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Understanding the contact properties of graphene on semiconductors is crucial to improving the
performance of graphene optoelectronic devices. Here, we show that when graphene is in contact
with a semiconductor, the charge carrier transport into graphene leads to a self-adaptive shift of the
Fermi level, which tends to lower the barrier heights of the graphene contact to both n- and p-type
semiconductors. A theoretical model is presented to describe the charge carrier transport
mechanism and to quantitatively estimate the barrier heights. These results can benefit recent
topical approaches for graphene integration in various semiconductor devices. © 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.3696671]

Graphene-semiconductor contact is of critical impor-
tance to the fabrication of high-performance graphene elec-
tronic and optoelectronic devices.'™ Approaches have been
reported for graphene integration in semiconductor devices,
including GaN and organic light-emitting diodes (LED)*®
and silicon and polymer-based photovoltaic cells.*'° In
these applications, the electronic contact properties of the
interfaces between graphene and the semiconductor play a
key role in device performance, such as the turn-on voltage
of LEDs (Ref. 4) and the photoelectrical efficiency of solar
cells.® Therefore, the carrier transport and the interactions
between semiconductor substrates and graphene sheets have
attracted increasing attention recently.'''* Barrier heights
have been measured between few-layer or a mix of single-
layer, bi-layer, and few-layer graphene and a semiconduc-
tor.>*® The junctions between them have been described as
traditional Schottky diodes with an invariant Fermi level of
graphene-like metal. However, the Fermi level in graphene
can be shifted by the charge carrier transport,'>'® which sub-
sequently affects barrier heights. For neutral single-layer gra-
phene (SLG), the Fermi level is aligned with Dirac points
and the density of states (DOS) vanishes exactly at this
point."” It can be calculated that a transfer of 0.01 electrons
per unit cell would shift the Fermi level by 0.47 eV.'® This
behavior is quite different from that of conventional metals,
in which the charge transport can barely vary the Fermi level
because of their high DOS at the Fermi energy. Systematic
experimental studies and theoretical modeling of the
graphene-semiconductor junctions are clearly needed.

As we know, the Fermi level difference and the associ-
ated charge transport are the main contributors to the high-
resistance Schottky barrier in the contact between conven-
tional metals and semiconductors.'® By applying the distinct
electronic property of graphene mentioned above, we claim
that graphene has a potential ability to form low barrier
height contacts to both n- and p-type semiconductors. When
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graphene is in contact with n-type semiconductor [Figs. 1(a)
and 1(b)], the electron transport from the bulk n-type semi-
conductor into the graphene will raise up the graphene’s
Fermi level from the Dirac points towards that of the n-type
semiconductor and the barrier heights will be reduced. Simi-
larly, the holes transport from the p-type semiconductor to
graphene will also result in a reduction of the barrier height.
In this study, SLG sheets were prepared by micro-
mechanical exfoliation of Kish graphite®® on both native n-
type gallium nitride (n-GaN) and Mg-doped p-type gallium
nitride (p-GaN) substrates for comparative studies. The num-
ber of graphene layers was identified using spectroscopy (JY
LabRam HR 800) with a 632.8 nm wavelength laser. Both 7n-
GaN and p-GaN films were grown on (0001) sapphire by the
metal-organic chemical vapor deposition (MOCVD) method.
Their carrier density characterized by Hall measurements
were 5.0 x 10"®ecm > and 4.5 x 10" cm 2, respectively. The
topography of the samples was characterized by atomic force
microscopy (AFM) (NT-MDT NTEGRA Spectra) in tapping
mode. The contact properties of graphene-GaN were studied
using conductive atomic force microscopy (C-AFM) in con-
tact mode with an Au-coated tip. Meanwhile, bias voltages
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FIG. 1. (a) Graphene and n-type semiconductor in separated systems. (b)
Graphene and n-type semiconductor connected into one system in which the
effect of interfacial states is also taken into account. Definition of symbols:
¢m and ¢, are the work functions of metal and neutral graphene, respec-
tively. y is the electron affinity of the semiconductor and E, is band gap. ¢¢,
is the energy difference between the bottom energy of the conduction band
E. and the Fermi level Er. ¢p,0 is the barrier height. ¢, is the neutral level
of the interfacial states above valance band E,. A, is the work function shift
of graphene relative to the Dirac points. A,, is the potential drop on the inter-
facial gap di between graphene.
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FIG. 2. Tapping mode AFM images of an isolated SLG sheet on an n-GaN (a) and a p-GaN (e) substrate. The green lines across the boundary between gra-
phene and GaN indicate the profile for the heights shown in (b) and (f) at approximately 0.9 nm for both the n-GaN and p-GaN samples. Inset: Diagram of inte-
grated C-AFM and Raman measurements with an Au-coated AFM tip. (c) and (g) Raman spectra (632.8nm laser wavelength) obtained from the
corresponding red spots in (a) and (e). a.u., arbitrary units. (d) and (h) Local /-V curves, acquired from bare n- and p-GaN (black lines) substrates and graphene
sheets (red lines), respectively. Insets: schematic band structures of Au/n-GaN and graphene/n-GaN in (d) and Au/p-GaN and graphene/p-GaN in (h), which
demonstrates the barrier heights and the Fermi level shift. The values are listed in Table 1.

were applied to GaN substrates through conventional metal
ohmic electrodes [Fig. 2(a), inset].

Figures 2(a) and 2(e) show the topography of an isolated
SLG sheet on an n-GaN and a p-GaN substrate, respectively.
Unlike previous studies of mechanically cleaved SLG on
smooth substrates, such as SiO, or mica, the transferred SLG
sheets on the growth face of GaN have spread along the GaN
terraces. To eliminate the effects of corrugations from GaN
terraces, AFM line profiles should be on the same GaN ter-
race and should cross the boundary between graphene and
GaN. The step heights of the graphene sheets [Figures 2(b)
and 2(f)] have been determined to be 0.9 = 0.2 nm both for
the n-GaN and p-GaN samples. These values are approxi-
mate to the reported height values of about 1.0 nm on other
substrates.'® Raman spectra [Figs. 2(c) and 2(g)] confirmed
that the graphene sheets consist of a single layer.

Typical current-voltage (/-V) curves are plotted for n- and
p-GaN in Figures 2(d) and 2(h), respectively, in which the
black curves were acquired on bare GaN surfaces and the red
ones were acquired on graphene covered area. An obvious
rectifying behavior similar to a Schottky barrier is observed.
The barrier height ¢y, can be obtained by the least squares
method using the expression'’ I = AA*T?exp(—qp,o/ (kT))
lexp(¢V/(nkT)) — 1], where A is the contact area, A" is
the Richardson constant (26.4 A em 2 K2 for n-GaN and
96.1 A cm™ % K2 for p-GaN), and 7 is the ideality factor. Tak-
ing ¢pn0, A and 7 as fitting parameters, the barrier heights

between the Au tip and n-GaN were 0.50 = 0.05 V determined
statistically as shown in Table I. When the Au tip was moved
onto the SLG, the fitted barrier heights were reduced to
0.33 £0.01 V. Similar results were obtained from p-GaN. The
statistical barrier height was —0.87 = 0.23 V on bare p-GaN
and was reduced to —0.36 = 0.02'V on the graphene-covered
surface. Noting the large band gap width of 3.4eV of GaN,
the above experimental results verified our assumption that
graphene can adapt its Fermi level to either type of GaN when
they are in contact and result in lower barrier heights. The
schematic band structures after contact are shown in the insets
of Figures 2(d) and 2(h).

To quantitatively estimate the barrier heights and Fermi
level shift of graphene, we presented a model and considered
the case of n-GaN. There are three key differences between
this model and traditional Schottky barrier theory. First, the

TABLE 1. The calculated and experimental barrier heights (symbols are
marked in the insets of Figures 2(d) and 2(h)).

Calculations Experiments
Junctions PmlPs (V) A, (V) Dol Ppo (V) DBrorPspo (V)
Au/n-GaN 5.1 — — 0.50 = 0.05
SLG/n-GaN 4.6 0.15 0.32 0.33 £ 0.01
Au/p-GaN 5.1 — — —0.87+0.23
SLG/p-GaN 4.6 —1.27 —0.39 —0.36 = 0.01
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metal tip will easily form ohmic contact with graphene.21 In
accordance with the very high in-plane mobility of carriers
with the theoretical Fermi velocity vy=1x 10°m/s in gra-
phene,'” the current from the tip will immediately diffuse in
graphene films and then transmit to GaN. The electronic prop-
erties are dominated by the interfaces between graphene and
GaN. The influence of the metal tip with an apex of about 10-
30nm can be neglected here. This approximation can be justi-
fied from our measurements using AFM tips with different
metal coatings. The barrier heights between graphene and
GaN measured by the Pt-coated tip (0.40 =0.04V for gra-
phene/n-GaN and 0.37 =0.03V for graphene/p-GaN) are
very close to those measured by the Au tip. Second, different
from conventional metal, the work function of SLG is floating
when it is negatively or positively charged because graphene
is a monolayer with low density of states. The linear DOS of
graphene in the vicinity of the Dirac points is:'’
p(E) = 2n Y (hvg) %]|E| = Do|E|, where E is the energy
with E=0¢eV at the Dirac points. By integrating the linear
DOS, we obtain a relationship between the charge Qg trans-
ferred into the graphene and the resulting Fermi level shift A,

A, = —sign(06)Vv/2|06!/(¢*Do), (D

where ¢ is the elementary charge. Third, similar to a metal-
graphene contact,'® there exists an interface separation d; of
a few angstroms between graphene and GaN, which is trans-
parent for carriers but creates an additional potential drop
A,,. The value can be obtained by applying Gauss’ law to the
surface charge on the graphene and GaN

Ay = —06 - di/(SiSO)» ()

where ¢; is the relative dielectric constant for the region
between graphene and GaN. The value is taken as 10.4
equaling to that of GaN. The value of d; can be estimated as
0.6nm by subtracting the thickness of SLG (0.34 nm) from
the experimental step height of the graphene measured by
AFM (0.9 nm).

Applying the “box profile” approximation in semicon-
ductors, the space charge density in the depletion region of
n-GaN is"®

QS = Sign(d)BnO - d)n - kT/C]) \/zqgl‘son‘d)BnO - (Pn - kT/Q|7
(3)

where ¢p,o is the barrier height, ¢,=10.4 is the relative
dielectric constant of GaN, 7 is the carrier density, and ¢, is
the energy difference between the bottom energy of conduc-
tion band E. and the Fermi level E,. Since the experimental
barrier height of the Au/n-GaN (0.50 = 0.05 V) is lower than
their Fermi level difference (1.0 V), the interface charge den-
sity Q; induced by the interfacial states of n-GaN cannot be
ignored. Here, we describe the interfacial states by the neu-
tral level ¢, and DOS D,, as with conventional metal-
semiconductor theory.'® ¢, is the energy level above Ey at a
semiconductor surface, which is negatively charged when E
> q¢o and positively charged when Er < g¢o. Assuming
that the DOS of interfacial states is D;, states/(cm?> eV), the
interface charge density on n-GaN can be calculated using

Appl. Phys. Lett. 100, 122108 (2012)

Qi = —qDy; - (Eg — qo — 4Ppno)- “)
If ¢y and D;, are properties of the GaN surface and are inde-
pendent of the contact material, their values can be calcu-
lated from the barrier heights measured on a bare GaN
surface by the Au- and Pt-coated tips, respectively.'® For our
n-GaN sample, the measured barrier-heights for Au- and Pt-
coated tips are 0.50 =0.05V and 0.65 =0.03V, respec-
tively. The calculated values of ¢y and D;, are 3.10V and
3.02 x 10" ev'em ™2, respectively. For our p-GaN sample,
the measured barrier-heights for Au- and Pt-coated tips are
—0.87 +£0.23V and —0.60 = 0.05V, respectively. The cal-
culated values of ¢y and D; are —0.61V and
1.18 x 10" ev~'cm 2, respectively.

The balance of charge in the graphene, the interface,
and the depletion region of GaN gives Qg = —(Q; + Oy),
where the Q; and Qg can be substituted by Eqgs. (3) and (4).
By substituting the Qg in Egs. (1) and (2), both A, and A,
can be expressed as the function of ¢p,o. As illustrated in
Figure 1(b), the alignment of the Fermi level between the
graphene and GaN gives the equation: ¢, —y = A,
+Ay + ¢p,0, Where ¢, is the work function of neutral gra-
phene (4.6 V) and y is the affinity of GaN (4.1 V). Then, the
¢dpno can be solved numerically.

The calculated barrier heights with this model are dis-
played in Table I. They are in accordance with those fitted
from the measured /-V curves with CAFM. The calculated
Fermi level shifts of graphene are also listed in Table I. It
should be noted that the Fermi level shift of graphene
depends on the amount of transferred charge both from the
interfacial states (Q;) and from the depletion region of semi-
conductor (Q,). The calculated Q; and Q, are —3.4 x 10~ C/
em? and 6.8 x 1077 C/em?, respectively, for graphene/n-
GaN and are —1.9 x 107> C/em® and —2.2 x 107 C/em’,
respectively for graphene/p-GaN. The transferred charge
from the interfacial states of graphene/p-GaN is approxi-
mately two orders of magnitude higher than that of gra-
phene/n-GaN. This is attributed to the larger difference
between the neutral level ¢, of interfacial states and the
Dirac point of graphene. Therefore, the graphene on p-GaN
is more heavily doped and the Fermi level shift is much
larger than the one in the n-GaN case.

As a compare, assuming the Fermi level of graphene
were kept unchanged with ¢, =4.6V before and after con-
tacting with GaN, the barrier heights of graphene/n-GaN and
graphene/p-GaN can be calculated out to be 0.36 V and
—0.95 V, which deviate from the experimental results.

In conclusion, due to the low and linear density of states,
SLG can shift its Fermi level by charging and then adapt
towards the semiconductor’s Fermi level. This unique prop-
erty in graphene has been demonstrated in our experimental
results to lower the barrier height between graphene and a
semiconductor of both n-GaN and p-GaN. A theoretical
model was presented to elaborate the mechanism of self-
adaptive electronic contact between graphene and semicon-
ductors and quantitatively estimate the barrier heights. These
approaches provide deep insight into the physics of
graphene-semiconductor contacts, which will also benefit
recent topical research to incorporate graphene into various
semiconductor devices.
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