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D
efects play significant roles in the
properties of graphene and related
device performance.1�3 Most studies

on the defects in graphene-based materials
focus on their influence on the electronic
aspects.4�15 Besides electronic properties,
graphene also has unique optical properties
enabling many fundamental and practical
optical and optoelectronic applications.16�41

Graphene absorbs ∼2.3% in the very broad
wavelength for a single-layer sheet.16 The
peculiar combinations of extraordinary
photonic and electronic properties of gra-
phene (e.g., linear energy dispersion crossing
at the Dirac point and ultrahigh carrier
mobility) have inspired novel photonic and

optoelectronic devices, which are limited in
conventional material systems.1,3 Very re-
cently, infrared graphene photodetectors
with optical modulation up to 40 GHz have
been demonstrated based on pristine gra-
phene but with a very low responsivity of 6.1
mA/Wdue to fast photocarrier dynamics.21,22

Graphene also shows gate-tunable optical
absorption,17 ballistic photocurrent genera-
tion,33 broadband polarization,31 giant
Faraday rotation,34 hot carrier effects,30,35,41

and photothermoelectric effects.40 However,
although some work emphasized the influ-
ence of defects on some optical properties,
mostly luminescence,42,43 the influences
of defects on optoelectronic behaviors in
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ABSTRACT Defects play significant roles in properties of graphene and related device performances. Most

studies of defects in graphene focus on their influences on electronic or luminescent optical properties, while

controlling infrared optoelectronic performance of graphene by defect engineering remains a challenge. In the

meantime, pristine graphene has very low infrared photoresponses of ∼0.01 A/W due to fast photocarrier

dynamics. Here we report regulating infrared photoresponses in reduced graphene oxide phototransistors by

defect and atomic structure control for the first time. The infrared optoelectronic transport and photocurrent

generation are significantly influenced and well controlled by oxygenous defects and structures in reduced

graphene oxide. Moreover, remarkable infrared photoresponses are observed in photoconductor devices based on

reduced graphene oxide with an external responsivity of∼0.7 A/W, at least over one order of magnitude higher

than that from pristine graphene. External quantum efficiencies of infrared devices reach ultrahigh values of∼97%, which to our knowledge is one of the

best efficiencies for infrared photoresponses from nonhybrid, pure graphene or graphene-based derivatives. The flexible infrared photoconductor devices

demonstrate no photoresponse degradation even after 1000 bending tests. The results open up new routes to control optoelectronic behaviors of graphene

for high-performance devices.
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graphene-based materials are rarely investigated,
especially for infrared photoresponses, which have
great importance in modern optoelectronics.21,22,35

Because of the complexity of defects, controlling the
infrared optoelectronic performance of graphene de-
vices by defect engineering remains a challenge.
To address the challenge, here we report regulating

infrared photoresponses in reduced graphene oxide
phototransistors by defect and atomic structure con-
trol for the first time. The infrared optoelectronic
transport behaviors and photocurrent generation in
solution-processable, few-layer reduced graphene
oxide (FRGO) semiconductors were significantly influ-
enced and thus well controlled by oxygenous defects
and structure in reduced graphene oxide. Moreover,
FRGO with controlled defects was readily applied as
infrared optoelectronic elements such as photocon-
ductor devices with a remarkable infrared photo-
response (at 895 nm) of ∼0.7 A/W, at least over one
order of magnitude higher than that from pristine
graphene. External quantum efficiencies (EQE) of
infrared devices reached an ultrahigh value of ∼97%,

which to our knowledge is one of the best efficiencies
for infrared photoresponses from nonhybrid, pure
graphene or graphene derivatives. Patterned FRGO
photoconductor devices also demonstrated ultrahigh
flexible performance with no photoresponse degrada-
tion even after 1000 bending tests. The results hereby
open up new routes to control infrared optoelectronic
behaviors of graphene for high-performance devices.

RESULTS AND DISCUSSION

Reduced graphene oxide was obtained by thermal
reduction of exfoliated graphene oxide (more details
in the Methods and Supporting Information). The
morphology, microstructure, and chemical functional
groups in graphene oxide and reduced graphene
oxide were characterized and monitored by atomic
force microscopy (AFM, Figure 1), transmission elec-
tron microscopy (TEM, Figure 1), and X-ray photoelec-
tron spectra (XPS, Figure 1 and Figure 2). Single-layer
graphene oxidewas∼1.2 nm thick (Figure 1a), which is
typical for single-layer one,14,24 and was further con-
firmed by TEM electronic diffraction (supplementary

Figure 1. Characterizations of graphene oxide and reduced graphene oxide. AFM images and height profiles for single-layer
graphene oxide (a) and few-layer graphene oxide film (b) on SiO2/Si substrate. (c) XPS spectra of few-layer graphene oxide
films after thermal reduction times of 0, 90, and 260 min. Inset: The resulting films on glass substrates (∼1 cm2). TEM images
showing structural evolution of graphene oxide (d) and 90min (e) and 260min (f) thermally reduced graphene oxide. Red line
defines an areaof highly disordered structure. Blue linedefines an areaof relatively ordered structure. The images in d�f were
low-pass filtered to remove noise. Scale bars in d, e, and f are 2 nm. (g�i) Enlarged view of blue line defined areas in d, e, and f,
respectively. Scale bars in g, h, and i are 1 nm.
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Figure S1). The large area, few-layer graphene oxide
film was then fabricated from single-layer graphene
oxide. The obtained continuous few-layer graphene
oxide (FGO) film was ∼8 nm thick on average, which
is less than eight layers considering the thickness of
1.2 nm for single-layer graphene oxide (Figure 1b). The
film was then thermally reduced at a very low tem-
perature of 150 �C for different periods up to 260 min.
The Raman mapping of the G peak (∼1600 cm�1)
shows the continuity of FRGO in a large area
(supplementary Figure S2). The G peak in FRGO had
no shift in peak center position compared with FGO,
but had narrower full widths at half-maximum (fwhm)
after thermal treatments for 90 min (73 cm�1) and
260 min (76 cm�1) than that in FGO (84 cm�1). More
importantly, the oxygenous defects, i.e., the oxygenous
functional groups, in FRGO can be tuned with good
control by the low-temperature thermal reductions,
as demonstrated by X-ray photoelectron spectra (XPS)
(Figure 1c and Figure 2). For example, the amounts of
oxygenous defects in FRGO decrease over 50% within
a 260 min reduction, resulting in the reduction of
transmittance (inset in Figure 1c). The O/C atomic ratio
decreased from ∼0.5 in graphene oxide to ∼0.46 in
20 min reduced graphene oxide, ∼0.4 in 90 min
reduced FRGO, and ∼0.25 in 260 min reduced FRGO.
More changes of oxygenous defects can be obtained
by multipeak fitting of C 1s spectra (Figure 2). The C�C
bond (∼284.5 eV) still largely exists in all the samples.
The C�O bond (∼286.5 eV) is the main oxygenous
species in graphene oxide with fewer CdO (∼287.5 eV)

and C(O)OH (∼289 eV), consistent with previous
studies.44�46 In addition, the C�O bond decreased
significantly during the reduction process.44�46 The
fraction of sp2 carbon, roughly estimated from the C�C
bond, was ∼46% in graphene oxide and ∼49%, 52%,
and 69% in 20, 90, and 260 min reduced graphene
oxide, respectively, when considering them as sp2/sp3

complex systems.44 The reduction of graphene oxide
at low temperature is due to the thermal dissociation
of oxygenous groups at over 100 �C by forming H2O, CO,
or CO2.

45,47Moreover, thebandgapof reducedgraphene
oxide can be tuned in a wide range by controlling
the oxygenous content.15,24,42,48 For instance, reduced
graphene oxides obtained by 20, 90, and 260 min
thermal reduction have optical band gaps of ∼1.5, 1,
and 0.5 eV, respectively, while the band gap for
graphene oxide is ∼2.2 eV, which are roughly deter-
mined from optical absorption methods.24,49 These
kinds of FRGO semiconductors may be infrared re-
sponsive due to their relatively lowoxygenous content.
The atomic structure evolution of graphene oxide

under low-temperature thermal reduction was further
investigated. It has been a big challenge to control the
atomic structure in reduced graphene oxide. Oxyge-
nous defects destroy the ordered hexagonal lattice
of graphene in the chemical oxidization process and
form disordered structures even after reduction.46�48

In general, the structure of graphene oxide is believed
to be transformed to more ordered structures due to
restoration of conjugation after reduction. However,
importantly, the evolution of atomic structures in

Figure 2. C 1s XPS spectra for grapheneoxide and20, 90, and260min reducedgrapheneoxide. (a) Grapheneoxide, (b) 20min
reduced graphene oxide, (c) 90 min reduced graphene oxide, (d) 260 min reduced graphene oxide.
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graphene oxide was more complicated than expected
when thermally reduced. The atomic structure changes
were bidirectional evolution, where both highly or-
dered and highly disordered areas in graphene oxide
changed (Figure 1d�i and supplementary Figures S3
and S4). Original graphene oxide had both a large
amount of continuous, highly disordered areas with
many oxygenous defects (e.g., red line defined areas,
Figure 1d) and a large amount of highly ordered areas
with few oxygenous defects (e.g., blue line defined area
in Figure 1d and enlarged view in Figure 1g). The
continuous, highly disordered areas in graphene oxide
shrank to smaller highly disordered areas after 90 min
of thermal reduction (Figure 1e) and to much smaller,
fully separate, highly disordered areas after 260 min
of thermal reduction (Figure 1f). The changes, on one
hand, made reduced graphene oxide much less dis-
ordered than graphene oxide in general. On the other
hand, no large amount of highly ordered areas, like that
in graphene oxide (Figure 1g), was observed in 90 and
260 min reduced graphene oxide. Instead, relatively
ordered structures with strong distortion were found
(blue line defined area in Figure 1e,f and enlarged view
in Figure 1h,i). This unique structural evolution resulted
in unprecedented heterogeneous structures in reduced
graphene oxide with very different quantities of oxyge-
nous defects from area to area (Figure 1e,f). The struc-
tural evolution was further confirmed by selected-area
electron diffractions (supplementary Figure S4). The
diffraction spots in graphene oxide showed very clear
hexagonal symmetry. However, the diffraction spots
in reduced graphene oxide (both 90 and 260 min
reduction) tended to be lengthened and formed an
amorphous-like ring. The observed structural changes
are also consistent with the changes in local chemical
bonding states, as shown in C 1s XPS spectra (Figure 2).
For example, the decrease of oxygenous functional
groupswas observedwith the increase of the reduction
time, which resulted in a gradual increase of C�C
bonding fractions (Figure 2).44�46 In particular, C�O
bonds decreased obviously (over 50%) in the 260 min
reduction,while CdOandC(O)OHundergoonly a slight
change (Figure 2d). When considering graphene oxide
and reduced graphene oxide as a complex of sp2/sp3

system,44 the fractions of sp3 carbon (inducedmainly by
bonded oxygenous functional groups) decreased from
∼54% for graphene oxide to∼48% and 31% for 90 and
260 min reduced graphene oxide, respectively. The
reason for this structural change is that the oxygenous
functional groups are removed and the conjugations
between carbon atoms recover gradually during the
reduction.44�46 The impact of this structure evolution
on infrared optoelectronic transport properties in re-
duced graphene oxide was investigated by field effect
phototransistor measurements.
The standard back-gated field effect devices were

then fabricated based on FRGO semiconductors

(Figure 3a). Due to solution-processable capability,
large-scale thin-film transistor fabrication can be easily
achieved with high throughput (supplementary Figure
S5). Electronic transport characteristics of FRGO FETs
were then investigated (Figure 3b,c). Obvious depen-
denceof source�drain current (Ids) on thegate voltages
was observed (Figure 3b,c). The transport measure-
ments demonstrated bipolar characteristics, with the
minimum conductance achieved at a gate voltage of
∼�20 V (Figure 3c), typical for mono- and few-layer
graphene-based materials. Note that a field effect was
found only in 90 and 260 min FRGO semiconductors.
No obvious field effect (supplementary Figure S6a) was
observed in FGO and FRGO with short reduction time
(e.g., 20 and 40 min) because of the large quantity of
oxygenous defects (Figure 1c,d and Figure 2).
To investigate the influences of oxygenous defects

and structures on infrared optoelectronic transport

Figure 3. Electronic transport properties of FRGO-based
FETs. (a) Scheme for a FRGO FET. (b) Ids�Vds curves with
Vg of 70, 50, 30, and �60 V. (c) Ids�Vg curve of FRGO FETs
with Vds of 10 V. Reduction time for FRGO is 90 min.
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properties of photocarriers in FRGO, we studied the
infrared photoresponses of FETs based on FGO and
two kinds of FRGO. No obvious photocurrent genera-
tion and decay were observed in FGO (supplementary
Figure S6b�d). For 90 min FRGO, a clear photocurrent
generation was observed after infrared radiation
(895 nm, Figure 4a). Gate voltage-dependent measure-
ments of infrared photoresponses revealed more de-
tails. The hole current under a negative gate voltage
of �60 V increased monotonically with the incident
radiation intensities, while the electron current under a
positive gate voltage of 70 V decreased at low light
intensity (e.g., 5.1 and 9.4 mW/cm2) and increased in
higher light intensities (over 11.4 mW/cm2) (Figure 4b,
Figure 5a�d). Note that no obvious changes in gate
voltage at minimum conductance (supplementary
Figure S7a) and mobility of charge carriers (Figure 4b,
Figure 5a,b) were observed in 90 min FRGO under
infrared radiation.
A different infrared response was found in 260 min

FRGO FETs. Although clear infrared photocurrent gen-
erations were also observed similar to 90 min FRGO
(Figure 6a), gate voltage-dependent measurements of
the photoresponses showed a different characteristic
from 90 min FRGO. Both the hole current under a
negative gate voltage of �60 V and electron current
under a positive gate voltage of 70 V increased

monotonically with the incident light intensities
(Figure 6b, Figure 7a�d). No obvious changes in gate
voltage at minimum conductance (supplementary
Figure S7b) and mobility of charge carriers (Figure 6b,
Figure 7a,b) were observed in 260 min FRGO under
infrared radiation, similar to that in 90 min FRGO.
We further plotted the source�drain current versus

incident light intensities under a gate voltage of �60
and 70 V, respectively, for 90 and 260min FRGO. For 90
min FRGO, the fitted curve of photocurrent under 70 V
gate voltage can be described as Ids = 384.95 þ 0.7w
�9.0(1 � exp(�0.13w)) (Figure 5d), where Ids has a
unit of μA and w is the infrared light intensities with
a unit of mW/cm2; 384.95 is the output current of the
device in the dark. The linear term, 0.7w, is the photo-
generated electron current under infrared radiation.
The nonlinear term �9.0(1 � exp(�0.13w)) can be
explained with electron trapping induced by oxyge-
nous defects in FRGO, which will be discussed in more
detail together with the first-principles calculations
later (supplementary Figure S8). As for the photogen-
erated hole current under a gate voltage of �60 V in
90 min FRGO, the slope in the linear range is ∼0.61
(Figure 5c), which is close to the fitted coefficient of 0.7
in the linear term, 0.7w, for photogenerated electron
current (Figure 5d). It is consistent with the fact that
the photogeneration efficiencies for the holes and
electrons under radiation should be the same for a
sample. As for 260 min FRGO, the slope for the photo-
current generation in the linear range is∼1.12 and 1.05
for hole current and electron current (Figure 7c,d),
respectively. The photocurrent generation capability
(photocurrent per unit radiation power and source�
drain bias) calculated from the slopes in the photo-
generated hole currents, like that in Figures 5c and 7c,
is∼49.3mA/WV for 260min FRGO, which is∼2.3 times
that for 90 min FRGO (Figure 7e).
First-principles calculations were performed to bet-

ter understand the influence of oxygenous defects on
the infrared photoresponses of FRGO. Graphene oxide
will be transformed to reduced graphene of less
oxygenous defects after reductionwithmost oxygeous
defects as epoxy and hydroxyl defects.44�46 First-
principles models of reduced graphene oxide with
different oxygenous contents, C40O12H6 and C40O8H6,
were then built based on XPSmeasurements (Figure 2)
and recent experimental and theoretical investigations
(supplementary Figure S8; see more details about
theoretical models in the Supporting Information).44�48

The highest occupied molecular orbital (HOMO), lowest
unoccupied molecular orbital (LUMO), and the first
vertical excitation energy for reduced graphene oxide
clusters with different oxygenous defects were calcu-
lated usingmethods based on density functional theory
similar to previous studies.50�52 The calculations indi-
cate the strong relation of first vertical excitation energy
with oxygenous defects and the possibility of excited

Figure 4. Infrared photoresponses of 90 min FRGO FETs. (a)
Ids�Vds curves of FRGO under dark and incident radiation
power of 13.5mW/cm2without gate voltage. (b) Ids�Vg curves
of FRGO FETs under different incident powers with Vds = 10 V.
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states induced by infrared radiations in reduced gra-
pheneoxide.Oxygenousdefects ingraphene are known
electron trapping centers,53 and the direct result of the
above-mentioned excitations is that some electrons in
reduced graphene oxide are trapped by the oxygenous
defects. The trappingof electrons in excited states results
in the reduction of electron carrier density at low radia-
tion intensity. Such electron trapping will become satu-
ratedwhen all oxygenous defects are excited under high
radiation intensity, followed by much stronger genera-
tion of photocarriers than that at low radiation intensity.
Hence the linear increase of photocurrent versus radia-
tion intensity recovers at higher radiation intensity. This
is consistent with the observed photoresponses in 90
and 260 min FRGO. Such nonmonotonic optoelectronic
behaviors disappeared when oxygenous defects de-
crease significantly withmuchweaker electron trapping,
as evidenced in the 260 min FRGO. Note that there
was no obvious decrease of hole current in both 90
and 260 min FRGO upon infrared excitation.
The oxygenous defects also affected the time-

resolved photoresponses in 90 and 260 min FRGO.
A quick photocurrent increase was followed by a slow
increase under infrared radiations for both 90 min
(supplementary Figure S9) and 260 min (supplemen-
tary Figure S10) FRGO. The photocurrent generation
curves can be fitted by a two-stage exponential curve
with the form I(t) = I0 þ A1 exp(�(t � t0)/t1) þ B1

Figure 6. Infrared photoresponses of 260 min FRGO FETs.
(a) Ids�Vds curves of FRGO FETs under dark and incident
radiation power of 13.5 mW/cm2 without gate voltage. (b)
Ids�Vg curves of FRGO FETs under different incident powers
with Vds = 10 V.

Figure 5. (a) Enlarged view of Figure 4b at a gate voltage from�60 to�59 V. (b) Enlarged view of Figure 4b at a gate voltage
of 69�70 V. Plot and fitting of Ids at Vg = �60 V (c) and Vg = 70 V (d) versus incident power. Inset in d: The fitted equation for
Ids (μA) versus incident power, where w is the incident power (mW/cm2). Effective channel area for the device is ∼0.2 mm2.
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exp(�(t � t0)/t2), where I0 and t0 are constants and t1
and t2 are time parameters for photocurrent genera-
tion. The t1 for both 90 and 260 min were 2 s. The t2 for
90 and 260 min FRGO were 52 and 20 s, respectively.
For the photocurrent decay curves, a quick decay was
followed by a slow decay for 90 and 260 min FRGO.
Similarly, the decay curves can also be fitted by a two-
stage exponential curve: I(t) = I0

0 þ A2 exp(�(t� t0
0)/t3)

þ B2 exp(�(t� t0
0)/t4), where I00 and t00 are constants, t3

and t4 are time parameters for photocurrent decay, t3
for both 90 and 260 min FRGO were 6 s, and t4 for 90
and 260 min FRGO were 242 and 90 s, respectively.
Both photocurrent-generation saturation time t2 and
photocurrent decay time t4 in 90 min FRGO were ∼2.6
times that in 260 min FRGO, indicating the strong
influence of oxygenous defects on the dynamics of
photocarriers. The longer response time in 90 min
FRGO than that in 260 min FRGO is induced by a larger
amount of oxygenous defects and deep trap states
that influence both photocarrier transport and recom-
bination since oxygenous defects are known electron
trapping centers.53 We note that no obvious photo-
current generation or decay was observed in the time-
resolved photoresponses of FGO (supplementary
Figure S6c,d). The response rate for both kinds of FRGO
was slower than for pure graphene (tens of pico-
seconds)21,22 and makes FRGO unsuitable for ultrafast
applications. The slow response in FRGO compared
with graphene is the effect of residual oxygenous
defects and resulting consequences on photocarrier

transport and recombination. But FRGO has the advan-
tage of high photoresponses and can be applied where
ultrafast responses are not required. For example, one
of the potential applications is gas sensors based on
detecting the changes of infrared radiation after gas
infrared absorption. Highly sensitive infrared photo-
detectors can also be used in some scientific applica-
tions, such as the observation of the universe structure
through special telescopes. The response time is not
the essential parameter for these applications, where
slow responses are acceptable and the responsivity of
photodetectors will be of most concern.
FRGO with controlled defects can be readily applied

as optoelectronic elements such as photoconductor
devices (Figure 8). For example, FRGO on SiO2/Si was
patterned by separated gold electrodes for conventional
rigid photoconductor devices (inset in Figure 8b). The
results indicated that the infrared photoresponses of
FRGO photoconductor devices were strongly influenced
by oxygenous defects (Figure 8a). Considering the geo-
metry of the devices, the external infrared responsivity
(R, A/W) can be described by the photocurrent genera-
tion per unit power of light and is given by

R ¼ Iph=(wS) (1)

where Iph is the photocurrent (the difference of source�
drain currents under radiation and in the dark in Ids�Vds
measurements such as Figure 4a and Figure 6a),w is the
incident light intensity, and S is the effective area of the
devices (0.2 mm2).21,22 The external quantum efficiency,

Figure 7. (a) Enlarged viewod Figure 6b at a gate voltage from�60 to�59V. (b) Enlarged viewof Figure 6b at a gate voltages
of 69�70 V. Plot and fitting of Ids at Vg = �60 V (c) and Vg = 70 V (d) versus incident power. (e) Photocurrent generation
capability (photocurrent per unit radiation power and source�drain bias) for 90 and 260min FRGO calculated from slopes for
photogenerated hole currents like that in Figure 5c and panel c. Effective channel area for a device is ∼0.2 mm2.
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i.e., external gain, can be calculated from

EQE ¼ hcR=(eλ) (2)

where h is Planck's constant, c the velocity of light, e the
charge of an electron, and λ the wavelength of incident
infrared radiation (895 nm in this work).54,55 The gain of
photoconductor devices is related to the photogener-
ated electron�hole pairs and the following photocarrier
separation and transport under a certain bias (Figure 8c).
A photoconductor can have a high gain if carriers can
circulate in the conductor between two electrodes
many times before they recombine with opposite
charges. The photocurrent decay times (t3, t4) that
represent the recombination rate of photocarriers in
our FRGO phototransistors are much longer than those
(tens of picoseconds) observed in pristine graphene
phototransistors.21,22 So amuch higher gain in our FRGO
phototransistor is expected.
The infrared photoresponse of FRGO photoconduc-

tor devices can be well modulated by reduction time
(Figure 8). No obvious infrared responsivity was ob-
served in FGO photoconductor devices (Figure 8b).
Relatively small infrared photoresponse is observed in
20 and 40 min FRGO, moderate response in 90 min
FRGO, and high response in 260 min FRGO. For exam-
ple, the responsivity is∼0.01 A/W for 20min FRGO and
∼0.7 A/W for 260min reduced FRGO at 19 V (Figure 8a).
The small photocurrents in FGO and 20 and 40 min
FRGO are consistent with field effect measurements
where no obvious field effects were usually found due

to very strong influences of oxygenous defects on the
transport of charge carriers. The photoresponse trend
in responsivity of the photoconductor devices is also
consistent with the defect and atomic structures
observed (Figure 1d�i): no responsivity in graphene
oxide with large-scale, continuous highly disordered
areas (Figure 1d), moderate responsivity in 90 min
reduced graphene oxide with shrunken, smaller highly
disordered areas (Figure 1e), and highest responsivity
in 260 min reduced graphene oxide with fully sepa-
rated, very small highly disordered areas (Figure 1f).
However, this does not mean fewer defects are always
better for infrared photoresponses. There were only
very tiny, at least several tens-fold lower infrared
responses observed in the high-quality chemical vapor
deposition (CVD) graphene than that in FRGO under
the same device configuration, bias, and radiation
power as shown in supplementary Figure S11, consis-
tent with previous studies.56 The highest EQE of the
FRGO infrared devices reached an ultrahigh ∼97%
in 260 min FRGO, which is one of the best efficiencies
for infrared photoresponses from nonhybrid, pure
graphene or graphene derivatives. The FRGO infrared
devices have over 1 order of magnitude higher re-
sponsivity and EQE than infrared devices based on
chemically, highly reduced graphene oxide54 and have
comparable performance with infrared devices based
on graphene nanoribbons.54 The ultrahigh EQE in
260 min FRGO was also partly attributed to optimized,
moderate oxygenous defects and well-controlled

Figure 8. FRGO for rigid and flexible infrared photoconductor devices. (a, b) Responsivity versus bias for FRGO/SiO2/Si-based
rigid infrared photoconductor devices based on FRGO with different reduction times (0, 20, 40, 90, 260 min). Incident
radiation power is ∼14 mW/cm2. Black lines in a are fitted curves. Inset in b: Digital image of rigid FRGO infrared
photoconductor. (c) Schematic demonstration of photocarrier transport in FRGO under bias. (d) Ratio of responsivity for
260 min FRGO/PET flexible photoconductor devices after 1000 bending events to that before bending at different bias and
radiation power. Black square is∼14 mW/cm2; red square is∼21 mW/cm2. Inset in d: Digital image of flexible FRGO infrared
photoconductor.
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structures achieved by low-temperature reduction,
which resulted in slow photocarrier recombination
and acceptable photocarrier transport.53

Another intriguing property of FRGO-based photo-
conductor devices is its ultrahigh flexible performance.
As a demonstration, flexible FRGO was fabricated on
polyethylene terephthalate (PET) with a size at least
as large as 13 cm diagonally (supplementary Figure
S12a�c). FRGO was so flexible that it was folded even
multiple times around one pen (Figure S12c). More-
over, patterned FRGO-based flexible infrared photo-
conductor devices (inset in Figure 8d) showed no
obvious degradation of responsivity in different bias
and both ∼14 and ∼21 mW/cm2 infrared radiations
even after 1000 bending tests (Figure 8d). This indi-
cated great potential of FRGO in next-generation
flexible optoelectronic elements. We note that FRGO
is transparent (supplementary Figure S12a,b). The
whole FRGO photoconductor device can be transpar-
ent when using transparent electrodes instead of gold,
implying the applications in fully transparent and
flexible devices.

CONCLUSION

We have reported regulating infrared photore-
sponses in reduced graphene oxide phototransistors
by defect and atomic structure control. The oxygenous
defects had a profound influence on the infrared
photoresponses of FRGO and related infrared opto-
electronic devices. The studies indicate that defects
may play a significant role in the infrared optoelectro-
nic behaviors of other graphene-based materials and
devices, which could be well controlled by defect
engineering. The remarkable infrared photoresponses
of FRGO open up new possibilities to design efficient
infrared optoelectronic devices for various applications
considering that such chemically derived graphene is
available by the ton.57 The solution-processable, high-
throughput, on-chip integration of nanometer-thick
FRGO is compatible with current mature silicon semi-
conductor processing technology. Moreover, FRGO
provides a general platform for large-scale, transpar-
ent, and flexible infrared optoelectronics and photo-
nics where conventional rigid devices cannot work.

METHODS
Synthesis of Single-Layer Graphene Oxide and FRGO Films. Single-

layer graphene oxide was prepared as reported elsewhere
(see more details in Materials and Methods in the Supporting
Information).24,25,27,45 Typically, single-layer graphene oxide
aqueous solutions (40 μL for a ∼1 cm2 substrate, ∼0.3 mg/mL)
were used to coat SiO2/Si substrates by drop-casting. The sub-
strates were cleaned for 30 s using oxygen plasma with 10 W
power before the solution coating. The obtained few-layer
graphene oxide films were annealed at 150 �C for different
periods of time up to 260 min to control the content of
oxygenous defects.

Characterizations. All the TEM imaging was conducted with
TITAN 80-300 (FEI Company, The Netherlands) including a CEOS
spherical aberration corrector and a Gatan Tridiem imaging
filter at 80 kV accelerated voltage unless noted otherwise. XPS
spectra were collected by a PHI Quantum 2000 X-ray photo-
electron spectrometer. Large-scale Raman mapping was done
with a Raman-11 laser Raman microscope (Nanophoton Co.,
Japan) under 540 nm excitation.

Fabrication and Photoresponse Measurement for Field Effect and
Photoconductor Devices. The FRGO films on p-type highly doped
silicon substrates with∼300 nm SiO2 or on PET were patterned by
gold electrodes with a channel length of 100 μm and width of
2 mm. The FETs were measured with an Agilent 4156C Precision
semiconductor parameter analyzer (Agilent, USA) in a glovebox
saturated with a nitrogen atmosphere at room temperature. The
devices were stabilized overnight in the glovebox under dark in a
nitrogen atmosphere. The device measuring system was kept in
a sheltered dark environment to exclude interference from other
light during the whole measurement. The infrared light was
providedby an infrared light-emittingdiode (LED)with anemission
centered at ∼895 nm. The FRGO FETs were radiated with infrared
light of different incident intensities for 2 min to saturate the
photoexcitation before taking the measurements. The incident
light intensity was calculated and corrected by a Newport 2936-C
dual-channel high-performance optical power and energy meter
(Newport, USA). In the flexible device performance test, the
patterned FRGO/PET photoconductor device (1 cm by 1 cm, PET
thickness∼150 μm) was pressed to a radius of 7 mm followed by
release. The bending was repeated up to 1000 times.58

First-Principles Theoretical Calculations. First-principles theoreti-
cal calculations were performed using density functional theory
(DFT)-based methods similar to previous studies (more details
in the Supporting Information).50�52
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