone and isopropyl alcohol.

Hall bars patterns with varying widths and lengths are
transferred to the supported graphene by optical lithography
and oxygen plasma etching. A second lithography step and
e-beam metal evaporation are used to deposit 5 nmCr/
100 nmAu locally in the contact pad areas.

Substrate Surface Cleaning. In our experiments graphene was
transferred to three different substrates, 300 nm thermally
grown SiO2 on Si(001), hydrogen terminated Si(001), and bulk
Ge(001). Si(001) and Ge(001) are available commercially from
many sources. Prior to the transfer of the graphene, the host
substrates were cleaned as detailed below: (1) 5 min sonication
in acetone followed by a 5 min sonication in isopropyl alcohol
(IPA); (2) 10 s deionized (DI) water rinse at 25 C followed by N2

blow drying; (3) 10 min UV ozone at 55 �C. Graphene was
transferred directly to SiO2. The Si(001) and Ge(001) substrates
underwent additional cleaning steps. Si(001) was immersed in a

49%HF solution for 30min followed by a DI water rinse. Ge(001)
was immersed in DI water at 85 �C for 5 min. These treatments
respectively remove the silicon dioxide and leave the Si(001) H
terminated, and remove the stoichiometric GeO2 from Ge(001).
The suboxide is not soluble in water.

X-ray Photoelectron Spectroscopy. XPS analysis was performed
using a Thermo Scientific K-Alpha instrument equipped with an
Al KR X-ray source that producesmonochromatized radiation at
1486.6 eV. We used a 30 μmX-ray spot size and an analyzer pass
energy of 20 eV, which, according to themanufacturer, provides
an energy resolution of 0.57 eV. To obtain a better signal-to-
noise ratio, 40 scans were averaged. The XPS spectra were fit
with internal “Avantage” software. XPS data were collected on
Ge before transfer of graphene, as soon after transfer as
possible, and then periodically after that.

Electrical-transport and XPS measurements were made
on different samples prepared identically. In order to match
surface/interface conditions of the graphene/Ge combination
at the time after transfer at which the electrical measurements
were made, the sample was left in air and reintroduced into
the XPS chamber every day for analysis. Subsequently the
XPS spectra were matched in time to the time of electrical
measurements.

Only the positions of peaks and their relative magnitudes
were used in drawing the conclusion in this paper; no effort was
made at quantitative concentration analysis and none is
needed to reach the conclusions of this paper.

Electrical Characterization. Ge(001) wafers were acquired from
Wafer World, Inc. They are 500�550 μm thick with a resistivity
>40Ω-cm. Using the specifications given by the vendor and the

Figure 5. Comparison of the mobilities and charge carrier
densities for various examples of transferred graphene, and
for suspended graphene. (9) graphene/Ge(001), (2) gra-
phene/SiO2,

48 (b) suspended graphene,2,3 (f) graphene on
a sheet or sandwiched between two sheets of h-BN,8 ([) DI-
water treated graphene on Ge(001). Values obtained at
different temperatures are shown as different colors. Gra-
phene/Ge(001) results are uniformly higher than for other
transfer systems. The uncertainties in the graphene-on-
Ge values are approximately 1 order of magnitude.
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room temperature electron mobility of Ge, this resistivity
equates to a carrier concentration of <4� 1013 cm�3. To confirm
the vendor's resistivity specification, van der Pauw measure-
ments were made on an 8 � 8 mm2 piece of Ge at room
temperature in order to obtain the sheet resistance. This value
was then used to calculate the Ge resistivity for the wafer
thickness provided by the vendor. The extracted resistivity of
50�55 Ω-cm (close to that provided) gives a charge carrier
concentration in our Ge wafers of e6 � 1013 cm�3.

Current�voltage characteristics were acquired by a four-
probe technique using a probe station equipped with a semi-
conductor parameter analyzer (Agilent 4156C, input impedance
g1015Ω, current set resolution 1 nA, and voltagemeasurement
resolution 2 μV). For four-probe measurements (see Figure 3), a
current is passed between probes 1 and 4 and the resulting
voltage drop is measured across probes 2 and 3.

The carrier sign and carrier concentration measurements use
a standard Hall effect technique. A physical property measure-
ment system (PPMS) (Quantum Design Model 6000) and a lock-in
amplifier (Signal Recovery 7265 DSP) are used. For Hall effect mea-
surements, an AC current at a frequency 37 Hz is passed between
contacts 1 and 4 and theHall voltage ismeasured across contacts 3
and 5 (Figure 3) in the presence of amagnetic field swept between
(3 T at a rate of 0.01 T. The current is typically swept over (1 μA
at each magnetic field. In the graphs in Figure 3, the offset voltage
measured at B = 0 was subtracted from the data sets.

For the samples represented by square and circle data
points in Figure 3(c�e), temperature dependence experiments
were done by cooling the sample at a rate of 2 K per min. After
the desired lowest temperature was reached (10 K), the sample
was allowed to stabilize before beginning Hall effect measure-
ments. After completing these measurements, the tempera-
ture was increased at a rate of 2 K per min to the next higher
temperature at which Hall effect measurements were performed.
For the sample represented by triangle data points, the tempera-
ture dependence measurements were performed in the reverse
direction, starting at room temperature until 10 K was reached.

Modeling. Wolfram Mathematica 5.0 was used to calculate
the results reported in Figure 2(c). Semianalytical modeling of
the Hall effect measurements (Figure 3(b)) was performed
combining circuit analysis and a fitting procedure to calculate
circuit parameters. For this purpose we used Wolfram Mathe-
matica 5.0 and OriginPro 8.5.
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