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Graphene/GaN Schottky diodes: Stability at elevated temperatures
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Rectification and thermal stability of diodes formed at graphene/GaN interfaces have been
investigated using Raman Spectroscopy and temperature-dependent current-voltage measurements.
The Schottky barriers formed between GaN and mechanically transferred graphene display
rectification that is preserved up to 550 K with the diodes eventually becoming non-rectifying
above 650 K. Upon cooling, the diodes show excellent recovery with improved rectification. We
attribute these effects to the thermal stability of graphene, which acts like an impenetrable barrier
to the diffusion of contaminants across the interface, and to changes in the interface band
alignment associated with thermally induced dedoping of graphene. © 2011 American Institute of

Physics. [doi:10.1063/1.3628315]

Graphene has been studied intensively since becoming
experimentally accessible via techniques such as mechanical
exfoliation, thermal decomposition, and chemical vapor depo-
sition (CVD).'™ Graphene’s high electron mobility, outstand-
ing optical properties, and chemical and mechanical stability'
make it ideal for analog devices such as metal-semiconductor
field effect transistors (MESFETSs) and high-electron mobility
transistors (HEMTs).>'? Unlike metal-oxide-semiconductor
field effect transistors (MOSFETs), MESFETs, and HEMTs
do not involve an insulating oxide layer; instead the switching
is obtained at metal-semiconductor (Schottky) junctions.”® A
major concern for MESFETs and HEMTs is the need for ther-
mally stable metal contacts that can survive local overheating
effects when the device is in operation."* Thermally and
mechanically stable graphene and multi-layer graphene
(MLG) contacts are good candidates for replacing conven-
tional metal contacts, which degrade easily at high tempera-
tures by diffusing into the semiconductor and irreversibly
forming undesirable ohmic contacts.

Here, we report on rectification at graphene (or MLG)/
GaN junctions. We observe (1) the stable operation of gra-
phene-based diodes formed on GaN up to 550 K, (2) leaky
reverse-bias characteristics above 600 K, eventually result-
ing in non-rectifying behavior, and (3) enhanced room-
temperature rectification accompanied by diminished
reverse-bias leakage following prolonged annealing at 900
K. We attribute the observed temperature stability to the
exceptionally robust thermal properties of graphene; temper-
atures of 900 K are not high enough to break carbon-carbon
bonds and the interstitial voids in the honeycomb lattice are
small enough to prevent diffusion of most contaminants
across the interface. Improvement in the post-anneal charac-
teristics are attributed to anneal-induced removal of
impurities/dopants at the interface, a decrease in the ideality
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constant toward unity, and changes in the band alignment at
the interface due to shifts in graphene’s Fermi level as corro-
borated by Raman measurements.

We used commercially available n-type GaN doped
with Si (1 x 10'® cm™). Prior to the device fabrication, the
GaN wafers were thoroughly cleaned by successive immer-
sions into acetone, ethanol, and 1:10 HCI:H,O. Ohmic con-
tacts were made on GaN using conventional recipes.'” After
ohmic contact formation, 0.5-1 um-thick SiO, and Cr(1 nm)/
Au(100 nm) window frames (~1000 pm-2000 um squares)
were grown onto GaN. Here, the insulating SiO, layer pre-
vents the Cr/Au contacts from forming Schottky diodes
while the Cr/Au layer provides electrical contact to the over-
lying graphene sheets (Fig. 1). Annealing of Au thin films
deposited onto SiO, is known to cause agglomeration and
even Au diffusion into the SiO, at temperatures well above
the Au/Si eutectic temperature (~650 K) leaving conductive
Au/SiO, interface. Prior to the graphene transfer, we find

Cr/Au
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Sapphire / GaN (1x106 cm3)
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I

FIG. 1. (Color online) Top and side views of the sample geometry. The
arrow indicates mechanical transfer of the graphene counterelectrode onto
the predeposited Cr/Au contact pad and the pristine GaN surface. (b) Side
view of the device.

© 2011 American Institute of Physics

Downloaded 07 Sep 2011 to 128.227.127.244. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.3628315
http://dx.doi.org/10.1063/1.3628315

102102-2 Tongay et al.

Appl. Phys. Lett. 99, 102102 (2011)

10% Graphene /GaN i Graphene on Cu 2D (a)‘
10° B Graphene on GaN ]
= 300K 500K ‘
. 350K < 550K r D |G 1
10 400K > 600K - o .
v 450K + 650K L TS st e e I ]
10»5 (a) a L L I
6x10 '
*™'| Graphene / GaN ' — b
[ After annealing n 2D ( )‘
i G 1
0 [ . /A 1
R v [Before annealin ]
SO L IS o r 1
c 5O _ m‘k - -
G710 . : . ‘ \ .
2 P ” Graphene / GaN| 1000 1500 2000 2500 3000
4 Y 4 : . : : : :
~ 105 Before =~ —=~2cm’ shift [~8 cm™ shift =— — Before
ﬁ s I annealing ] [ annealing
0 10" 555 5, 0 5 easeeammmens== ;f:ga“n 1 | After
FETEL R B = Before annealing 2 i annealing
Elc) =" e After annealing r 1 [
5 ' ‘ ' ‘ (c) G () 2D
weto® | o , MLG/GaN|] | 4 L . |
U TI " - 1500 1550 1600 1650 2600 2700 2800
10 . o
s i : 1
N z Raman shift (cm™)
"2 5 40 5 0 se After annealing
- o cwn o FIG. 3. (Color online) (a) Raman spectrum taken on graphene grown on
0 ~ ( ( p graphene g
(d) . Befgre anneal”jg Cu foils (black) and after transferring onto GaN (cyan) (b) Raman spectrum
-20 _ 5 of graphene on GaN before (green) and after (red) annealing in 1200—

-10 -
Voltage (V)
FIG. 2. (Color online) J-V characteristics of graphene/n-GaN diodes from
300 K up to 650 K in (a) semi-logarithmic scale and (b) linear scale. Black
arrows indicate increasing temperature. Room temperature J-V characteris-
tics of (c) graphene/n-GaN and (d) MLG/n-GaN diodes measured upon

cooling from 900 K. Inset: Post annealing J-V characteristics on a semilogar-
ithmic scale.

that the devices are open circuit before and after the anneal-
ing. Upon transferring the graphene, the devices show rectifi-
cation and reliable electrical connection to the graphene is
maintained with robust Au or carbon paint contacts during
subsequent anneals.

The graphene sheets were grown on Cu and Ni foils using
conventional methods.*'® The graphene sheets, identified by
Raman spectroscopy, displayed a large 2D to G intensity ratio
(Irpllc>?2) and a low D peak (Fig. 3(a)). Samples were
annealed in a quartz tube furnace under 10°—10° Torr pres-
sure and electrical characteristics were measured in-situ using
a voltage-current source meter.

In Figs. 2(a) and 2(b), we show the current density (J)
measured across the graphene/GaN interface as a function of
applied bias (V) from room temperature up to 650 K. The
J-V measurements show good rectification in the —21 V to
2.5 V range for temperatures in the range 300-550 K. How-
ever, above 550 K, the diodes start leaking in reverse bias
and become non-rectifying above 650 K. Electron transport
across the Schottky barrier is well described by thermionic
emission theory, i.e., the Richardson equation,

J = J(T)[exp(qV /nksT) — 1], ey

where JS:A*TZexp (— q¢spulkpT) is the saturation current
density, g¢sgs is the Schottky barrier height (SBH), A™ is the

3000 cm ™! range taken on random spots on the device. Zoomed G and 2D
peak regions are plotted in (c) and (d), respectively.

Richardson constant, T is the absolute temperature, 7 is the
ideality factor, and V is the applied voltage.'* Equation (1)
explains the increase in J with increasing temperature (see
arrows of Figs. 2(a) and 2(b)) in the forward bias region
where V < ¢gpy and in the reverse bias region where V is
negative. At high enough temperatures, electrons have
enough energy to overcome the barrier in both directions and
the rectification disappears.

Although our diodes become non-rectifying in the 650—
700 K temperature range, they survive prolonged (2 days)
anneals at 900 K with full recovery and improved character-
istics (Figs. 2(c) and 2(d)) when subsequently cooled down
to room temperature. We note that the graphene/GaN junc-
tions display leakier reverse bias characteristics compared to
MLG/GaN junctions. This excess leakage in reverse bias can
be attributed to a voltage induced increase in graphene’s
Fermi level accompanied by a corresponding decrease in
¢spr- Fermi level pinning prevents this excess leakage in
MLG/GaN junctions as shown in Fig. 2(d). After annealing,
graphene (or MLG)/GaN diodes not only show excellent re-
covery but also display improved rectification with increased
J¢or and decreased J,,, compared to pre-annealed samples.
Recovery of the graphene/GaN diodes suggests that the dif-
fusion of sp® bonded carbon atoms into GaN is energetically
unfavorable and that there is no diffusion of contaminants
through the graphene interface. Here, we note that various
impurities originating from chemicals used to release
graphene sheets from Cu/Ni exist at the graphene/GaN inter-
face. The decrease in J,., might be attributed to the anneal-
induced removal of residue on the graphene sheets and
the removal of impurities at the graphene/GaN interface
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accompanied by a reduction of tunneling and/or non-thermi-
onic emission current components. A closer look at the for-
ward bias characteristics shows that J; increases and p
decreases by 20%-30%, i.e., approaches unity, which is
again consistent with the removal of impurities. Since J is
sensitive to the SBH, the increase in J; implies that the SBH
is lowered after annealing and, therefore, Jy,, is increased in
conjunction with the improvement in #. Using Eq. (1), we
estimate the SBH (1) of the diodes as ¢gpy ~ 0.74 eV
(n ~ 2.9) before annealing and ¢ggy ~ 0.70 eV (5 ~ 2.4) af-
ter annealing. These experiments have been repeated on 4 gra-
phene/GaN and 6 MLG/GaN samples with similar results.
Although the anneal-induced increase in J, for fixed for-
ward bias voltages implies that the SBH is lowered, it does
not provide a physical mechanism describing how this
decrease is obtained. Some insight is gained by examining
theories based on interacting (bond polarization, Schottky-
Mott) and non-interacting (Bardeen) models described in the
literature.'” While most semiconductors fall between the
Schottky-Mott and Bardeen limit, wide band-gap semicon-
ductors mostly obey the Schottky-Mott model.'® Regardless,
both models correlate the SBH to the metal’s workfunction
(®yy). Due to graphene’s low electron density, any charge
transfer between carbon and coexisting dopants can alter gra-
phene’s workfunction (®g). The effect of doping on the G
and 2D peak position and linewidth has been reported and
correlated to changes in ®¢.'"*° Following similar methods,
we have measured the Raman spectra of graphene deposited
on GaN both before and after annealing. The Raman spectra
of CVD-prepared graphene on Cu and GaN are shown in Fig.
3(a). Because of sample handling during the transfer proc-
esses, the D peak intensity becomes observable. Raman spec-
tra measured at different regions of the contact area before
(green) and after (red) annealing in the 1200-3000 cm™!
wave number range (Figs. 3(b)-3(d)) capture the G and 2D
peaks. After annealing, the G peak shifts from 1582.3 =2 to
15844+2 cm™! (Fig. 3(c)) and the 2D peak shifts from
2688.5+ 1 to 2680.7 +2 cm ™! (Fig. 3(d)). These peak posi-
tion shifts imply that the concentration of p-dopants is dimin-
ished and the Fermi level increases as ®g decreases.”’
According to the Schottky-Mott model, the SBH can be cor-
related to the metal work function as, ¢spy=DPs — €xGans
and the decrease in ®; can be associated with our observed
decrease in the SBH as discussed in the preceding paragraph.
To summarize, we have demonstrated the formation of
graphene and MLG based diodes on GaN substrates and
have studied the temperature stability from 300 K up to 900
K. We have shown that graphene/GaN diodes operate stably
up to 550 K and above 650 K become non-rectifying. Further
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annealing of samples to 900 K for up to two days does not
cause permanent degradation, rather the diodes when cooled
to room temperature improve in quality and become more
rectifying. The anneal-induced increase in rectification is
attributed to a reduction of the effect of impurities and resi-
due, improvement in #, and a decrease in ®; which lowers
the Schottky barrier height at both the graphene/GaN and
MLG/GaN interface. Our observation of robust temperature
stability of high quality graphene/GaN Schottky diodes
promises integration of graphene into high-performance ana-
log devices operating at elevated temperatures.
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