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ABSTRACT: We report the photoresponse of a hydrogenated
graphene (H-graphene)-based infrared (IR) photodetector that
is 4 times higher than that of pristine graphene. An enhanced
photoresponse in H-graphene is attributed to the longer
photoinduced carrier lifetime and hence a higher internal
quantum efficiency of the device. Moreover, a variation in the
angle of incidence of IR radiation demonstrated a nonlinear
photoresponse of the detector, which can be attributed to the
photon drag effect. However, a linear dependence of the
photoresponse is revealed with different incident powers for a
given angle of IR incidence. This study presents H-graphene as a tunable photodetector for advanced photoelectronic devices
with higher responsivity. In addition, in situ tunability of the graphene bandgap enables achieving a cost-effective technique for
developing photodetectors without involving any external treatments.
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1. INTRODUCTION

Graphene has demonstrated a great promise for ultrabroadband
(∼500 GHz) photodetection with a fast response time of ∼1.5
ps due to its gapless band structure.1−4 However, a very short
lifetime of photogenerated carriers limits its quantum efficiency
to below 30% and responsivity to 0.1A/W.5 Therefore, in order
to efficiently generate the photocurrent, it is essential to
separate the generated electrons and holes on a subpicosecond
time scale.6 The sensing scheme offered in most of the reported
graphene photodetectors exploit either hybrid structures,7

graphene-metal junctions,8,9 or graphene p−n junctions10,11

for enhancement in the photocurrent, which experiences a
smaller effective junction area for overall lower optical
absorption and hence still faces a limited responsivity as
compared to the other materials like InAs−InGaAs quantum
dot.12 Moreover, all of these studies were based on field effect
transistors containing exfoliated graphene that are not suitable
for large-area applications.13 Therefore, band structure
engineering of large-area graphene has recently been attempted
to enhance photoresponsivity.14,15 Subsequently, chemical
functionalization16,17 and doping18,19 of graphene have
presented promising methods for tuning the band gap in
graphene. In particular, chemical binding of hydrogen to the
graphene lattice transforms the sp2 hybridization to sp3, which
in turn opens the band gap by removing the conducting π-
bond.20 The band gap can be further tuned by controlling the
amount of hydrogen bonding to the surface of graphene.21 In
addition, hydrogenated graphene (H-graphene) shows rever-
sible characteristics of the metallic state after hydrogen is
removed from the lattice, as was described by Elias et al.22

Thus, H-graphene could present the requisite photocarrier
lifetime, similar to that of conventional semiconductors, while

achieving better photoresponse. There is no report to date on
the H-graphene photodetector, which is the motivation of
present study. In this report, we present H-graphene as a novel
photodetector material for infrared (IR) sensing. This study
reveals a strong optical angle dependence, which greatly
impacts the photoresponse of the H-graphene and presents
its tunable characteristics by injecting a variable optical power.
Graphene was synthesized on a copper foil by chemical vapor

deposition (CVD). Exposing graphene to the hydrogen plasma
for 2s enabled hydrogen functionalization of graphene. A
detailed growth procedure is described in the Experimental
Methods.
Figure 1a,b shows the Raman spectra of both pristine and H-

graphene samples. In Figure 1a, the pristine graphene shows a
2D band at 2678 cm−1 and a G band at 1583 cm−1. The G band
corresponds to the in-plane vibration of optical E2g phonons at
the Brillion zone center, whereas the 2D band is a two-phonon
intervalley double resonance scattering of a transverse optic
(TO) phonon. The intensity ratio of 2D to G bands (I2D/IG) is
∼2.4, which indicates single-layer graphene. The peak at 1342
cm−1 is a defect mediated D band induced by the double
resonance of the TO phonon and a defect at the K-point of the
Brillion zone center. The relatively weak intensity of the D
band (ID/IG ∼ 0.18) illustrates a high quality of the graphene.
Figure 1b depicts the Raman spectra of the hydrogen plasma
treated graphene; a substantial increase in the intensity of the D
band is demonstrated, while the 2D band almost disappeared,
which signifies the attachment of hydrogen to the graphene
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lattice. Moreover, two new modes appear; one is at 1615 cm−1,
known as D′ band, due to the intervalley double resonance
process in the presence of defects, the second new mode is at
2930 cm−1 that is a combination of both D and G modes,
known as D + G mode. Therefore, an increase in D band
intensity and the emergence of new disorder-induced peaks
activated by hydrogenation of graphene indicated the presence
of point defects mostly related to C−H sp3 bonding, which
breaks the translation invariance in the pristine graphene.22

From the intensity ratio of D to G bands of H-graphene, ID/IG
∼1.6, the average distance between the defects, LD, is estimated
to be ∼1.7 nm, using an empirical relationship23−25 that
corresponds to the size of the defect free area or sp2 hybridized
island.
H-graphene was further characterized by X-ray photo-

emission spectroscopy (XPS). Figure 1c,d illustrates the C1s
core level spectra of pristine (without hydrogen treatment) and
hydrogen plasma treated graphene, respectively. The XPS
spectra of the pristine graphene can only be fitted with a single
peak at binding energy (BE) of 284.7 eV corresponding to sp2

hybridized carbon atom (C−C bond) in the graphene. In
contrast, the C1s spectrum of H-graphene is fitted with two
peaks−a higher intensity peak at 284.7 eV, which is similar to
that of the pristine graphene and the second peak is at higher
BE of 285.2 eV that is assigned to the sp3 hybridized C-atoms
due to the formation of C−H bond after hydrogen plasma
treatment. Hence, it is clear that H-graphene contains both the
sp2 and sp3 phases due to nonuniform attachment of hydrogen
in the carbon lattice. The hydrogen coverage in H-graphene
was calculated to be 33% from the intensity ratio of sp3 and sp2-
hybridized C-components of the C1s spectra. Moreover, a

lattice mismatch between copper substrate and graphene causes
a shift in both the peaks by 0.2 eV as compared to the reported
values.26

Photoresponse of the H-graphene device was measured in
two different experiments: (i) the incidence angle of the IR
source was varied with respect to the plane of graphene at a
fixed IR power and (ii) the IR power was varied at each angle of
optical incidence. Furthermore, each experiment was performed
at three different electrical conditions, namely, saturation,
cyclical, and sweep. In the saturation and cyclical experiments
the corresponding change in the resistance (drop in the
voltage) was measured by passing a constant current of 100 μA.
The saturation data was acquired at a fixed IR exposure until
the resistance (drop in the voltage) reached a constant value,
wherein the cyclical measurements, the IR radiation was
periodically exposed for a time interval of 60 s, and the
corresponding changes in the resistance were recorded. In
addition, the voltage was swept from −1 to 1 V before IR
exposure and during electrical saturation. All the measurements
were carried out at room temperature. The change in the photo
induced electrical conductivity of H-graphene was estimated
from the differential conductivity (dI/dV) plotted with respect
to the applied bias with and without IR exposure.

2. RESULTS AND DISCUSSION
Figure 2a shows a schematic diagram of the experimental setup
for the photodetection study. The H-graphene is placed
between the gold electrodes, and the incident radiation is
shown at various angles between 30 and 120°. Figure 2b
elucidates the band diagram of H-graphene; the bandgap
opening in the graphene is due to the hydrogen treatment of

Figure 1. Raman spectra of single-layer graphene (a) before hydrogenation and (b) after hydrogenation; (b, inset) schematic of the hydrogen-
incorporated graphene lattice. C1s core-level XPS spectra of single-layer graphene (c) before hydrogenation and (d) after hydrogenation.
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the graphene results in reducing the carrier recombination and
in turn enhances the photoresponse in H-graphene. Figure 2c
illustrates the saturation response of H-graphene device as a
function of exposure time for different IR powers. The
normalized resistance (R/R0) was calculated by normalizing
the measured resistance (R) upon exposure with the initial
resistance (R0) measured without exposure of IR radiation. The
measurement was performed at a continuous IR exposure until
the photoresponse achieves a steady state and subsequently the
IR radiation was turned off. Similar measurement was repeated
for different IR radiation powers at a fixed incidence angle of
30°. At all incident powers, the resistance of the H-graphene
device decreases exponentially as the IR was turned on. After a
longer period of exposure, it tends to saturate, and the
resistance recovers to its original value after the radiation was
turned off. This change in resistance revealed a photo-
responsivity of H-graphene device toward IR radiation. It is
remarkable to note that the magnitude of photoresponse in H-
graphene is 3−4 orders of magnitude higher than the earlier
reported response in pristine graphene.27 The measured change
in resistance while saturation is 423, 786, 1101, and 1524 Ω for
the power of 65, 100, 150, and 200 mW, respectively, while
pristine graphene demonstrated a change of 133, 246, 370, and
437 Ω for the same powers, respectively.
Photoelectric current generated by excitons across the device

channel mainly contributes to the photoresponse in H-
graphene upon exposure to IR radiation. These excitons are
generated when incident photons excite the electrons from the
valence band to the conduction band; the electrons are later
separated into free carriers and simultaneously accelerated by

the external bias applied across the device channel in the form
of photoelectric current. The enhanced photoresponse in H-
graphene can be explained by considering a finite bandgap in
the graphene band structure because hydrogen incorporation
breaks the symmetry between the two carbon atoms in the
graphene unit cell hence opens a finite gap at the Dirac point of
the band structure.28

Thus, the enhanced photoinduced carrier lifetime of
generated charge carriers increases the internal quantum
efficiency of the device that resulted in improving the
photoresponsivity of the device. Therefore, the performance
of the H-graphene is similar to a conventional semiconductor.
It is worth noting that the device takes a longer time to reach
the saturation state as the radiation power increases. This could
be contributed to the carrier scattering effect with the increase
in IR power, the number of incident photons increases, and
thus increases the rate of collision among a large number of
available free carriers also enhances. Due to the multiple
scattering, the carrier acceleration is limited by a change in their
momentum and thus the hot carriers (both electron and holes)
take a longer time to reach the electrodes.
The cyclic response of the device with the periodic exposure

is elucidated in Figure 2d that reveals a high photoelastic
response of the device at all incident IR powers. The
exponential decay and rise of the resistances, R1 and R2,
respectively, are fitted with the following equations:

τ
= −

⎛
⎝⎜

⎞
⎠⎟R A

t
exp1 1

1

1 (1)

Figure 2. (a) Schematic of the experimental setup; the source meter is connected to H-graphene placed between gold electrodes, and a variation in
the IR incidence angle (30−150°) is shown by arrows. (b) Schematic of the band-diagram of graphene after hydrogenation showing a band gap
opening. (c) Normalized change in the resistance for saturation response. (d) Cyclic response at different IR powers at a constant incident angle of
30°.
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where A1 and A2 are constants, τ1 and τ2 are the decay and rise
time constants, respectively, for the cyclical response curve. The
values of τ1 and τ2 are measured and found to be within a range
between 35 ± 3 s and 30 ± 2 s at different powers.
The effect of optical incidence (variation in the angle of IR

exposure) on the photoresponse of H-graphene device was
measured with respect to the graphene plane for both the
saturation and cyclic cases, as illustrated in Figure 3. In each
case, the measurements were recorded for different IR powers.
The normalized change in resistance, ΔR/R0 (photoresponse),
where ΔR is the difference between initial resistance and the
measured resistance (R0 − R), varies with the sinusoidal
function of the incident angle. The lowest photoresponse
occurred at 120°, while the maximum response is measured at
around an angle of 60°. The resulting curve for the change in
electrical response (ΔR/R0) with the angle of incidence (θ) is
fitted with a relationship given by (ΔR/R0) = A sin(n(θ + Φ)),
where A denotes the amplitude of the sinusoidal function, n is
an integer, and Φ represents the phase shift dependent on the
incident power. The nonlinear photoresponse of the H-
graphene device with the incident angle can be understood
by photon drag effect; the momentum of the absorbed photons
is transferred to the free carriers through electron−phonon
interaction.29 This phenomenon is observed when the
momentum relaxation rate is small due to a strong electron−

phonon coupling leading to higher momentum transfer rate.
The photon-drag current is highly angle-dependent because of
the directed motion of the free carriers caused by the absorbed
photon momentum, which is very similar to the optical
rectification effect of the second order optical quadruple
nonlinearity.29 A similar effect has been observed earlier in
carbon nanotube,29 nanographite,30 and pristine graphene.27

Similar to that in semiconducting materials,31−34 charge carrier
generation in H-graphene takes place through interband
transition when a photon is absorbed.29 In this process, H-
graphene has clearly shown a relatively higher momentum
relaxation time as compared to the pristine graphene which
causes an enhancement in the response of the device.
It is interesting to note that with the increase in the source

power, the maximum photoresponse shifts toward the lower
incident angle, as depicted in Figure 3a by a dotted line. Higher
power (200 mW) showed a maximum response at 30°, and at
the lower power (65 mW), the maximum photoresponse was
noticed at 60°. Variation of both the power and angle of
incidence of radiation is a combined method for varying the
photon flux on to the graphene surface. The coupling efficiency
between the angle of incidence and IR power decides the
resultant photon flux, which is maximum at lower angle and
higher power, and thus, a progressive shift in maximum
responsivity occurred at lower angle with the increase of IR
power. In the case of cyclic measurement (Figure 3b), a
complete sinusoidal response was observed, but it is different
from saturation measurements. The observed discrepancies are

Figure 3. Normalized change in the resistance is plotted with different angle of incidences for different IR powers during (a) saturation and (b)
cyclical experiments.

Figure 4. (a) Normalized change in the resistance as a function of IR power at different angles of IR incidence for saturation measurement and (b)
change in the carrier concentration during cyclical experiments with the variation in the angle of IR incidence at different radiation power.
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due to the change in exposure time, which indicates that the
exposure time is also a crucial parameter in photoresponse of
H-graphene.
The optical power-dependent response of the device is

extrapolated from Figure 2c and is plotted in Figure 4a. A linear
increase in the photoresponse with the incident power is
depicted for the saturation experiments, and a similar linear
dependence response is also observed for cyclic experiments for
all the angles of incidence. It is clear that higher incident power
contributes greater number of incident photons and thus
greater generation of excitons, which results in a higher
photoelectric current and thus higher photoresponsivity. The
photo generated carrier concentration is calculated by using the
equation in ref 35. Figure 4b shows the change in carrier
concentration as a function of angle of incidence at different IR
powers during cyclical experiments. The generated curve is
fitted with a cosine function given by Δη = A cos(n(θ+Φ)),
where A denotes the amplitude, n is a constant, and Φ
represents the phase shift depends on the incident power,
which confirms our earlier observation on the nonlinear change
of resistance as was illustrated in Figure 3.
Figure 5a shows a typical current−voltage (I−V) character-

istic of H-graphene device measured by sweeping voltage from
−1 to +1 V, with and without IR exposure. The inset reveals a
closer view of both the currents at negative bias. Overall, linear
I−V characteristics are demonstrated, however, the nonlinear
characteristics of I−V curves are clearly visible at lower voltage
when the differential conductance (dI/dV) is plotted with
respect to the voltage, as shown in Figure 5b.
As previously mentioned, the hydrogen attachment to

graphene produces a mixed phase structure with a fraction of
C−C sp2 and C−H sp3 bonding, which builds up an
inhomogeneous potential distribution across the device channel
while applying an external bias. The tunneling current between
the two mixed phase structures results into a nonlinear I−V
characteristic (Figure 5a). It is worth noting that the minima of
the differential conductivity curve shift toward the charge
neutrality point when the IR was turned on. This elucidates that
the photogenerated carriers also produce additional electric
field opposing the already existing internal field. Lee et al.36

demonstrated an internal electric field produced by the
Schottky contact between graphene−gold separates the photo-
excited carriers (excitons) without applying any external bias.
However, in our measurement, an external bias is required to
separate the excitons, as the carrier mobility of our CVD
graphene is very low (1200 cm2 V−1 s−1), and thus the

aforementioned self-produced internal field in the device is
insufficient to separate the electron−hole pairs before they
recombine.

3. CONCLUSION

An enhanced photoresponse in a H-graphene photodetector is
demonstrated. The photoresponse of H-graphene is measured
nearly 3−4 times higher than that of pristine graphene. A linear
photoresponse with IR powers is observed for both saturation
and cyclic measurements, whereas a nonlinear response is
recorded with the change in optical angle of the incident
radiation. The enhanced photoresponse of H-graphene is
understood from the phenomenon of bandgap opening in
graphene due to the hydrogen attachment in the graphene
lattice. Our results clearly indicate that the IR response of H-
graphene is mainly due to the photon drag effect. The
photoresponse of H-graphene detector could be further
enhanced by engineering the bandgap more precisely and
adding the different functionality to the graphene.

4. EXPERIMENTAL METHODS
4.1. Graphene Growth and Transfer. Large-area, single-layer

graphene was grown by CVD on a 25 μm thick copper foil of 99.89%
purity (Alfa Aesar). Before carrying out the growth process, we
evacuated the chamber to a low pressure of 10−2 Torr, flushed it with
argon gas for 25 min at a flow rate of 400 sccm (standard cubic
centimeters per minute), and then purged hydrogen gas (100 sccm)
for 10 min. The copper substrate was annealed for 30 min in the
presence of hydrogen gas at a temperature of 980 °C. Subsequently,
graphene growth was carried out in the presence of methane (18
sccm) and hydrogen gases (54 sccm) was flown for 30 min at a
pressure of 20 Torr. Finally, the methane flow was stopped, and the
chamber was allowed to cool in the presence of hydrogen gas. Polymer
methyl methacrylate (PMMA)-assisted wet transfer technique was
employed to transfer graphene from the copper substrate on to a 300
nm thick silicon dioxide coated p-type silicon substrate.

4.2. Hydrogenation of Graphene. The hydrogenation of the
graphene was performed in a high-vacuum (2 × 10−9 Torr) reactive
ion etching system. Hydrogen plasma was generated between the
cathode and an anode by controlling the source power (100 W) and
gas pressure (15 mTorr). The hydrogen plasma exposure time was
optimized and maintained for 2s.

4.3. Device Fabrication and Electrical Measurements. The H-
graphene photodetector was fabricated by depositing Cr (5 nm)/Au
(50 nm) electrodes on the H-graphene samples with a separation of
∼2.5 mm. A constant bias current (Keithley 2011A) of 100 μA was
applied across the device, and the resulting potential drop (resistance
change) was measured using a data acquisition system. The

Figure 5. (a) Current−voltage (I−V) curve of H-graphene device measured before and during IR exposure, (inset) magnified I−V curve. (b)
Differential conductivity derived from I−V curve for both before and during IR exposure.
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photodetection experiment was conducted using an IR source with an
optical fiber (core diameter ∼8 μm and wavelength ∼1550 nm). The
photodetector measurements were carried out by varying IR powers
and incident angles.
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