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Vertical heterostructures combining two or more graphene (Gr) layers separated by ultra-thin insulating
or semiconductor barriers represent very promising systems for next generation electronics devices, due
to the combination of high speed operation with wide-range current modulation by a gate bias. They are

based on the specific mechanisms of current transport between two-dimensional-electron-gases (2DEGs)

in close proximity. In this context, vertical devices formed by Gr and semiconductor heterostructures

hosting an “ordinary” 2DEG can be also very interesting. In this work, we investigated the vertical
current transport in Gr/Aly ,5Gag 75N/GaN heterostructures, where Gr is separated from a high density
2DEG by a ~24 nm thick AlGaN barrier layer. The current transport from Gr to the buried 2DEG was
characterized at nanoscale using conductive atomic force microscopy (CAFM) and scanning capacitance
microscopy (SCM). From these analyses, performed both on Gr/AlGaN/GaN and on AlIGaN/GaN
reference samples using AFM tips with different metal coatings, the Gr/AlGaN Schottky barrier height

Op and its lateral uniformity were evaluated, as well as the variation of the carrier densities of graphene
(ng) and AlGaN/GaN 2DEG (n) as a function of the applied bias. A low Schottky barrier (~0.40 eV) with
excellent spatial uniformity was found at Gr/AlGaN interface, i.e., lower compared to the measured

values for metal/AlGaN contacts, which range from 0.6 to 1.1 eV depending on the metal workfunction.

The electrical behaviour of Gr/AlGaN contact has been explained by Gr interaction with AlGaN donor-
like surface states located in close proximity, which are also responsible of high n-type Gr doping
(~1.3x10" cm™). An effective modulation of ny by the Gr Schottky contact was demonstrated by

capacitance analysis under reverse bias. From this basic understanding of transport properties in
Gr/AlGaN/GaN heterostructures, novel vertical field effect transistor concepts with high operating speed

and I, /I, ratio can be envisaged.

1. Introduction

Graphene' attracted huge scientific interests, due to the unique
combination of excellent electrical’, 0ptical3, thermal* and
mechanical properties’, paving the way to many interesting
applications ultra-fast  electronics,  optoelectronics,
photovoltaics, devices thermal management. However, graphene
suffers from an intrinsic limitation as channel material in
conventional field effect transistor (FET) architectures, i.e., the
low ratio between the on- and off-state currents (I ./Ioq),
ultimately depending on the lack of a bandgap. Under this point
of view, novel graphene-based hybrid devices have been
proposed in the last few years, that are able to overcome this
limitation. They mainly consist of vertical heterostructures
combining graphene with semiconductors or ultra-thin insulating
materials, including gate modulated graphene/semiconductor
Schottky barrier transistors®, silicon hot electron transistors with a
graphene base’, field-effect tunneling transistors based on
graphene heterostructures with atomically thin barrier layers
(such as boron nitride, molybdenum disulfide or tungsten
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disulphide)®®. An efficient current modulation by electric field
was proved in these device structures, with reported I,,/I,¢ ratios
from 10* to 10°. Their working principles rely on some peculiar
properties of graphene, such as the electronic density of states
linearly depending on energy and the one-atomic-layer thickness,
as well as on the specific mechanisms of current transport
through the graphene/dielectric or graphene/semiconductor
barriers. Such mechanisms strongly depend on the nanoscale
structural and electrical properties of the interfaces, so that
appropriate high resolution characterization methods are needed
for their investigation.

Vertical heterostructures made with two or more graphene layers
separated by thin insulating materials®® received particular
interest, also because of the electronic correlation effects that can
be observed due to the Coulombian interaction between 2DEGs
of Dirac Fermions in close proximity'®'". In this context, vertical
devices formed by graphene and semiconductor heterostructures
hosting a high mobility “ordinary” 2DEG deserve also attention,
since they can represent the basis a new class of Dirac-
Schrédinger hybrid electron systems, as recently discussed in the
literature in the case of graphene/AlGaAs/GaAs heterostructures
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1213 Among the possible semiconductors that can be considered
for such hybrid systems with graphene, Al,Ga, N/GaN
heterostrucures'® deserve a special interest, due to some peculiar
properties (such as the wide bandgap and high critical electric
field of GaN and AlGaN alloys, as well as the high mobility of
the 2DEG), and to their importance in technological applications,
especially in the high electron mobility transistors (HEMTs)
technology'®. Some of the peculiar properties of the AlGaN/GaN
system can have a strong impact in the interaction with graphene.
As an example, contrary to AlGaAs/GaAs, where a doping of the
layers is typically required for the 2DEG formation, the 2DEG at
the heterojunction between a strained AlGaN layer and GaN
forms even in the case of unintentional doping of the
semiconductors. The carriers for 2DEG formation are supplied by
donor surface states of AlGaN and driven to the heterojunction by
the built-in electric fields originating from the difference in the
spontaneous and piezoelectric polarization between the barrier
layer and GaN ',

To date, some studies on graphene contacts on GaN have been
reported in the literature '®, with potential applications as
transparent conductive electrodes in optoelectronic devices '°,
whereas only few investigations have been reported on the
graphene/AlGaN/GaN system (from now on, briefly indicated as
Gr/AlGaN/GaN). Graphene has been proposed as heat spreader
for thermal management in high power AlIGaN/GaN transistors®,
and, more recently ohmic contact formation between metal and
AlGaN/GaN heterostructure via graphene insertion has been
reported 2'. However, the mechanisms of current transport at
Gr/AlGaN/GaN interface, and the phenomena related to the
interaction of graphene and semiconductor 2DEGs have not been
addressed to date.

In this paper we investigated the vertical current transport in
Gr/Aly5Gay 75N/GaN  heterostructures, where graphene is
separated from a high density 2DEG by a ~24 nm thick AlIGaN
barrier layer. The vertical current transport from graphene to the
buried 2DEG was characterized at nanoscale using current
measurements by conductive atomic force microscopy (CAFM)*
and capacitance measurements by scanning capacitance
microscopy (SCM) Z. From these analyses, performed both on
graphene-coated and bare AlGaN/GaN regions using different
AFM tips metal coatings, the graphene/AlGaN barrier height was
extracted, as well as the variation of the carrier densities of
graphene and AIGaN/GaN 2DEG as a function of the gate bias.

2. Results and Discussion

AlGaN/GaN heterostructures grown on Si(111) wafers by
MOCVD were used in this study. The surface morphology and
the structural quality of these heterostructures were preliminarily
characterized by atomic force microscopy (AFM) and cross
sectional Transmission Electron Microscopy (TEM). Fig.1(a)
shows a typical tapping mode topographic image of the AlGaN
surface. Furthermore, cross-sectional TEM images of the
AlGaN/GaN heterostructure in the bright field and in the high-
resolution modes are reported in Fig.1(b) and (c), respectively.
The very low surface roughness (RMS=0.81 nm) compared to the
typically reported values on AlGaN, and the absence of peculiar
defects (dislocations or V-defects) ** in the barrier layer
demonstrate the high quality of the heterostructure. An average
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AlGaN/GaN 2DEG concentration ~5x10'? ¢cm™ was measured by
macroscopic capacitance-voltage measurements on large area (in
the order of 1 cm?) using a mercury probe equipment, while the
sheet resistance (~620 )/sq) was evaluated on van der Pauw
structures.

Single layer graphene grown by chemical vapour deposition on
Cu foils was separated from Cu using electrochemical
delamination ** and transfer-printed to the AlGaN surface (see
Supporting information). After graphene transfer onto AlGaN,
optical microscopy inspection revealed a very poor contrast
between graphene-coated and bare AlGaN regions. To
characterize the quality of transferred graphene, AFM was used
in combination with micro-Raman measurements. The surface
morphology of graphene on AlGaN (reported Figl(d)) showed an
homogeneous crack-free material, indicating a good adhesion
between graphene and AlGaN during transfer. The higher surface
roughness (RMS~1.50 nm) compared to the value on bare AlGaN
is due to peculiar corrugations (wrinkles) in the monolayer
graphene membrane, typically formed during graphene growth on
Cu in the cool-down step *°. Raman spectra of graphene on
AlGaN (reported in Fig.1(e)) shows the characteristic G peak (at
~1592 cm™") and 2D peak (at ~2687 cm™' with FWHM~33 cm’™)
and a low intensity D peak (at ~1350 cm'), indicating a
negligible density of defects.

Fig.2 (a) and (b) report two different series of I-V curves
collected using an Au coated AFM tip displaced on a square array
of 25 positions (spaced by 1 um each other ) on bare AlGaN (a)
and graphene-coated AlGaN (b), respectively. Schematic
representations of the experimental setup for local current-voltage
measurements by CAFM on AlGaN/GaN and Gr/AlGaN/GaN,
respectively, are also depicted in the inserts of the same figures.
Both series of curves exhibit a rectifying behavior, with a
negligible current at negative biases and rapidly increasing
current at forward bias higher than an onset voltage. Interestingly,
while a broad I-V curves distribution has been found in the case
of the Au tip/AlGaN contact, a very narrow spread between
curves at different positions is found for the Au tip/Gr/AlGaN
contact. Furthermore, in the latter case the current onset occurs at
significantly lower bias than for Au tip/AlGaN, indicating a
reduced Schottky barrier height. The spread between the local 1I-
V curves measured on bare AlGaN can be associated to surface
potential fluctuations, which are typical sources of the laterally
inhomogeneous Schottky barrier between metals and GaN or its
alloys”’. Differently than classical metal electrodes, consisting of
polycrystalline films composed by grains with different sizes and
crystalline orientations, the graphene membrane works as an
uniform and atomically thin electrode which covers the AlGaN
surface in a very conformal way. Most probably, the graphene
electrode has an averaging effect of the AlGaN surface potential
fluctuations over the typical length scale of the graphene electron
mean free path /,,, which is in the order of ~0.1pm for substrate
supported graphene®®. Clearly, Ly is much larger than the electron
mean free path of classical metal electrodes. This averaging effect
results in the observed superior uniformity of graphene Schottky
contacts on the AlGaN surface.

Current transport from graphene to the AlIGaN/GaN 2DEG occurs
through the unintentionally doped AlGaN barrier layer. For the

s ~24 nm thick and defects-free barrier layer used in this
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experiment, we have found that thermoionic emission is the most
appropriate model to describe charge transport across this barrier,
whereas tunneling phenomena can be dominant for graphene
contacts to a locally thinner AlGaN layer.

The characteristic parameters of the Schottky contacts, i.e., the
barrier height and the ideality factor, were extracted from the
forward bias characteristics, by fitting the In(I) vs V curves using
the thermoionic emission theory. A representative In(I)-V curve
from the measured array on bare AlGaN is reported in Fig.2(c).
As discussed in Ref. [29], the forward bias I-V curves of
Schottky contacts on AlGaN/GaN heterostructures cannot be
satisfactorily described by a single metal/AlGaN Schottky diode,
rather an equivalent circuit of two diodes back-to-back in series
should be used *°, as schematically illustrated in Fig.2(e), where
the left diode (diode 1) represents the Schottky contact between
the metal and the AlGaN barrier layer and the right diode (diode
2) represents the effective Schottky contact between the 2DEG
and AlGaN. For forward polarization of the heterostructure, diode
1 and diode 2 are forward and reverse biased, respectively.
Hence, according to the thermoionic emission model, the I-V
curve of diode 1 can be expressed as:

I~1exp) av, 1
. n kT
where
5 qPy,
I, =SA*T? exp| ———BL (la)

is the saturation current of diode 1, being S the tip contact area,
A* the Richardson constant, k the Boltzmann constant, T the
temperature, q the electron charge, V| the voltage drop across the
diode 1, n; and ®p,; the ideality factor and barrier height. The
current voltage characteristics of the reverse biased diode 2 can
be expressed as:

[~SA*T? exp(f (V) )]

2

kT

where ®p, is the 2DEG/AlIGaN effective barrier height, which is
a function of the voltage drop V, across diode 2. Furthermore, the
applied bias V is related to V| and |V,| as V=V | +|V,|+IR, where R
is the series resistance of the circuit, whose contribution starts to
dominate at high currents.

For low V, values, ®p,(V,) can be expanded by the Taylor series
and approximated to the first-order correction, as

oo
CDBZ(VZ)chBZ(O)_|: 6\/52} |V2|’
V=0

2

where @p,(0) is the 2DEG/AlGaN barrier height at zero bias
([V,/=0). This assumption is justified for low voltages across
diode 2, whereas for large [V,| values, the series resistance
becomes the dominant factor. Using this approximation, the
reverse current across diode 2 can be expressed as:
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I, ~SA*T? exp[— (3a)

kT

Noteworthy, Eq. (3) is formally similar to the expression of
forward current across diode 1. Here

n,=1 Op
N |

represents the effective ideality factor of diode 2, which reflects
the degree of barrier height ®p, change due to the change of
voltage across it, with the larger n, the smaller the change of
barrier height is. According to the above arguments, the current
through the heterostructure can be described as due to two diodes
in series with the equivalent circuit elements as shown in
Fig.2(e).
The parameters I, I, mn;, n, of the metal/AlGaN/GaN
heterostructure can be extracted from the plot of In(T) versus V in
Fig.2(c), using the following procedure. Since V=V, in the low
current regime, I and n; can be obtained by linear fitting of the
In(I)-V plot at low voltages. The intercept of the fitted straight
line gives I and the slope gives the information for n;. To obtain
I, and n,, another linear fit is carried out in the higher current
regime. This fit is made in the second linear region of the In(I)-V
plot at intermediate voltages, whose behavior is determined by
the barrier ®@p,, as shown in Fig.2(c). This line was extrapolated
to intercept the previous line at the intercept voltage V,’, assumed
as the turn on voltage of the second diode with a saturation
current I, as indicated in the Fig.2(c). The ideality factor n, can
be obtained from the slope of this linear fit. It is worth noting that
the product SA* in Egs. 1(a) and 3(a) is not exactly known, since
the experimental values of Richardson constant are typically
lower than the ideal one (A"~35.8 A/K*cm?) *° and the tip contact
area S can be subjected to small variations from point to point.
The following procedure has been adopted to determine ®p; and
Dp,(0) from the fit values of In(I;) and In(Iy,), without using SA™.
According to the band structure in Fig.2(e), the built-in potential
across the AlGaN barrier layer at zero bias (V;,=0) is:
kT
AV(O) =Dp ~ Dy, (0) = ?[ln(lsz )_ ln(Isl )] ’ )
where the last part of the equation derives from the difference of
Egs.1(a) and 3(a), and In(I,) and In(I;;) are directly obtained from
the two linear fits. AV(0) is also related to the difference between
the positive surface polarization charge +c and the density ny of
the AlGaN/GaN 2DEG at zero bias, i.e. AV(0)=q(c-ng)/Caigan,
being Cpigan=¢€o€aigan/d the barrier layer capacitance per unit
area, with d=24 nm the barrier layer thickness and €5ig.n= 9.375
the relative dielectric permittivity for an Al,Ga, (N alloy with an
Al concentration of 25% *'. Using the AV(0) value obtained from
the fit results (Eq. (4)) and the ¢ value from macroscopic C-V
mercury probe analyses (6=6.93x10'%cm), the value of ny, can
be obtained. The Fermi level position (at zero bias) with respect
to the GaN conduction band minimum (E,,;,) can be expressed as
a function of ny as *!
(%)

mh? 1 9nhq?

ng, +—
m .. *
M 4 8€0€ aigany 811,

EFSO -E

cmin T
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being h the reduced Planck’s constant and m.; the 2DEG
effective mass (mg=0.22m,).

Finally, according to the band structure in Fig.2(e), the diode 2
barrier height is ®py(0)=AE -(Erso-Ecmin), being AEc=0.34 eV the
Aly,5Gag 7sN/GaN conduction band offset. Finally, the diode 1
barrier height ®@g, can be obtained using Eq. (4).

By using the above described procedure, the following local
barrier height values ®g;=0.9610.33 eV, ®g,(0)=0.11£0.02 eV,
n;=3.520.1, n,=12.1£0.3 have been determined by fitting of the
representative I-V curve in Fig.2(c). Furthermore, the local carrier
density of the AlGaN/GaN 2DEG was calculated as
ng=(5.240.7)x10'2 cm™. Repeating the same procedure for all the
local I-V curves in the array of Fig.2(a), the distributions of
barrier height values and 2DEG carrier densities reported in the
histograms of Fig.3(a) and (b) are obtained. The average ®p; and
Dg,(0) values over the set of curves are ®;=0.95+0.12 ¢V and
Dp,(0)=0.111£0.008 eV, whereas the average ny value is
ng,=(5.1740.24)x10"% cm™.

An analogous procedure has been followed to extract the
characteristic electrical parameters for the Au tip/Gr/AlGaN/GaN
system. By fitting the representative forward bias I-V curve in
Fig.2(d) with the two diodes model in Fig.2(f), the following
barrier height and ideality factor values have been obtained:
®5=0.411£0.04 ¢V, @p,y(0)=0.077£0.002 eV, n;=5.22+0.08,
1,=9.9+0.2. Furthermore a 2DEG density ny=(6.22+0.08)x10"
cm at the AIGaN/GaN interface was evaluated.

The histograms of the ®g;, Op,(0) and nyy obtained by fitting of
the entire set of I-V curves on the Gr/AIGAN/GaN sample are
also reported in Fig. 3(a) and (b). Interestingly, a significant
reduction of the Schottky barrier height between the tip and
AlGaN is found in the presence of the graphene interlayer.
Furthermore, an increase of the local carrier density of the
AlGaN/GaN 2DEG was also found. Noteworthy, the distribution
of the barrier height values measured at different tip positions
(with 1 pm spacing each other) is extremely narrow in the
presence of graphene, indicating a much higher degree of spatial
homogeneity of the Schottky barrier to AlGaN.

Forward I-V characterizations have been carried out on
AlGaN/GaN and Gr/AlGaN/GaN heterostructures using AFM
tips covered by metals with different workfunctions Wy, Besides
gold (W,,=5.54 eV), also platinum (Wp=6.13 eV), nichel
(Wni=5.47 eV) and copper (W,=5.22 ¢V) coatings were used 2.
The behaviour of ®g; ®p,(0) and ny vs the metal workfunction
are reported in Fig.4(a) and (b), respectively, with the error bars
coming from the standard deviations of measured values at
different tip positions. ®py(0) and ny were found to be
independent of the tip metal coating both on AlGaN/GaN and on
Gr/AlGaN/GaN, with smaller values of ®g,(0) in the latter case,
consistently with the larger values of ng. For all tip metal
coatings, the ®p; values measured onto bare AlGaN are much
higher than on Gr/AlGaN. Interestingly, while @, significantly
increases as a function of Wy in the case of the tip/AlGaN
contact, it is almost independent on Wy, for the tip/Gr/AlGaN
contacts.

According to the Schottky-Mott (SM) model of
metal/semiconductor Schottky contacts ****, the expected barrier
height for an ideal rectifying contact should be given by the
difference between the metal workfunction W,; and the
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semiconductor electron affinity (yagan®2.7 in the case of the

o AlgpsGag 75N alloy). However, this condition is rarely obtained in

the reality, since the Schottky barrier formation depends also on
the surface states of the semiconductor, that can cause a Fermi
level pinning at the interface with the metal (Bardeen model *°).
In the presence of a very high surface states density, a barrier
height value independent on the metal workfunction can be
found. In most of the cases, an intermediate behavior between
these two extremes is observed, with ®@p increasing as a function
of Wy, following approximately a linear trend but with a slope
S=ddp/dWy<1 (interface index). This is what is observed in the
case of the tip/AlGaN barrier ®p; in our experiment, with
S~0.84+0.26.

Due to the different graphene doping levels by charge transfer
from various metals **, different workfunctions of graphene under
the tip could be expected using different tip coatings®®. This
would imply a dependence of the tip/Gr/AlGaN barrier height on
the metal tip workfunction, assuming that the contact follows the
SM  rule. Indeed, graphene contacts on several bulk
semiconductors, such us Si, 4H-SiC, GaAs and GaN, have been
found to approximately obey the SM rule '°, whereas no specific
studies have been carried out for graphene on semiconductor
heterostructures (i.e., in the presence of an underlying buried
2DEG). Noteworthy, the experimentally found ®@p; trend
independent of Wy, (see Fig.4(a)) suggests that the behavior of
the Gr/AlGaN contact is dominated by surface states of the
AlGaN. In the case of the Gr/AlGaN/GaN heterostructure, these
states are located in close proximity to the graphene and are able
to efficiently exchange charge with graphene. The very low
Gr/AlGaN  Schottky barrier, compared to the
Wi-%aigan=1.8 eV expected in the case of an ideal graphene
contact (with Wg=4.5eV for intrinsic graphene), indicates a high
n-type doping of graphene, consistently the donor like character
of AlGaN surface states.

According to the Bardeen model of Schottky barriers with high
interface states density *°, the graphene/AlGaN Schottky contact
can be described assuming the presence a very thin insulating
layer (vacuum) with thickness ¢ between graphene and AlGaN
(see Fig.5), which can be considered completely transparent to
electron transport, but able to withstand a potential drop A across
it. The presence of an ultrathin vacuum layer between graphene
and AlGaN is reasonable, considering the van der Waals bonding
between the two surfaces. The positively charged AlGaN surface
states are located on one side of this insulating layer, while the
graphene 2DEG with electron density n,, is located on the other
side. According to the Gauss’ law the potential drop A must be
related to ng, as

value

A=qnyt/e,. 6)

According to the band diagram in Fig.5 and using the thickness
~0.41 nm extimated by AFM measurements of the separation
between graphene and AlGaN (as discussed in the Supporting
Information), the graphene density ng (at zero bias) can be
obtained solving the equation:

Dy =W5-(Ergr0-Ep)-A-Y alGan @)

where Epgo-Ep is the distance between the Fermi level in
graphene and the Dirac point:
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with vg the graphene 2DEG Fermi velocity. This latter relation
derives from the linear dispersion of energy with respect to
momentum in graphene. By solving Eq.(7) the carrier density ngy
has been evaluated and a high n-type doping of graphene was
found. As an example, ng,0=(1.29i0.16)><1013 em’? was obtained
from the analysis of the representative I-V curve in Fig.2(d) for
the Au tip/Gr/Al1GaN/GaN, while the distribution of n, values at
different tip positions is reported in the histogram of Fig.3(c). The
theoretical Fermi velocity v=1x10°m/s for ideal, i.c. defects-free,
graphene was used in these calculations. We also estimated that a
possible local reduction of v due to the presence of defects in the
probed graphene area *’ results in a slight increase of Ngrg, which
is inside the experimental error.

Up to this point, we have extracted the barrier height and the
carrier densities of the 2DEG at zero bias by fitting of the forward
I-Vy, characteristics and extrapolation to V;,=0. In the following,
local capacitance-voltage measurements under reverse bias made
using scanning capacitance microscopy will be used to determine
the dependence of the ny and ng on the applied bias. Fig.6(a)
reports a schematic representation of the SCM experimental setup
(see insert) and two representative C-V curves (with C the
capacitance per unit area) measured on the AIGaN/GaN and on
the Gr/AlGaN/GaN heterostructures using an Au coated tip.

At V;,=0 capacitance values of ~0.31 uF/cm? and ~0.35 pF/cm?
were measured on AlGaN/GaN and Gr/AlGaN/GaN,
respectively. Both curves exhibit almost constant (for
AlGaN/GaN) or slightly decreasing (for Gr/AlGaN/GaN)
capacitance starting from V;,=0 up to a certain negative bias and,
therefore, a rapid decrease to very low capacitance values (~0.1
3 nF/em?) for bias [Viip>[Vu|, defined as the threshold voltage.

For [Vl<|Vyl, ie. up to AlGaN/GaN 2DEG depletion, the
capacitance of the AlGaN/GaN system can be described as the
series combination of two contributions: (i) Cajgan, 1.€. the
capacitance of the plane capacitor with the metal tip and the
2DEG as electrodes; (ii) Cqoq the quantum capacitance of the
AlGaN/GaN “ordinary” 2DEG **. The latter term is expressed as
CQ,ord=meﬁq2/(nh2) ¥ with m.=0.22m, the electron effective
mass in the Al,Ga; N/GaN quantum well, and is in the order of
14.7 wF/em? i.e., almost 50 times larger than the measured
capacitance at V;,=0. Hence, it can be concluded that its weight
in the series combination is almost negligible, and the first term
(Caigan) gives rise to the higher capacitance level in the C-V
curve for [Vi|<|Vy|. For [V,[>[Vy, i.e. under full depletion of
the 2DEG, the AlGaN/GaN behaves as a single unintentionally
doped semiconductor layer with large thickness, giving rise to a
very low capacitance level.

In the case of the Gr/AlGaN/GaN heterostructure, an additional
capacitance term, i.e., the graphene quantum capacitance
Cogr 40.23 should be added to the series combination of the first
two terms. Cq,, depends on the electron energy and resembles the
linear behavior of the density of states D with |[Eg,-Ep|. As
discussed more in detail in the Supporting Information section,
also this quantum capacitance term is much higher than Cyg.n
and, therefore, can be neglected in the series combination.

From the previous discussion results that, both for the
AlGaN/GaN and the Gr/AlGaN/GaN heterostructures, the C-Vy,

A

P

3

b

curves are related to the 2DEG density ny at AlGaN/GaN
interface '°. Hence, the n, dependence on Vy;, can be obtained by
integration of these curves ', i.e. :

Vtip

[C(V)dv

0,V . : @®)
Fig.6(b) reports the n-Vy, curves obtained by integration of the
representative C-Vy, curves of Fig.6(a). Both curves exhibit a
linear decrease of ng vs [Vy; till ng=0. A simple way to determine
the threshold voltages for the two heterostructures is fitting the
linear region and taking the intercept with the n=0 baseline. A
higher Vy, value is obtained in the case of the Gr/AlGaN/GaN
heterostructure (Vy=-3.11 V) than in the case of the AlGaN/GaN
heterostructure (Vy=-2.69 V), consistently with the higher values
of ng.
Clearly, in the case of a biased Gr/AlGaN/GaN heterostructure,
due to the electrostatic coupling between the 2DEGs in close
proximity, the changes of n; in the AIGaN/GaN quantum well due
to the applied bias induce also variations of the carrier density ng,
in graphene. The behavior of n,, as a function of the applied bias
Vip can be evaluated by application of the Gauss’ law (as
discussed in the Supporting Information) and can be expressed
as:

n,, (Vlip ) =gy +ng — g (Vlip ) . (9)

This is illustrated in Fig.6(c), showing an almost linear increase
of n, with [Viy| up to a saturation value ~1.9x10"%cm™ for
[Viipl=[V|. Clearly, the initial increase of ny, follows the decrease
of n,, whereas the constant n, for [V;,[>|Vy is related to the low
capacitance value of the AlGaN/GaN system after full 2DEG
depletion. The relation between ng and ny, is reported in the insert
of Fig.6(c), demonstrating a ~100x decrease of ng corresponding
to a 1.5x increase of ng,.

3. Conclusion

In conclusion, the physical properties of the Gr/AlGaN/GaN
heterostructure  have  been investigated at nanoscale,
demonstrating a low barrier height (®g~0.4 eV) Gr/AlGaN
Schottky contact with excellent lateral uniformity. This low
barrier height value is related to the high n-type doping
(~1.3x10" cm™) of graphene in contact with AlGaN, due to the
charge transfer from the donor-like surface states at AlGaN
surface. Furthermore, a very efficient modulation of the
AlGaN/GaN 2DEG by modulation of the Fermi level (Eg-Ep) in
the graphene electrode was demonstrated. The peculiar properties
of the Gr/AlGaN/GaN heterostructure, combined with the partial
transparency of graphene to electric fields ¥, can be exploited in
the demonstration of novel device concepts, such as a vertical
field effect transistor based on the control of n, and ny (and,
consequently, of the barrier heights @y, and ®p,;) by a gate
electrode, which is expected to ensure high performances in terms
of I,,/I ¢ ratio and operation speed.

4. Experimental Section

Heterostructure fabrication. Al ,sGa,-sN/GaN heterostructures

10 were grown by metal organic chemical vapour deposition
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(MOCVD) on Si (111) wafers. Graphene was grown by Chemical
Vapour Deposition on a ~25 um thick polycrystalline copper foil
at a temperature of 1000 °C by using CH,/H, as precursors.
Afterwards graphene/copper samples were coated by Poly(methyl
methacrylate) (PMMA) by spin coating for 60 seconds at 1000
rounds per minutes and baked at 150°C for 10 minutes.
Electrochemical delamination of graphene from copper foil was
performed in a 0.2 M KOH water solution with an applied
voltage of 5 V between the copper foil, used like cathode, and an
anode of gold. Graphene sustained by PMMA was printed on the
target substrate and PMMA was removed in Acetone at room
temperature.

TEM characterization. The structural quality of the
AlGaN/GaN heterostructure before graphene transfer was
preliminarily characterized by Transmission Electron Microscopy
(TEM) using a JEOL JEM 2010F equipment with a Schottky
field emission gun operating at an acceleration voltage of 200 kV.
Analyses were performed on cross-sectioned samples both in the
bright field and in the high resolution modes.

AFM analyses. Tapping mode AFM measurements were carried
out with Veeco DI3100 atomic force microscope with Nanoscope
V controller. Commercial silicon probes with spring constant k=
20 to 80 N/m and oscillation frequency from 332 to 375 kHz
mode were employed.

Micro-Raman analyses. Micro-Raman measurements on
graphene layers onto AlGaN were carried out using a ~532 nm
laser source and 100x objective magnification (~lum lateral
resolution).

Macroscopic electrical characterization. The average
AlGaN/GaN 2DEG concentration (~5x10' ¢m™®) on large area
(in the order of 1 cm? was measured by macroscopic
capacitance-voltage measurements using a mercury probe
equipment, while the heterostructure sheet resistance (~620 €)/sq)
was measured on van der Pauw structures. The average sheet
resistance of graphene was also evaluated as ~1.1 k€/sq, using
transmission line model (TLM) test patterns.

Nanoscale electrical characterization. Local current and
capacitance measurements were carried out at room temperature
by conductive atomic force microscopy (CAFM) and scanning
capacitance microscopy (SCM), respectively, using a DI3100
AFM with Nanoscope V electronics. These nanoscale resolutions
electrical analyses were performed both on graphene-coated and
bare AlGaN regions (reference) using AFM tips with different
metal coatings (i.e., Au, Pt, Cu, Ni) obtained by thin films
sputtering. The force between tip and sample was properly set in
order to have a stable electrical contact. In the case of CAFM
analyses, during the scan a DC bias was applied between the tip
and a large-area contact on bare AlGaN, and the current flowing
between these two contacts was collected by a high sensitivity
current amplifier in series. Clearly, the major contribution to the
measured resistance is due to the vertical current path from the tip
to the AlGaN/GaN 2DEG, whereas the path from this 2DEG to
the large-area contact adds a series resistance contribution. In the
case of SCM, in addition to the DC bias, a small amplitude
modulating signal at high frequency (100 kHz) was applied to the
large area contact and the capacitance variation in response to this

signal was measured by a high sensitivity capacitance sensor *'*,
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of the experimental setup for local current-voltage measurements by CAFM in the inserts of (a)
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schematic representation of the SCM experimental setup. (b) Electron
density ng of AlIGaN/GaN 2DEG as a function of Vj;, obtained by integration
of the representative C-V;, curves in (a). (c) Electron density ng in graphene
as a function of Vy,. The relation between ng and ng, is reported in the insert.
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