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Capacitive photocurrent spectroscopy is used to probe the electronic states of graphene-

oxide, and reduced graphene-oxide. Three peaks are observed whose intensities scale with

the oxygen coverage. The energy of these peaks correlate with the luminescence spectra

reported for graphene-oxide. Using a fitting procedure, the density of states for graphene

oxide is extracted from the data. It consists of the p/p* states along with a distribution of

mid-gap states centered at three different energies near the Dirac point. X-ray photoelec-

tron spectroscopy measurements are used to identify the oxygen functional groups corre-

sponding to the observed state distribution.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Graphene is a semi-metal, with a continuous distribution of

states available for the p-conduction electrons [1] and hence

has relatively high conductivity. Graphene oxide (GO) on the

other hand, is an insulator, with very low conductivity [2,3].

Theory suggests that the GO electronic density of states

(DOS) varies non-monotonically with energy, and contains

numerous gaps and peaks. The exact form of the DOS is pre-

dicted to depend on the oxygen coverage on the graphene sur-

face [4,5]. For certain oxygen concentrations, semiconducting

behavior is expected. This implies the possibility of tuning the

GO conductivity by varying the oxygen concentration.

Optical spectroscopy is the primary experimental tool that

has been used to explore the GO DOS. The GO absorbance

spectrum is very broad with a peak at 5.4 eV, and a smaller

shoulder at 3.9 eV. The main peak is thought to be due to

the graphene p/p* transition, while the shoulder has been
er Ltd. All rights reserved
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attributed to the n–p* transition of C@O. Photoluminescence

spectra have been reported by three different groups. Luo

et al. observe a broad photoluminescence peak centered at

1.65 eV which shifts to somewhat lower energy following

reduction [6]. Nanometer scale strips of GO (measured by

Sun et al.) show somewhat higher energy luminescence

(2.18 eV) possibly because of quantum confinement [7]. Final-

ly, measurements of reduced GO (rGO) by Eda et al. show

much higher energy luminescence centered at 3.2 eV [8].

Thus, the GO optical spectrum clearly varies with the synthe-

sis conditions and geometry; however, overall the measure-

ments do not show an obvious decrease in band-gap with

decreasing oxygen coverage.

Here we examine the DOS for GO and rGO using a new

measurement technique called capacitive photocurrent spec-

troscopy, or CPS [9,10]. While similar to absorption spectros-

copy, CPS is unique in that it specifically measures

absorption due to the formation of charge carriers, while
.
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Fig. 1 – Schematic of the capacitive photocurrent

spectroscopy measurement set-up.
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being uninfluenced by absorption due to vibrational states of

the lattice, or non-mobile impurity states [11]. The capacitive

photocurrent spectrum of GO has three dominant peaks. Two

of these peaks match well with published optical spectros-

copy data, while the third, low energy peak is new to the

CPS measurement. A numerical fitting procedure is used to

extract the GO DOS from the measured results. It is shown

that the observed features can be ascribed to transitions be-

tween the p/p* graphene levels and mid-gap states due to car-

boxyl groups. Reduction of the GO results in the re-emergence

of the background density of states due to the graphene,

along with additional states due to defects. The three peaks

due to the GO also remain, indicating the continued presence

of oxidized regions.

2. Experimental

GO was synthesized from graphite powder (SP-1 grade 325

mesh, Bay Carbon Inc.) by a modified Hummers method [12]

as originally presented by Kovtyukhova et al. [13]. The graph-

ite powder (12 g) is pre-oxidized in a solution of concentrated

H2SO4 (50 ml), K2S2O8 (10 g) and P2O5 (10 g). The mixture is

then diluted with DI, filtered, washed and allowed to dry in

air. For further oxidation, concentrated H2SO4 (460 ml) is

added while maintaining the temperature at 0 �C using an

ice bath. KMnO4 (60 g) is added slowly while keeping the tem-

perature under 10 �C and stirred for 2 h at 35 �C. After that,

distilled water (920 ml) is added slowly while keeping the

temperature under 50 �C. More DI water (2.8 l) and 50 ml of

30% H2O2 is added and allowed to settle for a day. The mixture

is then centrifuged, washed with 10% HCl solution followed

by DI water, dried in air and diluted further to make a 2%

w/w dispersion that is put through dialysis for 2 weeks. Final-

ly the GO sample is prepared by drop casting this 2% aqueous

dispersion solution onto an ITO coated quartz substrate.

Reduced GO samples were synthesized by following the

procedure presented by Wei Gao et al. [14]. Briefly, 1 g l�1 col-

loidal solution of dry GO in DI water is subjected to three step

reduction process: de-oxygenation with NaBH4 (Sodium boro-

hydride) for 1 hr at 80 �C; dehydration with concentrated sul-

furic acid at 120 �C with stirring for 12 h; and annealing at

1100 �C under a 1300 sccm gas flow of Ar/H2 (15 vol%) for

15 min. The resulting solid is then dispersed in dimethylform-

amide (DMF) by sonication for 50 min. Finally, this dispersed

solution is used to prepare the rGO samples by drop casting

onto an ITO coated quartz substrate.

Capacitive photocurrent measurements were performed

using the set-up shown in Fig. 1 [9,10]. The GO sample lies

on top of an ITO coated quartz slide, which is anchored to a

copper plate within an evacuated optical cryostat. Electrical

contact is made between the copper plate and a gold pad

deposited near the edge of the ITO layer. The sample is illumi-

nated with light from an optical parametric amplifier (OPA)

which emits a series of 120 fs light pulses at a 1 kHz repetition

rate. The output power is kept constant at 5 mW, and the pho-

ton energy is tuned between 0.5 and 4.0 eV. Light absorption

occurs in the GO film, producing electron–hole pairs. (The

ITO and quartz are both transparent to light within this en-

ergy range, while an opening allows light to pass unabsorbed
through the copper ground plate.) The copper plate is floating

with respect to the ground electrode. This means that photo-

generated dipoles produced anywhere between the gold and

copper electrodes will be detected as a voltage on the copper

plate. (This ‘‘floating probe technique’’ is a standard method

to detect photo-induced charge separation [15–17].)

As observed in organic solar cells, the ITO acts as an

acceptor for negative photoexcited charge, causing the

electron–hole pairs to separate across the GO/ITO interface.

This produces an ac voltage, whose magnitude is proportional

to the amount of excited charge, multiplied by the charge

separation distance, and whose frequency is equal to the

laser repetition rate. An applied DC potential Vdc causes the

negative charge to be attracted to the ITO/quartz interface,

amplifying the capacitive photocurrent signal. The vast

majority of the DC bias drops across the quartz, but the small

amount of field in the ITO is still sufficient to drive the charge

separation. Since the ITO acts as an electron acceptor, a posi-

tive voltage must be applied on the Cu plate to attract the neg-

ative charge. No signal is observed if the bias is reversed. The

voltage is converted to a current through a current amplifier,

and detected with a lock-in amplifier synched to the laser rep-

etition rate. Only a small dipole field is necessary to account

for the extremely small signal that we measure (currents in

the pA range, corresponding to 10�8 electrons per photon).

3. Results and discussion

Capacitive photocurrent measurements were performed on

three different GO samples. The raw photocurrent data is nor-

malized in units of electrons/photon by dividing the mea-

sured photocurrent (in electrons/s) by the number of

photons/s (determined by dividing the laser power by the

excitation energy). The results are shown in Fig. 2 (blue solid

lines). Two of the samples ((a) and (b)) were synthesized in our

laboratory, using the procedure described in the experimental

section above, while the sample shown in (c) was purchased

from a commercial supplier (Graphene Supermarket). Three

peaks are observed at approximately 0.7, 1.6 and 3.2 eV and

are marked as m, d, and j). Strong minima occur at 2.1 eV,

and beyond 4 eV, indicating gaps in the density of states. Sim-

ilar results are observed for all three GO samples, although

there are variations in the peak position and magnitude. A



Fig. 2 – Capacitive photocurrent spectra of three GO samples (solid blue line). Three peaks are observed at 0.7, 1.6 and 3.2 eV,

(marked as m, d, and j, respectively). The dashed red curves are calculated following Eq. (2) and using the density of states

for GO as shown in Fig. 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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comparison to the literature shows that there is a correlation

between the two higher energy peaks in the CPS and previous

optical spectroscopy measurements of GO. The d-transition

at 1.6 eV is very close to the peak luminescence energy

(1.65 eV) emitted from a GO sample in solution [6]. The

j-transition at 3.2 eV (corresponding to a wavelength of

388 nm) is near the shoulder in the absorbance spectrum of

GO observed at 320 nm, and also close to the wavelength

of blue luminescence observed for partially reduced GO

(390 nm) [8]. While the transitions match reasonably well,

precise comparisons between our samples and those in the

literature are difficult since the reported luminescence peaks

are very broad, and variations are observed due to the geom-

etry of the GO sample [7], and the background pH [6]. The ob-

served peaks could also be affected by the environment in

contact with the GO, which is known to broaden, or shift

the PL spectrum [8].

Since the capacitive photocurrent measures absorption

due to the formation of charge carriers, the data can be

understood using the standard description for electron

band-to-band transitions. The capacitive photocurrent signal

C(hm) is proportional to the product of the initial and final

states integrated over all possible transitions for a given exci-

tation energy hv, or

CðhmÞ ¼ j
Z EF

EF�hm
DðEÞDðEþ hmÞdE ð1Þ

where D(E) is the density of states in the GO, EF is the Fermi

energy, and j is a proportionality constant. To simplify the

analysis, we assume that the probability for all different pos-

sible transitions is equal (j held constant), and that all states

below the Fermi energy are filled, while states above the Fer-

mi energy are empty (zero temperature approximation)

[18,19].

For GO, the DOS is unknown, so it is not possible to calcu-

late C(hm) directly from Eq. (1). However, using the capacitive

photocurrent spectrum and working backwards from Eq. (1),
it is possible to obtain a fit of D(E) to the experimental data.

The analysis is as follows (see Supplementary information

for a detailed description of the fitting procedure). The capac-

itive photocurrent Ci is measured for a set of equally spaced

excitation energies, hm ¼ i� DEi where i is an integer ranging

from imin to imax, and DE is the excitation energy spacing. This

leads to the following discretized version of Eq. (1):

Ci ¼ j
Xi

j¼1

D�jDði�jÞ þ 1 ð2Þ

Here, D±j is defined at energies Eþj ¼ EF þ ðjþ 1=2ÞDE for

empty states above the Fermi energy, and

E�j ¼ EF � ðj� 1=2ÞDE for filled states below the Fermi energy

for j ranging from 1 to imax. This gives a set of (imax � imin + 1)

coupled equations which together contain 2� imax different

Dj values. In practice, an interpolation is first done from the

measured data so that in all cases DE = 0.11 eV, imin = 5, and

imax = 37.

Because there are more than twice as many unknown Dj

values as there are equations, it is impossible to solve for Dj

exactly. Instead, a fitting procedure is used. All values of

Dj are initially set to an arbitrary constant. Next, one of the

Dj is chosen at random, and the Levenberg–Marquardt

algorithm is used to determine the value for this Dj that pro-

vides the best possible fit to the experimental measurements

(keeping all other D values fixed). This is repeated until a fit

has been done for each Dj. The entire process is then repeated

until a stable set of Dj values has been obtained. This fitting

algorithm is found to generate a reproducible and stable

D(E) versus energy dependence, from which a close approxi-

mation to the observed capacitive photocurrent spectrum

can be obtained.

Fig. 3 shows the GO DOS determined by applying this pro-

cedure to the three capacitive photocurrent spectra shown in

Fig. 2, while the dashed red lines in Fig. 2 show the capacitive

photocurrent calculated from the extracted GO DOS. (The

excellent match between the experimental and theoretical



Fig. 3 – Predicted density of states for GO following the fitting of Eq. (2) to the data plotted in Fig. 2. Transitions between the

filled and empty states (as shown by the m, d, and j transitions in (a)) produce the peaks observed in the capacitive

photocurrent. The dashed blue line in (c) is the calculated DOS for graphene. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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capacitive photocurrent spectra demonstrates that the fitting

procedure is working properly). There is a clear variation be-

tween the DOS calculated for the different samples, but each

also contains a similar set of peaks which provide for the

transitions observed in the photocurrent. There are two high

energy peaks in the GO DOS near ±2.6 eV which are approxi-

mately symmetric to the Fermi energy, and three mid-gap

features, one occupied below the Fermi energy, and two

empty above the Fermi energy. For comparison, the density

of states for graphene is also shown, calculated using the

tight binding dispersion relation with an overlap integral of

2.6 eV. The high energy peaks at ±2.6 eV correlate reasonably

well with the p and p* peaks expected for the graphene DOS,

and are marked as such in the figure. Their presence implies

that some influence from the graphene still remains, even in

the oxidized sample, and agrees with the picture that there is

significant inhomogeneity of the oxidation coverage within

the GO plane [4,5,20,21]. Note that the p and p* peaks are

not expected to be precisely symmetric with respect to the

Fermi energy because the sample can be doped by the interac-

tion with the substrate or the environment. The amount of

this doping varies from sample to sample. Comparison of

the capacitive photocurrent data to the calculated density of

states shows that the three peaks in the data can be ac-

counted for by transitions from the lowest energy occupied

peak to the three lowest energy unoccupied peaks (marked

as m, d, and j in Fig. 3(a)).

To see the effect of reduction on the GO density of states,

capacitive photocurrent measurements were also performed

on three different rGO samples. The results are plotted in

Fig. 4. As with the GO, two of the samples ((a) and (b)) were

synthesized in our laboratory, while the other sample (shown

in (c)) was purchased (Graphene Supermarket). The spectra

are more complicated, and less similar to each other than

with the GO samples. In general, three peaks (marked as m,

d, and j) are once again observed, but they now lie on a grad-

ually increasing background. Applying the described fitting

procedure to this data, we extract the DOS plots shown in
Fig. 5 (where once again the calculated graphene DOS is in-

cluded for comparison). The peaks observed in the GO DOS

are still visible, however, a number of additional peaks fill

the hard gaps where D(E) dropped to zero in the GO. As shown

by the dashed line in Fig. 4, the capacitive photocurrent calcu-

lated from this density of states provides a good fit to the

measured result.

From these results it is clear that the GO reduction does

not completely remove the influence of the oxidation and re-

turn the sample to a pristine state. It has been demonstrated

that GO reduction does not completely quench the lumines-

cence, and thus the recombination centers due to the oxygen

must still be present [4,6,8,20,21]. Recently, Gmez-Navarro

et al. has shown that rGO consists of fully reduced graphene

areas in a matrix of partially reduced graphene oxide with

clustered defects [22]. Presence of additional peaks in the

DOS of rGO can be attributed to the combination of the DOS

due to graphene and the energy states originating due to

these clustered defects. Also, the energy of the states due to

the oxygen does not change with reduced oxygen coverage.

Instead, there is simply a decrease in the average electronic

density at the peak energies. This implies that there is consid-

erable inhomogeneity in the oxygen coverage, and that it can-

not be assumed that the oxygen occupies the graphene

surface in a few stable, well defined uniform configurations

[4,5].

To identify the functional groups existing in the GO and

rGO samples X-ray photoelectron spectroscopy (XPS) data

are presented in Fig. 6. After subtracting a constant back-

ground, X-ray photoelectron spectra of the carbon 1s level

are de-convoluted into various components using Gaussian

peak line shapes. As reported in the literature, the resulting

de-convoluted peaks can be attributed to the different func-

tional groups of the carbon atom [20,21]. The GO and rGO

samples, all show evidence for the graphitic non-oxygenated

C ring (C–C, �284.6 eV), the C–O single bond (�286.2 eV), the

C@O double bond (�287.8 eV) and the O–C@O groups

(�289.1 eV) [20]. The peak intensity varies considerably



Fig. 4 – Capacitive photocurrent spectra of rGO (solid blue curves). Three peaks, on top of a monotonically increasing

background, are observed at 0.7, 1.6 and 3.2 eV, (marked as m, d, and j, respectively). The dotted curve is calculated following

Eq. (1) and using the density of states for rGO as shown in Fig. 5. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Fig. 5 – Predicted density of states for rGO following the fitting of Eq. (2) to the data plotted in Fig. 4. Transitions between the

filled and empty states (as shown by the m, d, and j transitions in (a)) produce the peaks observed in the capacitive

photocurrent. The dashed blue line in (c) is the calculated DOS for graphene. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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between the different samples, with the peaks associated

with the oxygen groups being stronger in the GO sample than

in the rGO. In addition, the rGO sample has one extra compo-

nent at 285.9 eV, indicating the presence of a carbon–nitrogen

group. The nitrogen is presumably introduced during the

reduction process [20,21].

There is still a great deal of uncertainty concerning the

chemical and electronic structure of GO, however, our results

generally agree with previously published optical absorbance

and luminescence measurements. Our calculated DOS for GO

roughly consists of the two p/p* peaks, plus three additional

mid gap states at �0.5, 0.4 and 1.5 eV. Published absorbance

measurements of GO clearly show a peak due to the p/p* tran-

sitions of C@C [7,8,23], supporting our assignment of the p/p*

states to the high energy features appearing in our calculated
DOS. The available energy range of our laser system is not

large enough to observe the direct transition between the

p/p* states, however. The j transition in the CPS has an

energy of 3.2 eV (corresponding to a wavelength of 388 nm)

which correlates reasonably well with the 320 nm shoulder

observed in the absorbance spectra of GO. This has been

attributed to n–p* transitions of C@O [8,23]. In our DOS calcu-

lation, it is seen as a transition between a mid-gap state at

�0.5 eV and the p* state, suggesting that the �0.5 eV state is

the non-bonding orbital of the oxygen atoms [23]. The

presence of C@O double bonds are also indicated by the XPS

measurements. The d transition has energy of approximately

1.65 eV (corresponding to wavelength of 750 nm) which is

equal to the peak luminescence energy emitted from a GO

sample in solution. This peak has been attributed to a



Fig. 6 – X-ray photoelectron spectra (red curves) of (a) GO and

(b) rGO samples with de-convoluted components (light

colored curves). (For interpretation of the references to

colour in this figure legend, the reader is referred to the web

version of this article.)
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localized energy state at the oxidation sites [24], and from this

information, we can tentatively ascribe the 1.5 eV states in

the DOS to the carboxyl groups. The m transition at 0.65 eV

is an outlier that does not match any feature previously

observed in the optical and absorbance spectra of GO. (We

note though that previous experiments have not focused on

this low energy regime.) Theory suggests that sp2 clusters

isolated within a sp3 matrix result in energy gaps of around

0.5 eV. However, this would require well organized oxygen cov-

erage on a carbon surface, something that is not indicated by

our measurements, or TEM images of the GO surface [25].

4. Conclusion

In summary, we describe a direct experimental probe of the

GO density of states for two different oxygen coverages using

capacitive photocurrent spectroscopy. Three additional peaks

in the DOS of GO appear near the Fermi energy along with

standard p/p* peaks present in graphene DOS. Reduced graph-

ene oxide (rGO) shows three less intense additional peaks

with no hard gaps near Fermi energy as seen for the GO sam-

ple providing the evidence of some residual oxidation. XPS

measurements confirm the presence of similar oxygen func-

tional groups in all the samples (GO and rGO) with varying

intensity dictating the oxidation content percentage.
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