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In contrast to conventional materials, graphene electrical
resistance increases under violet light illumination. The observed
non-decaying photoresistance and linear magnetoresistance in
magnetic fields up to 1 T may be due to topological phases that
are spontaneously induced by persistent current formation within
graphene flake edges by magnetic fields.
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We report the discovery of remarkable photo-physical phenomena with characteristics unique to epitaxial
graphene grown on 6H-SiC (000-1). Surprisingly, the electrical resistance of graphene increases under
light illumination in contrast to conventional materials where it normally decreases. The resistance shows
logarithmic temperature dependences which may be attributed to an Altshuler—Aronov effect. We show
that the photoresistance depends on the frequency of the irradiating light, with three lasers (red, green,
and violet) used to demonstrate the phenomenon. The counterintuitive rise of the positive photoresis-
tance may be attributed to a creation of trapped charges upon irradiation. We argue that the origin of the
photoresistance is related to the texture formed by the graphene flakes. Photovoltage also exists and
increases with light intensity. However, its value saturates quickly with irradiation and does not change
with time. The saturation of the photovoltage may be associated with the formation of a quasi-equilibrium
state of the excited electrons and holes associated with a charge redistribution between the graphene
and SiC substrate. The obtained physical picture is in agreement with the photoresistance measurements:
X-ray photoelectron spectrometry “XPS", atomic force microscopy “AFM”, Raman spectroscopy and the
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magnetic dependence of photoresistance decay measurements. We also observed non-decaying photo-
resistance and linear magnetoresistance in magnetic fields up to 1 T. We argue that this is due to topologi-
cal phases spontaneously induced by persistent current formation within the graphene flake edges by

rsc.li/nanoscale magnetic fields.

important due to their relaxation via acoustic phonons display-
ing a bottleneck effect, and via electron-electron scattering

1. Introduction

[{ec

Graphene’s high carrier mobility, associated with its Dirac
electron spectrum' and extensive optical absorption pro-
perties®® covering the wavelength regime from terahertz to
ultraviolet, opens the door to designing novel applications in
nano-electronics,” nonlinear optics, plasmonics™® and resona-
tors.” However, the existing graphene optoelectronic devices
are mainly orientated towards understanding the photo-
current mechanism.® Indeed, the photocurrent is enhanced
due to hot carriers generated by optical excitation to energy
states far above the Fermi level. The excited hot carriers are
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creating carrier multiplication which results in a strong
decoupling between the electron and lattice temperature. On
the other hand, the photovoltaic response is also promising
for future applications.” Photovoltaic effects may also originate
from the thermoelectric effect. Both these photo-responses
change under various factors such as the presence of a sub-
strate, the sample geometry (that particularly affects the photo-
electric and photo-thermoelectric effects), the electrode materials
and biasing. This mainly highlights the importance of the
present substrate “SiC and SiO,” to graphene photo-responses,
particularly for the ultrafast domain, i.e. terahertz and ultraviolet,
where a delay appears between the collective behaviour and
the photoelectric effect. In recent times, suspended exfoliated
graphene has ameliorated the photoresponse ten-fold.
Photocurrent and photovoltage are the most demanding,
and also therefore well-investigated, photo-responses for gra-
phene. However, no photo-responses have been reported to
date that are far from the ultrafast domain. This is due to the
highest photo-responses being estimated in the vicinity of the
M point of energy 4.7 eV (4 =~ 260 nm). To date this limitation
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has been counter-productive towards producing graphene
photo-applications in the visible range. However, light-matter
interaction was widely investigated, in particular, for exfoliated
and CVD graphene, and practical applications require scalable
approaches. Thus the majority of the interest was orientated
towards chemical vapour deposition (CVD) graphene for
photo-detectors. Nevertheless, no previous examination
addressed the use of epitaxial graphene. This is due to the lack
of understanding of epitaxial graphene photo-physics. In fact,
it is a priori unclear to what extent inherent grain boundaries,
random growth, impurities and the presence of the SiC sub-
strate affect the mechanism of photo-responses and in particu-
lar, photocurrent generation. This limits epitaxial graphene
usage for opto-photo-electronic applications.

The magnetic properties of epitaxial graphene are impor-
tant, particularly in combination with photo-effects, but to
date there has been a lack of experimental work in this area.
Here, impurity-related lifetime degradation is investigated
based on the correlation between photoresistance and the
magnetic field. Consequently, the associated electron recombi-
nation process may identify the local structural defects. This
manifests with a long relaxation process that is extended
under the magnetic field, thus illustrating the morphological
imperfections of the epitaxial graphene layer.

In fact, epitaxial graphene is thermally grown from a SiC
substrate. It is produced by sublimating Si from SiC heated at
high temperatures. The layer’s qualities highly depend on the
SiC substrate face termination. This could be either terminated
carbon C or silicon Si. The optical and electrical properties
show high dependence on the substrate polarities,” which also
could be the case for the photoresponse properties. In fact, the
best qualities of graphene layers were usually obtained using
face terminated silicon. Various approaches have been develo-
ped to improve the film quality, involving heating under inert
gas (e.g. argon) conditions at atmospheric pressure or by
supplying excess Si.” These approaches lead to significant
improvement in the domain size and electronic properties
compared with vacuum graphitisation.’

In this work, we revealed new phenomena associated with
the anomalous photoresistance and photovoltage responses of
epitaxial graphene. We present graphene layers grown on
6H-SiC face terminated carbon (6H-SiC (000—1)). The grown
layers were unintentionally oxidised with the coexistence of
SiO, flakes randomly distributed on the termination of the SiC
substrate. We show here, for the first time, the increase of the
graphene electrical resistance under light excitation in the
visible wavelength regime. A relatively large photoresistance
effect has been observed under violet light irradiation compared
with the results obtained with red and green light. We assume
that the charged impurities are created with irradiation by light.
They originate due to trapping of charges on the morphological
imperfections. The scattering on these charged impurities gives
rise to the photoresistance. Moreover, the presence of any impu-
rities or graphene buckling'® which can trap charges created by
light irradiation can contribute to such a unique photoresis-
tance. This effect becomes pronounced by the presence of

11464 | Nanoscale, 2017, 9, 1146311474

View Article Online

Nanoscale

defects on the graphene layers. Here, the photo-responses are
not instantaneous, as commonly reported for the other gra-
phene types. Interestingly, the found photo-effects last with a
long relaxation process in the visible range - even many days.
The reported photovoltage first increases and then very quickly
saturates under light excitation. This saturated photovoltage is
associated with a quasi-equilibrium state of the system, which
is also evident in the photoresistance measurements. The uni-
lluminated resistance follows logarithmic temperature depen-
dence at low temperatures, which has been observed in gra-
phene with irradiated vacancies previously. Such behaviour
could also be attributed to the Altshuler-Aronov effect which
introduces logarithmic corrections into the resistance in a low-
dimensional material with impurities. X-Ray photoelectron
spectrometry “XPS”, atomic force microscopy “AFM”, Raman
spectroscopy and magneto-resistance analyses were carried out
to illustrate the origin of our discovery.

2. Experimental details

Our graphene growth approach on a face terminated carbon is
similar to the confinement controlled sublimation (CCS)
process. However, the specific details are different.'’ Here,
graphene was grown from a semi-insulating on-axis 6H-SiC
(000—1) (C-face) under an argon atmosphere and at a lower
temperature. We started by eliminating possible damage by
exposing the sample to hydrogen etching at 1600 °C. This
damage can originate from polishing and residual oxidation."?
The substrate was first degassed at 700 °C for several hours to
be annealed later under a Si flux at 900 °C to remove the native
oxide. The graphene growth stage involved subjecting the
sample to an argon partial pressure of P =2 x 107° Torr and a Si
deposition rate of one monolayer per minute. During this
process the substrate was annealed, within the temperature
range 1200 °C-1350 °C, by electron-bombardment heating.'?
The presence of inert gas partially slows the growth rate.'> The
improvement of the growth rate could be assigned to the
delayed diffusion of the evaporated silicon atoms. Our approach
is based on the precise restriction of the Si sublimation rate
which regulates the release of carbon atoms. This allows good
control of the graphene layer growth.'® The UHV chamber is
equipped with an Si source and Low Electron Energy Diffraction
(LEED). The graphene layer number is demonstrated by XPS.
XPS experiments were carried out on a Kratos analytical system
using an Al Ka monochromatised (1486.6 eV) source with an
overall energy resolution of ~350 meV."

The voltage and resistance characteristics of the graphene
layers were measured using a Keithley 2400 source meter. We
used separate illumination systems, i.e. red, green and violet
lasers. The sample contacts were held in place using silver
epoxy. We used a four contact configuration. The measure-
ments were taken by customized programs written with the
LabVIEW® software.

AFM was carried out in contact mode to study the topo-
graphy response of the graphene sample. We conducted all the

This journal is © The Royal Society of Chemistry 2017
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measurements under ambient laboratory conditions using
standard contact mode cantilevers. The sample mounting is
composed of a magnetic plate where the bottom face of the
sample is placed.

We used a high-resolution micro-Raman (Jobin Yvon HR
LabRAM) spectroscope in a backscattering confocal configur-
ation to collect the Raman spectra. The latter were excited by
an Ar+ laser of 488 nm wavelength. The laser power was
controlled to 8.5 mW on the sample surface. The focusing of
the laser beam and the collection of the scattered light in each
studied point across the sample surface were obtained using a
100x objective lens. The scattered light was collected using a
600 lines per mm grating at room-temperature. The spatial
resolution of the image was 1 um and the spectral resolution
was better than 0.35 cm™".

3. Characterisation techniques
3.1 XPS measurements

We performed XPS measurements for graphene grown on
6H-SiC (000—1). Oxidised epitaxial graphene components were
located in the spectrum survey scan (see, Fig. 1). We distin-
guished the SiC substrate and the graphene (C 1s core level)
components (see, Fig. 2a). The SiC substrate peak appears at
282.38 eV (after graphene growth). The untreated SiC substrate
shows a peak at 282.31 eV (Fig. 2b) demonstrating the negli-
gible impact of the graphene growth process. This is in agree-
ment with the published results for the pristine 6H-SiC sub-
strate, see ref. 15 for details. The C 1s spectrum was fitted with
three components: the first peak is assigned to the sp> hybri-
dised C atoms in the graphene positioned at 284.41 eV, the
second peak is related to the sp® hybridised C atoms appearing
at 285.1 eV, and the third peak located at 286.2 eV is associated
with the C-O bonds (see, Fig. 2a)."* The C 1s peak represents
the graphene or graphene-like layers across the sample
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Fig. 1 XPS scan survey of epitaxial graphene layers grown on 6H-SiC
face terminated carbon 6H-SiC (000-1).
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Fig. 2 XPS components of epitaxial graphene layers grown on 6H-SiC
face terminated carbon 6H-SiC (000-1) respectively (a) C 1s core level,
indicating hybridization sp? and sp® orbitals, single C—O and Si—C bonds
are also shown, (b) the 6H-SiC substrate peak prior to graphene growth,
(c) the oxygen levels, deconvolution separates C-O and C=O bond
contributions, (d) Si 2p and SiO; peaks.

surface. The intensity ratio of the sp®- and sp>-hybridised
carbon components gives a better determination of the
graphene layer number, especially for high layer numbers.'®
This is according to well-known procedures for identifying
high layer numbers of graphene.'” We found that an intensity
ratio of sp*- and sp>hybridised carbon components of about
0.36 shows the sign of the presence of an average of five layers
of graphene. Here, the SiC component is smaller than the
main graphene component (C 1s), revealing continuous gra-
phene coverage. Actually, as the graphene intensity increases
(i.e. the number of graphene layers increases) the intensity of
the SiC decreases. No interlayer (buffer layer) was observed
here, which is a sign of face terminated carbon. The presence
of oxygen in this system can be accounted for by the contami-
nation of the graphene layer.'* In fact, epitaxial growth of
graphene on face terminated carbon is associated with un-
intentional oxidation of the C-terminated face, as reported in
previous studies.'® Here, we found a high oxidation of grown
graphene layers, where oxygen per cent (at%) was about
5. This was distinguished by the location of the peaks associ-
ated with both C-O and O=C-O bonds."® The oxygen amount
present in the graphene layers was inspected (see, Fig. 2b). We
started by examining the oxygen peak at 532.33 eV."? Its high
intensity reflects the high amount of oxygen in the graphene
layers. We further explored the Si,, component located at 100
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eV to determine the additional Si product or others that may
originate from SiC.'®* We located a SiO, component at 102.5
eV,*° as a sign of its associated flakes located on the top layer
of the substrate (see, Fig. 2c). This could appear due to the
high presence of oxygen, which mixes with sublimated silicon
atoms trapped on the surface.”’ The unintentional oxidation
may occur during both earlier steps of our growth, where we
tried to eliminate, through polishing, the residual oxide
damage and the native oxide from the substrate. We believe
that the native oxide becomes more pronounced under the epi-
taxial growth process until it reaches an equilibrium state.
However, we cannot precisely specify which step may induce
this effect. The percentage of the nitrogen present here is very
low.>*?? Thus, the small presence of nitrogen will have a negli-
gible impact on the results.

3.2 Atomic force microscopy

We have carried out atomic force microscopy (AFM) measure-
ments in contact mode on the grown epitaxial graphene layers
in order to analyse their distribution and surface roughness.
Various areas of the sample were studied. Here, we report a
typical sample surface within a 4.5 x 4.5 pm region (see,
Fig. 3). The topography of the surface changes within a small
range across the sample surface to reach a maximum of
1.5 nm (see, Fig. 3b and c). The high intensities (i.e. >1.5 nm)
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Fig. 3 (a) AFM measurements of the graphene grown on 6H-SiC
(000-1) across a surface area of 4.5 x 4.5 pm reveal the random growth
of layers on the sample surface related to the face termination of the
substrate. A defect as well as the suggested number of graphene layer
flakes (1, 3 and 5) are indicated. (b) Magnification of the AFM image
showing two graphene flakes (layer number: 5). (c) AFM topography
image across the 5 layer graphene flake illustrating homogeneity across
a flake. The thickness of the flake corresponds approximately to 5 layers
of graphene.
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are mainly assigned to the presence of defects. The height
profile varies on the nanometer scale, thus identifying the
location of the graphene flakes. Here, different contrasts were
observed, from brown to light brown to indicate the possible
multiple graphene layers inside the flakes, as reported by the
XPS measurements. The flake layer numbers and sizes varied
depending on location.”* The graphene flakes are separated by
edge zones, in the proximity of which impurities and defects
are often concentrated. Such morphological behaviour in the
random growth of graphene layers is a common sign of gra-
phene grown on face terminated carbon SiC substrate.”***
However, the AFM results show preferential orientation in the
graphene layer flakes. This is mainly due to the terraced sub-
strate surface underneath. In fact, the surface morphology of
the substrate significantly affects the graphene layer. Thus,
imperfection and the flatness of the substrate lead to plateau-
like features that impose a particular orientation on the
graphene layers. The absence of the buffer layer between the
graphene and the substrate as well as the unintentional
oxidation of graphene may be additional contributing factors
influencing the surface appearance and the distribution of
defects and impurities. Defects are normally identified by high
intensities in the AFM scans (e.g. >1.5 nm) which appear white
in the selected contrast (Fig. 3). The defects are frequently
found near the edge zones of graphene flakes.

3.3 Raman spectroscopy analysis

We continued the analysis of our sample surface morphology
using Raman spectroscopy. This technique characterises the
graphene layer’s properties. The sample surface image in
various areas was obtained using Raman mapping. The local
Raman spectra determine the degree of homogeneity of the
layers by identifying the amount of defects and analysing the
different graphene layers edges. For a better analysis, Raman
mapping was carried out with a 0.5 pm step and an auto-focus-
ing adjustment before each spectrum acquisition. We report
Raman spectra registered at different points in the sample
surface in the frequency range between 1000-3000 cm™" (see,
Fig. 4). We located all the Raman modes of the graphene, such
as the D, G and 2D bands (see, Fig. 4a, b and ¢).>*>’ The
G-band is a doubly degenerate (TO and LO) phonon mode (E,¢
symmetry) at the Brillouin zone centre. The D-band is assigned
to phonons on the K point and defects.”®*® The 2D band is
associated with 2TO. We investigated the Raman mapping of
the D band. The D-band spectra showed mostly low intensity
(Fig. 4a). This could be associated mainly with oxygen impuri-
ties present in epitaxial graphene layers. High intensity in the
D-band is normally induced by structural defects found in epi-
taxial graphene on face terminated carbon. The local substan-
tial intensity maxima in D-band mapping (Fig. 4a) are believed
to correspond to such structural imperfections.

The graphene layer number distribution across the surface
was investigated by comparing the associated Raman mapping
intensity of the G and 2D bands, respectively, at the frequen-
cies wg and w,p (see, Fig. 4b and c). The intensity ratio of the
G and 2D bands (Ig/Lp) identify the local layer numbers.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Raman spectra of epitaxial graphene in the frequency range [1000-3000 cm™] assigned respectively to: S; — single layer, S, — four layers
and Ss — five layers; Raman mapping intensity of (a) D band, (b) G band, (c) 2D band and (d) G band normalised by 2D band intensities /g//>p. The
ratio intensity illustrates the corresponding graphene layer numbers n (intensity ratio < 0.5 implies n = 1, intensity ratio ~1.5, n = 4).

Conventionally, an Ig/I,p ratio of <0.5 corresponds to single
layer graphene (n = 1), a ratio of 1.5 relates to four-layer
graphene (n = 4) and a ratio of 2 denotes five-layer graphene
(n = 5).2°" Here, the Is/L,p, ratio varies between 0.2-4. Various
graphene flakes were located and mainly single (n = 1), four-
(n = 4) and five- (n = 5) layer coverage was found (see, Fig. 4d).
However, a negligible amount of graphite flakes (Ig/Lp = 2.5,
n > 5) were also located.>*” From the mapping intensities
the graphene flakes appear to be randomly distributed.
Nevertheless, the graphene quality in each flake is highly
homogeneous. The flakes have common dimensions of 2 pm x
2 pm. The multiple overlapping graphene flakes contribute to
the non-homogeneity of the graphene film composition. The
flake edges provide a sharp contrasting difference in the inten-
sity maps and also define the edge zones between the layers
(Fig. 4a). Interestingly, a large amount of defects appear to
be concentrated at or near the edge zones. The presented
combined Raman analyses are in good agreement with the
XPS and the AFM data, identifying up to five-layered graphene

This journal is © The Royal Society of Chemistry 2017

flakes. The AFM measurements, in particular, highlight the
random distribution of the graphene layers. The Raman
spectra create a visual map of the defects across the sample
surface, revealing their dominant presence mainly at the edge
zones of the graphene layers.

4. Results and discussion
4.1 Epitaxial graphene photoresistance “EGP”

The time dependence of the electrical resistance in epitaxial
graphene under continuous irradiation with light demon-
strates unique physical characteristics. This Epitaxial
Graphene Photoresistance (EGP) is strongly dependent upon
the wavelength of the applied light source. The light illumina-
tion has been produced with the use of three lasers having
different wavelengths: A = 409 nm (violet), A = 515 nm (green)
and 1 = 625 nm (red), respectively. For these wavelengths the
dependence of the EGP on time is given in Fig. 5a. In order to

Nanoscale, 2017, 9, 1146311474 | 11467
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Fig. 5 (a) The time dependence of the photoresistance of epitaxial gra-

phene grown on 6H-SiC face terminated carbon (000-1), under con-
tinuous light irradiation: the purple, green and red curves correspond to
the different illumination photon frequencies, from violet (405 nm),
green (515 nm) and red (625 nm) lasers respectively; (b) optical image of
the sample highlighting the four-probe contacting method for resist-
ance measurements; (c) the time dependence of the photoresistance of
a 6H-SiC substrate without graphene control, taken under continuous
light irradiation from a violet laser. Notably, the time dependence of the
substrate alone is negative, in sharp contrast to the graphene.

prevent any heating effect we used lasers with a low compar-
able power of less than 1 mW. The photoresistance experi-
ments were conducted on epitaxial graphene grown on 6H-SiC
face terminated carbon “6H-SiC (000—1)”. A conventional
4-probe method was used for electrical resistance measure-
ments. The optical image of the sample with four contacts
attached in a linear configuration is shown in Fig. 5b. The
most significant EGP effect was observed under violet light
irradiation (4 = 405 nm), where the energy of the photons is
close to the band gap in the 6H-SiC substrate (~3.03 eV, 1 =
409 nm). For wavelengths with lower energy (1 > 409 nm) such
as green (4 = 515 nm) and red (4 = 625 nm) light, little to no
EGP effect was expected, as the photon energy lies directly in
the 6H-SiC substrate gap. However, surprisingly, even in these
cases (green and red light) a measurable EGP signal was
detected that saturated with time (Fig. 5a). In comparison,
irradiation with red and green light produced approximately a
fifth of the photo-response obtained by irradiation with violet
light. It is natural to assume that in order to generate photo-
resistance “PR”, the photon energy should be larger than the
SiC bandgap, which makes the observation of an EGP under
red and green light quite remarkable.

A possible explanation for this could be related to the sensi-
tivity of the graphene layers to the underlying substrate, which
imposes constraints on its electrical properties.”'* For
example, any insulating substrate has impurities and defects
which may localise electrons and holes in the gap. Indeed,
SiO, flakes contain natural structural defects near the sub-
strate surface which act similarly to impurities. They produce a
Lifshitz tail in the electron density of states. We consider only
dopants with energy levels close to the conduction and valence
bands of the SiC substrate. Thus, photon energies close to the
SiC defect/impurity band gap become potentially sufficient to
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trigger a PR and produce an electrical current. Graphene is
highly sensitive to the type of substrate, where lattice imperfec-
tions can lead to local charge redistribution between graphene
and the substrate. For epitaxial graphene the band structure of
the SiC substrate is modified in proximity to the graphene
layer. This results in the bending of the conduction and
valence bands in SiC creating charged depletion centres in the
vicinity of the graphene with an internal electrical field
directed perpendicular to the graphene plane. The electrons
and holes induced by the light irradiation move in this field in
opposite directions: towards and away from graphene or vice
versa, respectively. The latter depends on the deformation of
the bands with respect to the Dirac point of the graphene
layer. The situation is similar to a Schottky barrier on a contact
between a semiconductor and a metal. The Schottky barrier
causes band distortion and Lifshitz tail formation effectively
reducing the band gap, which allows electrons to be excited
from the valence band under illumination from light, with
photon energies below the energy gap of the semiconductor.
The electrons and holes, which are created by light, can also
become trapped in the charged barrier area.

The epitaxial graphene on SiC provides a unique system
where unconventional photoeffects can occur. The EGP
response varies between 3818-3880 Q. Although the electrical
resistance changes by about 2%, the observed effect is persist-
ent and very surprising. Indeed, graphene photoresponses
examined so far in the literature appear only under excitation
energy of 4.7 eV (4 ~ 260 nm) in the vicinity of the M point,
which corresponds to the ultraviolet and terahertz domains.
Furthermore, our epitaxial graphene effects are the opposite to
what is commonly known and expected in the visible domain
in other photo-responsive materials; in the EGP the resistance
change is positive. This paper presents the first experimental
observations of an increased photo-resistance in epitaxial
graphene under exposure to visible light (Fig. 5a).

As a control experiment the PR was measured for the
6H-SiC (000—1) substrate (Fig. 5c). The substrate was illumi-
nated with violet light (4 = 405 nm) and a negative PR response
was observed, as expected for a semiconductor. The conven-
tional decrease in photoresistance under light illumination
generally occurs due to an increase in the current carrier
density. The photoresistance of SiC without graphene
decreases under continuous light excitation. The observed
effect is about 6% and saturates more rapidly than in the
graphene system. Thus, the exposure of the pure substrate to
violet light enhances the carrier density, and dramatically
decreases the resistance. The effect can be simply described
with a one band Drude model, where the electron resistance is
given by the following expression:

m

(1)

P~ hert
where 7 is the charge carrier density, 7 is the scattering time,
and m is the electron effective mass. Under continuous photo-
excitation the carrier density n increases and provides the
effective mass m, scattering time r remains the same and resis-
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tivity decreases. This model suitably explains the PR behaviour
observed in the insulating 6H-SiC (000—1) crystal (Fig. 5c),
which forms a strong contrast with the EGP effect discovered
and described here.

In the newly discovered EGP the resistance increases under
light excitation.*®?* To explain these findings we postulate
that the light irradiation produces charge carriers and loca-
lised charge centres. The proposed charge inhomogeneity may
originate due to the trapping of electrons and holes created by
light by oxygen impurities and by defects both in the graphene
and in the SiC and SiO, flakes. Note that, we do not expect a
change in the oxygen impurities under light illumination. In
fact, we have checked the oxygen content before and after light
illumination using XPS measurement and detected no
changes. All photo-resistance experiments were conducted
under conditions of high vacuum with no significant effects of
humidity and air oxygen on the sample surface. The presence
of impurities and defects suggested here are likely to be the
result of the graphene growth and preparation process.

Intentionally oxidised epitaxial graphene is characterised by
a stable state that is unchanged under light illumination. For
example, oxygen impurities on graphene can trap electrons
and therewith induce a high density of negatively charged
centres. Due to the Coulomb interaction the current carriers
scatter on these centres and the scattering time ¢ decreases,
leading to a corresponding increase in resistance. In other
words, the epitaxial graphene becomes n-doped while the sub-
strate remains unintentionally p-doped. The resulting charge
redistribution between the graphene and the SiC substrate
creates an electric field in the depletion area near the
graphene which directs the migration of electrons or holes.
Depending on the electron/hole transport this affects the
current carrier density n as well as the position of the Fermi
level in the graphene. The observed EGP behaviour may arise
mainly due to two factors: (1) the decrease in the Fermi energy
of the graphene; (2) the creation of a new scattering mechan-
ism associated with the light irradiation. The new proposed
scattering mechanism could be related to the morphological
imperfection of the epitaxial graphene layers, such as: impuri-

(a) (b)

Violet laser

6H-SiC
substrate

[T Sioz\

6H-SiC substrate

Impurities
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ties, defects, grain boundaries and edge zones between the
layers that may act as traps for electrons or holes. Similarly,
the presence of SiO, flakes — small insulator islands - may
form barriers to electron migration between the substrate and
graphene, leading to charge redistributions that affect scatter-
ing, electrical transport and current carrier density.

Additionally, the unintentional oxidation of the graphene
films may play an equally important role in the observed
effect. Oxygen impurities inside the graphene may also isolate
excited electrons and holes from each other, contributing to
charge centre formations. Fig. 6 describes the resistance
increase mechanism for monolayer graphene, which could be
generalised for multiple-number graphene layers.

In order to verify the importance of oxygen impurities in
this new EGP effect, we have investigated samples of ordinary
epitaxial graphene grown on 4H-SiC face terminated carbon
(4H-SiC (000-1)). The photoresponse of non-oxidised multi-
layer (n > 5) epitaxial graphene grown on 4H-SiC (000-1) is
reported in the ESL T In this control experiment the photo-resist-
ance in graphene shows a decrease in resistance upon illumina-
tion as expected for a conventional semiconductor. Both
studied graphene samples (6H-SiC and 4H-SiC) are grown on
face terminated carbon, and are subject to a similar level of
morphological imperfections such as defects and multi-layer
graphitization. The main difference between the samples could
be in the number of oxygen impurities which also affect the for-
mation and nucleation of graphene flakes. In fact, oxygen impu-
rities become more localised at the flake edges or edge zones of
the layers, as observed in AFM and Raman measurements. As a
result Coulomb effects may become important for electron
transport. Therefore, we conclude that oxygen impurities may
be the main origin of the photoresistance phenomenon
observed here. The one band Drude model could be modified
accordingly to take in the contribution from the impurities:

1 1 1
T 7o T

Tee Tce

(2)

where 7 is the overall transport scattering time, 7. is the
scattering time associated with impurities and 7. refers to

Ec

Impurities
Ey

Fast electron
scatterin
b — 4 T 2

6H-SiC
5 Graphene

Graphene
substrate

Electron
captured

Fig. 6 Photoresponse process: (a) initial state of epitaxial graphene i.e. at equilibrium, (b) violet laser irradiation of the sample surface, creating
charged centres on impurities and defects, leading to the trapping and scattering of electrons and holes. The modified band structure and uncon-
ventional electron transport result in novel photoresistance and photovoltage effects.
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electron-electron scattering. The value 7., can be calculated
within the framework of the standard scattering theory, where
the Rutherford cross section of the impurities and the associ-
ated charge centres are estimated.>® The cross sections are
likely to diverge as conduction carriers approach the Dirac
(zero-energy) point, leading to especially low scattering times
7. In the rest of our paper, we limit our studies to illumina-
tion with violet wavelength as it produced the largest photo-
response.

4.2 Resistance and magnetoresistance in epitaxial graphene

The temperature dependence in non-illuminated epitaxial gra-
phene was studied across a temperature range 4-300 K. The
cryogenic temperatures were reached in a pulse-tube cryo-
cooler with minimal vibration effects. The resistance exhibits a
descending tendency, where it decreases from 6828-3841 Q
across the measured temperature range (Fig. 7a). This corres-
ponds to a change in resistance of about 40%, which is unu-
sually large, as for example ordinary graphene normally
demonstrates a resistance change of about 7% over the same
temperatures. Graphene quantum dots report similar resist-
ance changes as the ones observed here.***” Here, as tempera-
ture decreases the number of excited electrons also decreases
while the resistance increases. In fact, epitaxial graphene
layers are characterised by their high roughness produced by
the existence of different domain sizes ie. grains. This
becomes pronounced for the face terminated carbon, where
various numbers of layers may exist in the same area (see,
Fig. 3). The various grain sizes and graphene layer flakes
enhance local impurity effects due to oxygen, and defects.
These morphological imperfections become pronounced with
the presence of SiO, flakes in-between the graphene layers and
at the top layer of the SiC substrate. In fact, various resistive
interface regions will be formed at the edges of the graphene
layers where a significant amount of impurities reside.*®
The temperature dependence of the electron transport will be
significantly affected by the sample inhomogeneity.
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In the present experimental results the increasing depen-
dence of the resistance on logarithmic temperature at low
temperatures is most remarkable (Fig. 7a). This behaviour per-
sists over a broad range of temperatures below a crossover
temperature T* ~ 100 K, showing no signs of saturation at 4 K.

Similar logarithmic temperature behaviour for resistivity
has been reported recently for graphene with irradiation-
induced vacancies.*® In the paper it was argued that persistent
orbital currents develop around the vacancies inducing on-site
local magnetic orbital moments. The orbital moments couple
to the conduction electrons via the Kondo effect. Extensive dis-
cussions within the community prevent the reaching of a con-
sensus on this topic. It was proposed that the observed logar-
ithmic temperature dependence may be related to the well-
known Altshuler-Aronov (AA) effect,”® which introduces correc-
tions into the resistivity of the form

per ()]

where p,, o is the uncorrected longitudinal resistivity, A <1isa
constant, e is the elemental charge, T is temperature, y is the
charge carrier mobility, B is the magnetic field, and 7, is the
transport momentum relaxation time. An analogous logarith-
mic temperature effect has been recently observed in graphene
deposited on an SiO, substrate’’ and graphene on SiC.**™*°
The comparison between these experiments established that
the AA fitting analysis provides different ranges for the
A-constant dependent on the graphene growth process. For
graphene deposited on SiO, by Kozikov et al.*' the A-constant
range is 0.35 < A < 1.05, for graphene on SiC by Jobst et al.***®
the best results give the A-constant as 0.35 < A < 0.92, while for
graphene with irradiation-induced vacancies the A-constant
range is substantially different, being A < 0.32.*°

The logarithmic (AA) temperature fitting of the resistance
data to eqn (3) provides a transport momentum relaxation
time of 7, = 107** 5. Through conventional estimation, assum-
ing that the Fermi velocity in graphene is vz ~ 10° m s, this

P xx,0 62
212 h

Pxx = Prxo|1+A

3920
(b)
3880
<
4
3840 /
LT T
B 295K
3800, . . . .
00 02 04 06 08 10

B(M

(a) Temperature dependence of the resistance in non-illuminated epitaxial graphene layers grown on 6H-SiC (000-1) between 4-300 K.

At low temperature 4-100 K the resistance follows a strong logarithmic behaviour. The crossover temperature T* characterising the deviation from
the logarithmic dependence is indicated and corresponds approximately to T* ~ 100 K. (b) Magnetoresistance in epitaxial graphene at 295 K in a
magnetic field between 0—1 T. Until a field of B* ~ 0.4 T the magnetoresistance is quadratic in field. The logarithmic low-temperature resistance as
well as the quadratic magnetoresistance are consistent with the Altshuler—Aronov effect. Surprisingly for fields exceeding B > 0.4 T the magneto-

resistance changes to a pronounced linear dependence.
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translates to a mean free path of [ ~ 10 A which is equivalent
to several graphene rings. The A-constant cannot be extracted
as the geometric factor for converting resistance R to resistivity
Pxx 18 DOt accurately known.

According to the equation by Altshuler-Aronov (eqn (3)) the
magnetoresistance should be positive and follow a quadratic
field-dependence ~B>. For comparison, the case of graphene
with irradiated vacancies which satisfied the logarithmic temp-
erature behaviour showed small, negative, nearly field-
independent magnetoresistance at low temperature which cannot
be explained by the AA correction terms.*® The magnetoresistance
in the present graphene samples (consisting of multiple flakes) in
fields up to 1 T at a temperature of 295 K is presented in Fig. 7b.
Interestingly, the magnetoresistance in this system is positive
with the characteristic quadratic field-dependence for fields
below B* < 0.4 T, consistent with the AA effect. Fitting to the
quadratic behaviour below 0.4 T allows the determination of the
mobility parameter for the present graphene. The mobility in this
type of graphene is calculated as x = 3000 cm® V" s~*. This value
is comparable to other mobility studies in graphene.**°

The situation changes significantly at fields greater than
B* > 0.4 T when a linear field-dependent magnetoresistance is
observed for multi-flake graphene in sharp contrast with the
Altshuler-Aronov predictions (Fig. 7b). Consequently, although
we observe logarithmic temperature variation in resistance at
low temperatures consistent with the previous literature, and
quadratic field dependence of the magnetoresistance at low
fields at room temperature, the unusual change in magneto-
resistive properties at high magnetic fields disputes the AA
effect as the sole origin of this behaviour.

The Altshuler-Aronov effect may certainly be a contributing
factor, but an additional source of the logarithmic R(7) may lie
in a “Kondo”-like contribution to the scattering processes, due
to persistent current-induced orbital moments.>® In the
present graphene sample it is likely that with the applied mag-
netic field persistent currents may develop and flow in the gra-
phene layer, leading to topological two-phase properties. The
existence of linear magnetoresistance may also indicate that
our system is disordered and instead of well localised
vacancies as in Chen et al.** we may have persistent current
confined along the edges of the graphene flakes. Consistent
with the experimental measurements, these persistent current
loops dynamically localize the conduction electrons, leading to
an increased resistance R in the field (positive magnetoresis-
tance) as well as slower decay time in the illuminated graphene
specimens (Fig. 8c & d). As shown by Bulgadaev & Kusmartsev
the linear magnetoresistance may result from a creation of the
two phase system with different electron mobilities.*”

An alternative interpretation of the logarithmic temperature
dependence of resistivity was suggested by Kusmartsev &
Tsvelik who explored spin-orbital and electron-electron inter-
actions in two-dimensional systems having a Dirac electron
spectrum arising in a contact of two semiconductors with
mutually-inverted band structures." Their predictions show a
decrease in resistivity with decreasing temperature." The
authors further demonstrated that the inclusion of the

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 (a) Photoresistance decay time without a magnetic field effect
(B = 0 T) and with magnetic field (B = 1 T). (b) Photovoltage measurements
of epitaxial graphene layers grown on 6H-SiC (000-1) under violet laser
excitation. The red lines indicate the case of the laser (on), while black
lines correspond to the switch off of the laser. The saturation voltage
reaches values of PVg,; ~ 0.6 uV for 1 = 405 nm laser. (c) Excitation of
electrons from the EV to EC of the 6H-SiC substrate and migration of
the electrons to the graphene layers (locations of vacancies/impurities
are indicated in pink). (d) Trapping of holes by vacancies and impurities
which induces persistent currents around flake edges and correspond-
ingly a short transport relaxation time 7, under a magnetic field.
Together, these lead to positive magnetoresistance and considerably
slowed decay times in magnetic fields as shown in (a).

additional contribution of the Coulomb electron-electron
interaction significantly changes its character. This is parti-
cularly relevant for heterogeneous structures with low dimen-
sions. Therefore, the observed effect (Fig. 7a) may occur due to
Coulomb-enhanced electron-electron interaction (EEI),"®
which in the diffusive regime also gives a logarithmic correc-
tion to the resistance, particularly in two-dimensional systems.

4.3 Magnetic dependence of photoresistance decay

In order to achieve a consistent description of the impurities
(defects)-related lifetime degradation, we investigated epitaxial
graphene photoresistance decay under magnetic fields
(Fig. 8a). These measurements reveal that the electron recom-
bination process strongly depends on the local structural
defects and magnetic field presence. We measure the resist-
ance variation under the influence of an applied magnetic
field. We began by illuminating the sample surface by the
violet laser until a stable value of the resistance was reached.
At this level the resistance decay was recorded as the light
turned off in two cases: (1) without the magnetic field and (2)
with a high magnetic field B = 1 T. These two studied
cases have very different time-dependent behaviour. Fig. 8a
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represents the photoresistance excitation and decay. So far we
have described the photo-excitation of epitaxial graphene
above. Here, we will focus on the relaxation process occurring
in these cases, with and without a magnetic field. Without the
magnetic field the relaxation time is relatively shorter. Here,
excited electrons recombine faster. On the other hand even
here the relaxation process takes a significantly longer time (r ~
17 hours) than that with an ordinary semiconductor. Such a
long decay time of the excited charge carriers in the graphene
layers may be associated with lattice defects, including the
surface states. Thus, the electrons may not recombine directly,
especially with the current morphological properties of epitaxial
graphene. There may exist various relaxation processes. In fact,
epitaxial graphene is characterised by its roughness, high
amount of defects, high oxygen impurities and grain bound-
aries between the graphene flakes. These all increase the elec-
tron life-time in the graphene layers. On the other hand, the
decay time or the process of the photoresistance decay observed
under a magnetic field is much longer than that without the
magnetic field. Note that a magnetic field usually has a dra-
matic influence on graphene flakes.**”! In a magnetic field the
graphene flakes transform into topological insulators. The topo-
logical state is characterised by the formation of persistent cur-
rents on flake edges®>>® and the corresponding opening of an
insulating gap inside their bulk. Because of this gap in the
energy spectrum the relaxation is slowed down. In the bulk the
charges are localised and resist taking part in the recombina-
tion process. Here photoresistance decay is mainly associated
with non-uniform edge persistent currents®® where the mobile
charge carriers are concentrated near the flake edges (Fig. 8c &
d). Therewith, the magnetic field then slows down the recombi-
nation processes between the electrons and holes. Therefore,
because of the complex topology of the edge persistent currents,
the relaxation process cannot be generally described by a single
exponential function. Note that this is also the case for a zero
magnetic field. In both cases a decay of photoresistance follows
some power-law (or linear) function which cannot be described
by a single relaxation time. In this paper, we do not discuss the
decay shape or details of the decay process. Here the magnetic
measurements highlight the role of the morphological imper-
fections in epitaxial graphene. The observed behaviour demon-
strates the dramatic reduction of the charge recombination rate
under a magnetic field, as we expected, since the graphene
flakes became topologically insulating. Here, the photoresis-
tance decay lasts significantly longer. Under the magnetic field
the edge currents are formed or enhanced and all mobile elec-
trons are expelled from the bulk to the edges of the graphene
flakes, where most of the defects exist.’>>*>>® The magnetic field
enhances the Coulomb interaction between excited electrons
and separates hole and electron charge carriers. Both factors
slow down the recombination rate between holes and electrons,
leading to longer decay times 7. Other elementary excitations,
like phonons, may need to be included to attain a fuller under-
standing of the mechanisms involved.

Moreover, we argue that a similar transformation of the
graphene flakes into topological insulators is responsible for
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the magnetoresistance (MR) observed here (see, Fig. 7b). Here
we see that the MR increases nearly linearly when the mag-
netic field rises from 0.4 to 1 T. We argue that this MR increase
is associated with the creation of persistent currents which
form a nontrivial topology. In fact, such a linear increase of
the MR may be associated with a formation of a two phase
system.”” Here the two phase system is dictated by the nature
of the topological insulator created from the graphene flakes
by a magnetic field. The bulk of the flake is insulating and the
edges are conducting. Thus, the magnetoresistance and photo-
resistance decay time measurements are complementary,
highlighting the nontrivial effects and the photo-physical
properties of epitaxial graphene.

4.4 Epitaxial graphene photovoltage time dependence
“EGPVTD”

Motivated by the unique photoresistance response, we have
examined the photovoltage effect. We have presented epitaxial
graphene photovoltage time dependence “EGPVTD”. To the
best of our knowledge the EGPV has not been reported to date
in the literature. The photovoltage responses investigated here
were examined in detail under violet laser (A = 409 nm) illumi-
nation, for reasons as argued above. Fig. 8b depicts the
EGPVTD signal recorded with (on) and without (off) photo-
excitation. The EGPVTD response shows pronounced oscil-
lations saturating at about 6 x 10”7 V at extended time inter-
vals (1200 s). Here, electrons are excited from surface states
towards the conduction band, which causes a decrease in the
deflection of bands in the surface regions. These electrons,
after reaching the conduction band of the SiC substrate, pass
to the graphene layers to occupy new levels of energies. This in
turn causes an increase in the PV value.** At this stage, excited
electrons undergo scattering interactions on approaching a
quasi-equilibrium state inside the system. In the quasi-equili-
brium state the photovoltage value finally saturates and
becomes constant. The fluctuations in the photo-voltage may
be attributed to the trapping of electrons by impurities.
A quasi-periodic EGPV signal behaviour was observed over
several time intervals, such as 60 s, 200 s and 1500 s. However,
the voltage becomes stable after 1500 s, highlighting the
system settling into a quasi-equilibrium state. This equili-
brium state could also be verified from the EGP measure-
ments, where the resistance reaches its maximum for time
constants exceeding 1200 s (see, Fig. 5a). However, the fluctu-
ations of the excited electrons are better seen as oscillations in
the EGPVTD measurements.

5. Conclusions

In summary, we have revealed new photoresistance and photo-
voltage responses in epitaxial graphene grown on 6H-SiC face
terminated carbon (6H-SiC (000—1)). For the first time, we
showed that epitaxial graphene photoresistance increases
under light illumination. Detailed measurements were done
for a violet laser of wavelength 4 = 409 nm due to its close
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energy to the 6H-SiC substrate gap. We have observed the most
prominent photo-response in graphene grown on the
C-terminated 6H-SiC substrate, which we believe to be due to
the non-trivial roughness of its surface topology. We argue that
the observed effects are associated with the morphological
imperfections characterising the epitaxial layers grown on face
terminated carbon. Here a range of measurement techniques
were used: X-ray photoelectron spectrometry, atomic force
microscopy, Raman spectroscopy, and magneto-photoresis-
tance decay analyses. We expect that our findings may attract
attention towards photovoltaic applications of the epitaxial
graphene oxide grown on face terminated carbon, despite its
random growth and well known imperfections. Here, we have
shown that its morphological texture is responsible for the cre-
ation of its unique photo-effects. These stable, long-lifetime
phenomena create the possibility of using epitaxial graphene
in new photodetector technologies.
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