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Modulating the Surface State of SiC to Control Carrier

Transport in Graphene/SiC

Yuping Jia, Xiaojuan Sun,* Zhiming Shi, Ke Jiang, Henan Liu, Jianwei Ben, and Dabing Li*

Silicon carbide (SiC) with epitaxial graphene (EG/SiC) shows a great potential
in the applications of electronic and photoelectric devices. The performance
of devices is primarily dependent on the interfacial heterojunction between
graphene and SiC. Here, the band structure of the EG/SiC heterojunction

is experimentally investigated by Kelvin probe force microscopy. The
dependence of the barrier height at the EG/SiC heterojunction to the initial
surface state of SiC is revealed. Both the barrier height and band bending
tendency of the heterojunction can be modulated by controlling the surface
state of SiC, leading to the tuned carrier transport behavior at the EG/SiC
interface. The barrier height at the EG/SiC(000-1) interface is almost ten times
that of the EG/SiC(0001) interface. As a result, the amount of carrier transport
at the EG/SiC(000-1) interface is about ten times that of the EG/SiC(0001)
interface. These results offer insights into the carrier transport behavior at the
EG/SIC heterojunction by controlling the initial surface state of SiC, and this

tion makes the photogenerated carriers
transport across the interface easily, which
minimizes the recombination losses.” In
addition, a high photogenerated carrier
injection efficiency can be achieved as
the result of the especial carrier transport
behavior across the EG/SiC junction at
interface.”! Thus, controlling the interfa-
cial states is very important to obtain high
performance PDs.

There are two ways to modulate the
interfacial atomic state. One is adjusting
the interfacial atoms by external force
after graphene growth, such as interca-
lation.'-1% Unfortunately, it is not easy
to realize. The other is controlling the
surface of substrate before graphene

strategy can be extended in all devices with graphene as the top layer.

1. Introduction

Recently, there are tremendous quests for applying wafer-size
silicon carbide (SiC) covered with epitaxial graphene (EG) in
radio frequency (RF) and photodetector (PD) devices.'””! In
these devices, the properties both of graphene and SiC are com-
bined together to get high performance.®12 Even though the
optimized growth process!'>* and integrated technology!?!4l
have been tried, the performance of EG/SiC devices is still far
from the expectation. The EG/SiC interface has been paid more
and more attention and considered to play the key role to the
performance of the devices. In RF devices, the interfacial state
at EG/SiC(0001) has a negative impact on the carrier mobility
in graphene.'>) However in PDs, the interfacial heterojunc-
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growth to modulate the interfacial state.
As well known, the different terminal
surfaces always result in different inter-
facial atomic stacking. For SiC(0001),
the buffer layer exists at interface between graphene and SiC.
It has a (6+/3 X 6+/3)R30 periodicity with a mixture of sp? and
sp® bonding. For SiC(000-1), there may be (2 x 2) stacking at
the interface of EG/SiC(000-1).2%2l For these interfacial atomic
stackings, the different forms of energy band bending exist,
which will lead to different types of junctions. However, the
dependence of interfacial band structure to the initial surface
state of SiC has not been studied in detail.

Here, the interfacial states between graphene and SiC sub-
strate are investigated. The surface sensitive spectroscopy of
Kelvin probe force microscopy (KPFM)22-241 is used to measure
the surface potential both in dark condition and under UV illu-
mination. The behavior of photogenerated carrier transport can
be obtained. Furthermore, the dominant factor to control the
interfacial band structure is demonstrated as the initial surface
state of SiC. The almost ten times amount of photogenerated
carriers transfer from SiC(000-1) to graphene compared with
that for EG/SiC(0001) system has been observed. The high car-
rier injection efficiency can be achieved using EG/SiC(000-1).
The results here identify a new way to modulate the interfacial
heterojunction in EG/SiC devices by controlling the initial sur-
face state of SiC substrate.

2. Results and Discussion

To identify the photogenerated carrier transport between SiC
and graphene, the discrete graphene is prepared. Here, growth
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Figure 1. a,b) The morphology images of graphene partially grown on Sample A and Sample B are shown. c,d) Corresponding to the morphology
images, the phase images of insets (a) and (b) are shown. The different contrast in phase images means there are two parts of the sample. One is the
area with graphene which has the bright contrast and the other is the area without graphene which has the dark contrast. Both of these two regions
are marked here, and the “G” for graphene and “SiC(0001)/SiC(000-1)" for bare SiC(0001)/(000-1) surface. e,f) The surface potential images in dark
(the upper part) condition and under UV illumination (bottom part) are shown. The yellow lines are the boundaries of these two parts. And the surface
potential profiles along the green and blue lines are shown in Figure S2 in the Supporting Information. All the scale bars here are 1 um.

time and growth temperature are adjusted to obtain partial
growth graphene on SiC(0001) substrate successfully. How-
ever, due to high growth rate of graphene on SiC(000-1) sub-
strate, the discrete graphene cannot be obtained by adjusting
growth parameters. Thus a SiC cover is placed on one half
part of SiC(000-1) substrate to prevent Si atoms escaping from
the surface. Meanwhile, another half part of SiC is exposed to
the atmosphere for growth of graphene. At the boundary of
these two parts, the noncontinuous graphene has been achieved.
The morphology of discrete graphene on SiC(0001) (Sample A)
and SiC(000-1) (Sample B) are clearly seen (Figure 1a,b). A very
good correlation between the phase images®! (Figure 1c,d)
with the morphology images can be found. The wrinkles (the
white lines) exist in the graphene regions, where the bright
contrast in phase images can be observed. The Raman spectra
of Samples A and B are used to determine the quality and
layer number of graphene (Figure S1, Supporting Informa-
tion). The neglected D peak and high intensity single Lorentz
2D peak determine that the EG/SiC(000-1) and EG/SiC(0001)
are mono- and bilayer high-quality graphene.2*?’] The KPFM
characterization is utilized to measure the surface potential
(Figure 1e,f). The upper and bottom parts are taken in dark and
under UV illumination, respectively. When UV light projects
on the EG/SiC(0001), the small diminution of surface poten-
tial in the graphene region and the graphene-free region can
be more clearly illustrated by surface potential profile curves
(Figure S2, Supporting Information) along the green and blue
lines. On the contrary, the surface potential of EG/SiC(000-1)
shows significant decrease under UV illumination obviously
(Figure 1f; Figure S2b, Supporting Information). The change
of the surface potential is attributed to the photogenerated car-
rier transport between SiC and graphene. In order to obtain the
accurate value of surface potential change, the KPFM meas-
urements have been taken in the bottom region both in dark
and under UV illumination (Figure 2). The surface potential
profile curves are extracted along the orange and red lines at
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the same position. For both Samples A and B, the values of
surface potential decrease under UV illumination. In the case
of EG/SiC(0001), the diminution of the surface potential is
about 50 mV in region III of bare SiC substrate (Figure 2e).
In region I with graphene on the surface, the surface potential
decreases with the value of 45 mV which is close to the value of
region III. The diminution value of the region II with graphene
is 20 mV. It is smaller than that of region III. In the case of
EG/SiC(000-1), the diminution of the surface potential in left
region with graphene is 238 mV (Figure 2f). The diminution
of the surface potential in right region without graphene is
310 mV, which is a little larger than that of graphene. The varia-
tion of energy band of graphene and SiC surface dominated by
the photogenerated carriers is the reason for the surface poten-
tial change as KPFM measured.

To ensure the photogenerated carrier transport behavior, the
band structure is plotted here according to the KPFM results.
The carrier type of graphene needs to be identified using the
electrically biased tapping mode (eb-TM) method.?#2% As the
eb-TM measured, the height of graphene and bare SiC are
observed under different tip bias (Figure S3, Supporting Infor-
mation). The height of graphene is changed as the result of
the carrier accumulation at the surface drove by tip bias. If the
major carrier is electron, the amount of electrons accumulated
under positive bias is more than the amount of holes accumu-
lated under negative bias. As a result, the height of graphene
under positive bias is higher than that under negative bias.
Therefore, the graphene in the region I is n-type (Figure 3a—c).
It is different for the case of EG/SiC(0001) in the region
II (Figure 3d-f). At £4 V bias, the height of graphene under
positive bias is higher than that under negative bias. Thus the
initial carrier type of graphene is n-type. When the voltage
increases to £6 and *8 V, the height of graphene under nega-
tive bias is higher than that under positive bias. This inversion
means the carrier type of graphene under the bias £6 and £8 V
is changed from n-type into p-type. As calculation, the external
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Figure 2. a,b) The surface potential images of graphene partially grown on Sample A and Sample B in the dark condition are shown. c,d) And the
surface potential images of the same region in UV condition are shown correspondingly. e) The surface potential along the orange and red lines in
insets (a) and (c) are shown. The value of the potential change in region I, 11, and Ill are shown in inset (e) respectively. f) The surface potential along
the orange and red lines in insets (b) and (d) are shown. And the left region is with graphene and the right region is without graphene. The value of
the potential change for these two regions is given in inset (f). All the scale bars in insets (a)—(d) are 1 um.

bias can accumulate the charge on the top layer of graphene, 2%  is neglectable in the case of SiC(0001), the holes should come
which has significant influence on the carrier type of graphene.  from the adsorbed molecules such as water and oxygen mole-
Though the amount of charges accumulated from substrate  cules in the air. As the water and oxygen molecules always act
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Figure 3. The eb-TM is used here to identify the carrier type of graphene. a,b) In the case of EG/SiC(0001) (Sample A), the height for graphene in
region | at different bias voltage are shown. c) The height difference between graphene and SiC in region | is collected. d,e) And the height profiles for
graphene in region Il are shown. f) The height difference between graphene and SiC in region Il is collected. g—i) In the condition of EG/SiC(000-1)
(Sample B), the same characterization by eb-TM are taken and the results are shown.
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as acceptor, the holes easily transfer to gra-  (a)
phene.’132 On the contrary, there are small
amount of electrons transfer from water and

sic (0001) (b)

www.small-journal.com

SiC (000-1)

oxygen molecules to graphene even under
large positive bias. The amount of holes
accumulated on graphene under large nega-
tive bias is much more than that of electrons
accumulated under positive bias. So it is
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shown as p-type, which is consistent with
KPFM results. The holes accumulation on
graphene under negative bias also happens
in case of region I. However, there might (c)
be large initial electron density of graphene
in region I, which makes the inversion of
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carrier type not achieve. For EG/SiC(000-1)
system, the change from n-type (+2) to p-type
(= £ 4 V) is also observed (Figure 3g—i). In
the case of EG/SiC(000-1), holes accumulate
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both from substrate and adsorbed molecules
under negative bias. Thus the carrier type can
change from n-type into p-type at small bias.

The band structure has been plotted
using the results of surface potential and
carrier type measurement. First, the band
structure of bare SiC(0001) and SiC(000-1)
are described (Figure 4). According to the
KPFM results, the decrease of surface poten-
tial for both SiC(0001) and SiC(000-1) under UV light indicates
the increase of work function for SiC surface according to the
Equation (1).2334 The downward band bending at the surface
of SiC can be deduced. Under UV illumination, the band will
become flat and the work function will increase

_ Vﬁp — ¢tip _:)sample (1)

VCPD = ‘/sample

As well know, the accumulation of electrons due to the empty
donor surface state may results downward band bending.]*’!
When under UV illumination, the photogenerated holes will
transfer from bulk SiC to surface. Simultaneously electrons
accumulated at surface will transfer to the bulk SiC and the
band bending will recovered. As a result, the work function
increases, which agrees with the results of KPFM. Therefore,

(a) (b)

sic (0001) Sic (0001)

Graphene |

Figure 4. a) The band diagram of SiC (0001) (Sample A) is shown. b) The band diagram of
SiC (000-1) (Sample B) is shown. According to the results of KPFM, both of them have empty
surface donor states which accumulate electrons at the surface. The downward band bending
can be deduced as the result of the electron accumulation. And the value of band bending for
SiC(0001) and SiC(000-1) are 50 and 310 meV respectively. c,d) Under UV illumination, the
bending band will recover to flat as shown.

the existence of empty donor surface state can be proved. When
graphene grown on SiC, the electron will transfer from donor
at SiC surface to graphene, which cause the built-in field at
EG/SiC interface and thus the upward bending of the band
structure at interface (Figure 5). Under UV illumination, the
photogenerated holes transfer from SiC to graphene which is
driven by the built-in field. The Fermi level of graphene will go
down and the work function of graphene will become larger
which indicates the decrease of the surface potential for gra-
phene. It is consistent with the results of KPFM. The diminu-
tions of the surface potential are about 45, 20, and 238 meV for
graphene on SiC(0001) in region I, graphene on SiC(0001) in
region II, and graphene on SiC(000-1), respectively. According
to these results, the value of upward band bending at the inter-
face is 45 meV (or 20 meV) for graphene on SiC(0001) in region
I, which is at the same order of magnitude for the value of

(c)

Graphene Il

Graphene

Figure 5. The band diagram of EG/SiC system of Sample A and B are shown here. a) The band diagram of EG/SiC(0001) in region |. The upward
bending at interface and n-type graphene are given. Under UV illumination, holes transfer from SiC to graphene. b) The band diagram of EG/SiC(0001)
in region Il. The upward bending at interface and n-type graphene are also given. The value of band bending is 20 meV smaller than 45 meV for
EG/SiC(0001) in region |. Under UV illumination, holes transfer from SiC to graphene and the amount of holes is smaller than EG/SiC(0001) in region I.
¢) In the case of EG/SiC(000-1), the value of upward band bending is 238 meV as shown. The amount of holes transferring from SiC to graphene is
the largest in all three cases.
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Figure 6. a) The surface morphology of Sample C is given. The region with graphene has big steps and the region without graphene has small steps. The
blue dot lines are marked the boundary of these two regions. b) The surface potential at the same region of inset (a) is shown. The upper part is taken
in dark condition and the bottom part is taken under UV illumination. The yellow line is the boundary line. c) Along the red line, the surface potential
profiles in dark condition and UV condition are collected. The values of potential increase for graphene and bare SiC are given. The scale bar here is 1 um.

downward band bending for bare SiC (about 50 mV). It means
the built-in field at interface which induces the band bending is
dominated by the surface donor state of SiC. However, both in
region I and region II with graphene, the smaller band bending
are observed than that in region III of bare SiC. The electrons
transfer not only from interface into graphene, but also from
interface to bulk SiC. This might be the reason why the upward
band bending at interface is smaller than the downward
bending at initial SiC surface. In the case of EG/SiC(000-1), the
same behavior has been observed. The upward band bending
of 238 meV is near to 310 meV for bare SiC(000-1). It is about
ten times of EG/SiC(0001). All these results come to a conclu-
sion that the surface donor state of SiC is the key factor for
the upward band bending at the EG/SiC interface. And the
large band bending of initial SiC surface state will lead to a large
band bending at the interface in EG/SiC system. The amount of
carriers transferring from SiC to graphene under UV illumina-
tion depends on the barrier height of the junction, which is the
result of the band bending at interface. Thus the modulation of
initial surface state can be used to control the amount of car-
riers injecting into graphene from SiC.

On the other hand, if the surface states of SiC are filled
acceptors, the downward band bending at EG/SiC interface
and the transport of electrons from SiC to graphene under
UV illumination can be expected. It is proved by another EG/
SiC(000-1) sample (Sample C). The graphene is grown only in
the region with big-step morphology on SiC(000-1) (Figure 6a).

(a) (b)

296meV

The graphene with big-step morphology and the bare SiC sub-
strate with small-step morphology can be observed. As charac-
terization of eb-TM (Figure S4, Supporting Information), the
graphene on Sample C is n-type. The comparison between
the potential in dark condition and under UV illumination is
given (Figure 6b). The increase of the potential can be observed
obviously when UV light projects on the Sample C. This result
is opposite to Samples A and B. The amplitude of increase in
the region of bare SiC is about 296 mV and it is 101 mV for
the region with graphene (Figure 6¢). The full filled acceptor
surface states can be deduced. The holes are accumulated at
the surface of SiC, which results in the upward band bending
(Figure 7a). When UV light projects on SiC, the photogenerated
electrons transfer from bulk SiC to the surface. Therefore, the
band structure of surface becomes flat (Figure 7b). The work
function of SiC surface decreases and the surface potential of
SiC increases, which is correspondence with the KPFM results.
The increased value of surface potential for bare SiC is 296 mV.
As a result the value of upward band bending is 296 meV.
In the region with graphene, the surface potential will also
increase under UV illumination. Thus the downward band
bending exists at the interface between SiC and graphene. The
photogenerated electrons transferring from SiC to graphene
is driven by the built-in field, which results in the increase of
Fermi level. According to Equation (1), the surface potential
of graphene increases. It agrees with KPFM results. The value
of band bending at interface is about 101 meV (Figure 7c).

v ()

N
—>><|«

— &

000

SiC (000-1) SiC (000-1)

SiC (000-1)

Graphene

Figure 7. The band diagram of Sample C is shown here. a) The band diagram of SiC surface is shown. According to the results of KPFM, it has filled
surface acceptor states which accumulate holes at the surface. The upward band bending can be deduced. And the value of band bending is 296 meV.
b) Under UV illumination, the bending band recover to flat as shown. c) The band diagram of EG/SiC system are shown. The downward bending at
interface and n-type graphene are given. Under UV illumination, electrons transfer from SiC to graphene.
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These results ensure that the full filled acceptor surface state
of SiC will lead to the downward band bending at the inter-
face between SiC and graphene. It confirms that the surface
state of SiC is the key factor for the interface band structure.
The band bending tendency at interface depends on the type of
SiC surface state. The value of band bending is always at the
same order of magnitude as the surface band bending of SiC,
which depends on the density of surface state. These results
offer a new way to control interface band structure and to
adjust the barrier height of heterojunction at interface. Basing
on modulation of the heterojunction, the high-efficiency and
low reverse leakage might be achieved in device. In addition,
the interface built-in field at EG/SiC(000-1) system is always
bigger than that at EG/SiC(0001) system. The largest barrier of
heterojunction in EG/SiC(000-1) (Sample B) is ten times higher
than that in EG/SiC(0001). Thus about ten times carrier has
been observed to transfer from SiC(000-1) to graphene than
that from SiC(0001) to graphene. It will lead to a higher carrier
injection efficiency in EG/SiC(000-1) device. Combining with
the high carrier mobility, high thermal conductivity and weak
interaction between graphene and SiC(000-1) substrate, the
better performance of device, even flexible device, based on EG/
SiC(000-1) material is promising in the future.

3. Conclusion

As determined by KPFM, the photogenerated carrier trans-
port behavior between graphene and SiC substrate is observed
directly. Results reveal the dependence of heterojunction at EG/
SiC interface to initial surface state of SiC. The surface donor
state of SiC leads to an upward bending of band structure at
interface, and surface acceptor state of SiC results a down-
ward bending of band structure at interface. The amount of
transport carrier is also demonstrated to depend on the ini-
tial surface state density of SiC. Thus the modulation of car-
rier transport can be achieved by controlling the initial surface
state of SiC. Further, more surface donor state in SiC(000-1) is
always observed than that in SiC(0001). As a result, the height
of barrier in EG/SiC(000-1) system interface can be ten times
higher than that in EG/SiC(0001) system, which leads to almost
ten times amount of carrier transferring from SiC(000-1) to
graphene compared with that from SiC(0001) to graphene.
The high barrier junction in EG/SiC(000-1) will lead to a large
injection and sensitivity in PD devices. It provides a new way
to obtain a high performance PD devices using EG/SiC(000-1).
The method presented here is a promising way to modulate the
carrier transport behavior at EG/SiC interface.

4. Experimental Section

The epitaxial graphene was achieved through a thermal decomposition
of commercially available semi-insulating SiC with (0001) surface
(Sample A) and (000-1) surface (Samples B and C) polished respectively.
To identify the photogenerated carrier transport between graphene and
SiC, the discrete graphene was prepared. Thus the controllable process
should be used to sublimate Si atoms to fabricate graphene on SiC
substrate. For SiC(0001) surface, the growth rate of graphene was slow
so that it can be easy to obtain partial growth graphene by decreasing

Small 2018, 14, 1801273

1801273 (6 of 7)

www.small-journal.com

the growth time and growth temperature. However, the growth rate of
graphene on SiC (000-1) was very large and it was impossible to achieve
discrete graphene by the foregoing way the same as EG/SiC(0001). For
preparing the discrete graphene, one half part of SiC(000-1) substrate was
covered with SiC wafer, and another half was exposed to the atmosphere
for growth of graphene. At the boundary between these two parts, the
noncontinuous graphene on SiC(000-1) was obtained successfully. The
morphology of EG/SiC was given by the tapping mode of atomic force
microscopy (AFM) (Bruker multimod8). And the layer number and
quality of graphene were determined through Raman spectrum (Horiba
LabRAM HR Evolution). To characterize the carrier property, the et-TM
and KPFM as the electric mode of AFM (Bruker multimodg8) were used.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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