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D
eep-ultraviolet (DUV) photodetec-
tors with detection wavelength
shorter than 320 nm have been a

subject of great interest due to their impor-
tant applications in diverse fields, including
remote control, chemical analysis, flame
detection, ozone layer monitoring, missile
warning system, and secure space-to-space
communications.1,2 Traditional DUV or ultra-
violet (UV) detectors are made of semicon-
ductor thinfilmswithwide bandgap, such as
ZnO, GaN, and AlGaN, or silicon with an
appropriate filter to render it visible-blind.3

However, the fabrication processes for high-
quality semiconductor thin films and DUV/
UV detectors are complicated and costly. The
detectors may also have lattice mismatch is-
suesbetween the thinfilms and the substrates,
which cause deterioration of device perfor-
mance and result in poor long-term stability
under DUV/UV irradiation.4 Silicon photo-
diodes need high-temperature processing
and also suffer fromsevere surface recombina-
tion due to strong surface light absorption
at DUV range. Recently, one-dimensional (1D)
semiconductor nanostructure-based DUV/UV

detectors have attracted much attention
due to high sensitivity arising from the sur-
face effects.1 Although various wide band
gap semiconductor nanostructures, such as
ZnO nanowires,5 ZnS nanobelts,6 Zn2GeO4

nanowires,7 and Ga2O3 nanowires,8 have
been exploited for this purpose, the difficul-
ties in nanostructure manipulation as well
as device integration impede the large-scale
applications of 1D nanostructures in DUV/
UV detectors.
Because of the advantages of high

chemical stability, earthly abundance, and
nontoxicity, carbon-based materials have
emerged as attractive candidates in the
applications of bioimaging, catalysis, photo-
voltaics, and optoelectronic devices.9 Gra-
phene has a structure of two-dimensional
sheet of carbon atoms, which has received
tremendous interest in recent years be-
cause of its extraordinary electronic, optical,
mechanical, and thermal properties.9,10 De-
spite the excellent properties, graphene's
zero band gap nature and semimetal con-
ductivity have hindered its applications for
which semiconductingproperties ofmaterials
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ABSTRACT Fast-response and high-sensitivity deep-ultraviolet (DUV) photodetectors with detection

wavelength shorter than 320 nm are in high demand due to their potential applications in diverse fields.

However, the fabrication processes of DUV detectors based on traditional semiconductor thin films are

complicated and costly. Here we report a high-performance DUV photodetector based on graphene

quantum dots (GQDs) fabricated via a facile solution process. The devices are capable of detecting DUV light

with wavelength as short as 254 nm. With the aid of an asymmetric electrode structure, the device

performance could be significantly improved. An on/off ratio of ∼6000 under 254 nm illumination at a

relatively weak light intensity of 42 μW cm�2 is achieved. The devices also exhibit excellent stability and

reproducibility with a fast response speed. Given the solution-processing capability of the devices and

extraordinary properties of GQDs, the use of GQDs will open up unique opportunities for future high-performance, low-cost DUV photodetectors.
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are desired. For instance, graphene absorbs light
weakly over a broadwavelength rangewith no spectral
selectivity, which limits its use as light-active material.
Therefore, graphene-based photodetectors usually ex-
hibit very lowphotoresponsivity, even though its photo-
response can be improved somewhat with the aid of
surface plasma or surface modified semiconductor
quantum dots.11,12 There are a few ways to introduce
band gap into graphene and one of the most efficient
methods is to constrain graphene edges along two
dimensions.13 That is, shrinking the size of graphene until
it turns to zero-dimensional (0D) quantum dots. To date,
various methods have been developed to synthesize
monodisperse and solution-stable graphene quantum
dots (GQDs) of less than 10 nm, including hydrothermal
method,14 electrochemical strategies,15 chemical exfolia-
tion of carbon fibers,16 solution chemistry method,17 and
ultrasonic and microwave method.18 The band gap
of GQDs is tunable in the UV to DUV range because
of quantum confinement and edge effects.19 Owing to
a large optical absorptivity, tunable band gap, efficient
multiple carrier generation, nontoxicity, high stability, and
low cost,13,20 GQDs have shown promising applications in
photovoltaics and light-emitting diodes.20�22

Herein, we report a novel DUV photodetector fabri-
cated from GQDs via a solution process. Because of the

large band gap of GQDs, the devices were capable
of detecting DUV light with wavelength as short as
254 nm. The role of device architecture was further
exploited. By introducing an asymmetric electrode
structure of Ag�Au, the photosensitivity of GQD-based
photodetectors could be greatly enhanced by a factor
of ∼500 as compared with that of Au�Au symmetric
electrodes. Besides, the devices exhibited excellent
stability and reproducibility with a fast response speed.
Our work demonstrates the great potential of GQDs as
high performance, low-cost DUV photodetectors.

RESULTS AND DISCUSSION

GQDs used in this study are synthesized through
a hydrothermal method developed by Pan and co-
workers.14 Figure 1a shows the low-magnification trans-
mission electron microscopy (TEM) image of GQDs. The
diameter of the dots is in the rangeof 2.5�6nm, and the
majority of dots have a size of 4�5 nm. From the atomic
force microscopy (AFM) image of the GQDs (Figure S1,
Supporting Information), the topographic heights are
mostly between 0.4 and 2.5 nm, corresponding to 1�4
graphene layers.23 The high-resolution TEM (HRTEM)
image in Figure 1b reveals the GQDs are highly crystal-
lized with the lattice spacing of 2.08 Å, which is in
good agreement with the (0110) plane of graphite.24,25

Figure 1. (a) TEM image of GQDs. Inset: size distribution diagram of GQDs. (b) HRTEM image of GQDs. Inset: the enlarged
image from the red box in panel b. (c) PL spectra of GQDs under different excitation wavelengths. (d) UV�vis absorption
spectrum of GQDs. The absorption edge is fitted by a dashed line. Inset: the photography of the aqueous solution of GQDs,
showing light yellow color.
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As shown in Figure 1c, the PL spectra are broad with the
peaks red-shifting from 485 to 580 nm, along with
decreasing peak intensity, while the excitation wave-
lengths increase from 360 to 540 nm. The strongest
PL peak appears at 485 nm upon 360 nm excitation.
This excitation-dependent PL behavior is consistent
with previous investigation on GQDs and has been
extensively reported in fluorescent carbon-based nano-
materials.24,26 The inhomogeneous orbital energy dis-
tribution of the defect states is suggested to be respon-
sible for this phenomenon.27,28 The inset in Figure 1d
displays the photograph of the aqueous solution of
GQDs, which is nearly transparent with light yellow
color. Interestingly, the GQDs exhibit an intensive
absorption at the DUV range, as evidenced by the
UV�vis absorption spectrum (Figure 1d). The absorp-
tion onset is at ca. 320 nm by taking the intercept
of the extrapolation of the absorption edge to the
x axis. Therefore, as a rough estimation, the optical
band gap of the GQDs can be estimated to be as large
as ca. 3.8 eV.

Figure 2a illustrates the device configuration for the
photoconductive measurements with symmetric elec-
trodes. It is worth noting that the GQD-based photo-
detectors can be constructed via a facile solution
process, in contrast to the complicated and expensive
thin film growth process required for the traditional
thin-film-based devices. In this process, the aqueous
solution of GQDs was drop-casted into the device
channel of prefabricated electrode pairs on quartz
substrate and then dried at 70 �C for 15 min. The width
and length of the device channel are 10 and 1 mm,
respectively (Figure S2, Supporting Information).
Figure 2b shows the cross-sectional SEM image of
the GQD layer, which is uneven with an approximate
thickness of 80 nm. The uneven layer can be mainly
ascribed to the use of aqueous solution of GQDs:
the evaporation of water under heating condition
is nonuniform, which causes the local aggregation
of the GQDs as well as the rough surface. To assess
the effect of device architecture, devices with sym-
metric electrode pairs of both Au�Au andAg�Agwere

Figure 2. (a) Schematic illustration of the configuration for photoconductive measurements of GQDs with symmetric
electrodes. (b) Cross-sectional SEM image of the GQD layer on silicon substrate. (c) Typical I�V curves of the GQD layer
measured in the dark and under 254 nm light illumination (42 μWcm�2), respectively, in air. (d) Semilogarithmic I�V curves of
the deviceswith symmetric electrodes of Au�Au andAg�Ag in dark and under 254 nm light illumination. Themeasurements
wereperformed in vacuum (ca. 3.7� 10�5 Torr). Time responseof thedeviceswith symmetric electrodes to (e) pulsed incident
light and (f) light with different wavelengths. The voltage bias was fixed at þ5 V during measurements.
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investigated. Figure 2c depicts the typical current�
voltage (I�V) characteristics of the device with Au�Au
electrode pair in dark and under 254 nm DUV light
illumination in air, respectively. The current was mea-
sured as a function of voltage swept from �5 to þ5 V
and then back. The I�V curve exhibits a nonlinear
characteristic with a significant hysteresis. The relatively
large current at zero voltage proves a typical resistive
switching existing in this device.29,30 The currents at the
same voltage are obviously different and the difference
between the values of the forward and backward sweep
at 0 V is about 51.9 nA. The distinct displacement at 0 A is
about 2.31 V. The phenomenon of such a big hysteresis
could be attributed to charge trapping in GQDs arising
from the adsorbed oxygen or water molecules.29 Similar
phenomenahavebeen observed in other nanomaterials
such as ZnO nanowire and MoS2 film.31,32 Under DUV
light illumination (Figure 2c), however, we find that the
photoresponse of the GQD layer in air is nearly negli-
gible. In most cases, the photocurrent even decreases
slightly as compared to the dark current. This result can
be ascribed to desorption of oxygen and water mol-
ecules adsorbed on GQDs' surface in air.33,34 When the
device is exposed to air in dark, the adsorbed oxygen
and water molecules will be ionized by capturing free
electrons from GQDs due to their strong electronegativ-
ity. Holes will then accumulate in GQDs during this
process, leading to the higher conductivity of GQDs
in air. Upon illuminating the device with DUV light,
the photogenerated holes will migrate to the surface
of GQDs and discharge the adsorbed water and oxygen
molecules. At the same time, photogenerated electrons
will recombine with the holes in the GQDs, eventually
resulting in the decrease of GQD conductivity in the
light.35

To assess the intrinsic transport characteristics
of GQDs, the devices were further tested in vacuum
(ca. 3.7 � 10�5 Torr), as shown in Figure 2d. Notably,
the dark current decreases remarkably by almost
5 orders of magnitude from 125 nA to 2.4 pA at þ5 V
(Figure S3, Supporting Information). Desorption of
surface-adsorbed oxygen and water molecules could
be responsible for this result. The little literature
addressing the transport properties of GQDs reported
that GQDs showed p-type conductivity in air with
a hole mobility as low as 0.01 cm2 V�1 s�1, and
the conduction current decreased by nearly 2 orders
of magnitude after eliminating the surface-adsorbed
water molecules by annealing in Ar.36,37 This observa-
tion is in good agreement with our result. The high
resistance, along with the low mobility, suggests that
the carriers very likely transport via interdot hopping or
tunnelling in the GQD film.
Significantly, after reducing the surface effect, the

devices in vacuum exhibit much more pronounced
photoresponse; the photocurrent increases by 13 times
relative to the dark current for the device with Au�Au

electrodes under 254 nmDUV light illumination atþ5 V,
while even higher increase of 90 times is achieved
for the device with Ag�Ag electrodes. We note that
the I�V curves deflect from the origin, especially for the
I�V curvesmeasured in the dark. This result is causedby
the residual gas molecules adsorbed on GQD surface,
which induce an obvious hysteresis for the curves even
in vacuum (Figure S3, Supporting Information). From
the time response curves in Figure 2e, it is noted that the
response of the devices to pulsed light is quite stable
with reasonable response speed. However, the accurate
response time is limited by the temporal response of
the preamp of the semiconductor parameter analyzer
due to the very low current, as we will discuss later.
Photoresponse of the device to the light with different
wavelengths was also detected, as shown in Figure 2f.
Significantly, the device is only sensitive to DUV light
(302 and 254 nm), but fully blind to 365 nm light
or white light. This result unambiguously demonstrates
the great potential of GQDs as solar-blind DUV photo-
detectors.
To get deeper insight into the work mechanism of

the GQD-based photodetectors, we studied the energy
band diagrams of devices with different structures, as
shown in Figure 3. The lowest unoccupied molecular
orbital (LUMO) level of GQDs was determined to be
3.6 eV by the cyclic voltammetry (CV) measurement
(Figure S4, Supporting Information), which is in
accordance with previous reports.17,20 Therefore, the
highest occupied molecular orbital (HOMO) level of
the GQDs can be estimated to be 7.4 eV by taking
account of the optical band gap of GQDs (3.8 eV).
When the metallic electrodes, e.g., Au with high work
function (WAu) of 5.1 eV, make contact with GQDs,
a large Schottky barrier (ΦBp, ∼2.3 eV) will exist at
the Au/GQDs interface (Figure 3a). Upon DUV light
irradiation with energy larger than the band gap, the
electron�hole pairs, i.e., excitons, will be generated in
GQDs. Note that the data for the exciton binding
energy in GQDs is not available at the moment. How-
ever, it is reported that the exciton binding energies
are 0.8�1.4 and 0.5�0.9 eV for armchair-edged gra-
phene nanoribbons (AGNRs) with a width of 1.2 and
2.5 nm, respectively.38,39 Considering the stronger
spatial quantum confinement, the exciton binding
energy in GQDs should be larger than that in AGNRs.
Therefore, the exciton binding energy in GQDs is
expected to be much larger than that in traditional
inorganic semiconductors like Si (14.7 meV) and GaAs
(4.2 meV), and be comparable to that in the organic
electroluminescent (EL)materials (e.g., polydiacetylene
(PDA) 500 meV, Tris (8-hydroxyquinolato) aluminum
(Alq3) 1400meV).40 Owing to edge defects and surface
potential arising from the adsorbed molecules, there is
a large probability that the excitons will be dissociated
at the GQD interface, and then the electrons and
holes will drift toward the opposite electrodes under
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the electric field, yielding the photocurrent. However,
from the band energy diagram, we note that the
electrons can freely drift to the anode, while a large
barrier will exist at the cathode for hole transportation
(ΦBp�V2). In contrast, in the case of Ag electrodes

(Figure 3b), the barrier, ΦBn�V1
0, will appear at the

anode side for electron transportation, while the holes
can drift freely, due to the lower work function of Ag
(WAg = 4.26 eV). Since ΦBn (∼0.66 eV) is much smaller
than ΦBp (∼2.3 eV), the carrier transportation barrier
for Ag�Ag electrodes should be lower than that for
Au�Au electrodes, leading to the substantially en-
hanced photocurrent in Ag�Ag device. Despite the
increase of photocurrent by virtue of Ag�Ag elec-
trodes, it is worth noting that the barrier will inevitably
exist for the devices with symmetric electrodes, as
confirmed by the analysis of energy band diagrams.
In light of this, an asymmetric electrode structure
is proposed in this study, i.e., Ag electrode serves as
the cathode, while Au electrode serves as the anode,
as illustrated in Figure 3c. In this case, both photo-
generated electrons and holes can drift freely toward
electrodes under forward bias direction. The carrier
recombination will be effectively suppressed because
the electron�hole pairs can be separated and trans-
ported readily. It is therefore expected that the photo-
current could be remarkably improved by taking
advantage of the asymmetric electrode structure.
Figure 4a shows the schematic illustration of the

device with asymmetric electrodes of Ag�Au. From
the I�V curves in Figure 4b, we note that the dark
current is nearly in the same order with that of the
devices with symmetric electrodes. However, the de-
vice exhibits a pronounced rectifying characteristic
under light illumination due to the asymmetric elec-
trode structure. The rectification ratio is about 20 at
(5 V under 254 nm light illumination.More importantly,

Figure 3. Energy band diagrams of GQD-based photo-
detectors with (a) Au�Au, (b) Ag�Ag, and (c) Ag�Au
contacts, respectively. Vap is the applied voltage, which is
split between the two contacts. Positive bias is applied to
the right and negative bias is applied to the left. EF repre-
sents the Fermi level of the metals. VGQDs (V

0
GQDs, V

00
GQDs)

is the voltage drop in GQDs, V1 (V
0
1, V

00
1) and V2 (V

0
2, V

00
2) are

the voltage drops at the forward and reverse contacts,
respectively.

Figure 4. (a) Schematic illustration of theDUVphotodetectorwith asymmetric Ag�Au electrodes. (b) I�V curves of the device
measured in the dark and under continuous 254 nm/302 nmDUV light (42 μWcm�2) illumination. (c) Time response behavior
of the device under pulsed 254 and 302 nmDUV light (42 μW cm�2). The voltage bias was fixed atþ5 V. (d) Enlarged rise and
decay edges of the temporal response, which aremeasured by using a transimpedance amplifier with an oscilloscope. All the
measurements were conducted in vacuum (ca. 3.7 � 10�5 Torr).
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the photocurrent in the forward direction is dramati-
cally improved as compared with that of the device
with symmetric electrodes. Upon irradiating with
302 nm light, the photocurrent is 71.3 pA, which
increases to 8823 pA under 254 nm light irradiation.
Accordingly, the current on/off ratios (Ilight/Idark) of the
Ag�Au device at þ5 V are 48 and 5882 for 302 and
254 nm light, respectively, in contrast to the much
smaller value of 1.2 (13) and 2 (90), respectively, for the
Au�Au (Ag�Ag) device. From Figure 4c, it is evident
that the GQDs can be reversibly switched between low
and high conductivity; the device current increases
sharply and stabilizes in a high-conductivity state
upon light incidence and decreases quickly to a low-
conductivity state after light illumination is turned off.
For a photodetector, the rise time (tr) is defined as the
time interval for the response to rise from 10% to 90%
of its peak value, whereas the decay time (td) is defined
as the time interval for the response to decay from
90% to 10% of its peak value. Because of the low
current of the device, the measurement of response
time is actually limited by the semiconductor param-
eter analyzer. In order to precisely determine the
response time, alternatively, wemeasured the tempor-
al responses of the devices by using a transimpedance
amplifier with an oscilloscope, as shown in Table 1.
Notably, the Ag�Au device shows the fastest response
speed with tr and td of 64 and 43 ms (Figure 4d),
respectively, indicating a rapid photoresponse charac-
teristic of the device. To verify the durability of our
devices, the DUV photodetector was tested again after
storing in air for onemonth without any encapsulation
(Figure S5, Supporting Information). The change in
photoresponse is almost negligible, confirming the
great durability of the device. The high chemical/
physical stability of GQDs in air is likely responsible
for the excellent durability of the device. Besides Ag,
other metals with varied work functions, including
In/Ga alloy (4.2 eV), Ti (4.33 eV), and Cu (4.65 eV) were
also used to form electrode pairs with Au (Figure S6,
Supporting Information). Obviously, the device perfor-
mance is governed by the work function difference
and enhanced with increasing work function dif-
ference, which is in line with the aforementioned
device mechanism. Previous investigations on gra-
phene photodetectors indicate that the photocurrent
mainly comes from the metal�graphene interface.41

Because of the short lifetimes of the photogenerated
carriers in graphene sheet (in the ps range),42 the
absence of a strong electric field in the bulk graphene
sheet will lead to carrier recombination without any
contribution to the external photocurrent.43 To under-
stand the origin of photocurrent in GQD DUV photo-
detectors, we used a black light screen with a narrow
slit (0.5 mm width) to shine 254 nm light at different
positions of a Ag�Au device with a larger channel of
2 mm (Figure S7, Supporting Information). It is found

that all these positions contribute to the photo-
current, although the photoresponses at the metal�
GQD interfaces are indeed larger than that at the
middle of a GQD film due to the stronger local built-in
electric fields. The longer carrier lifetimes of GQDs
compared to graphene sheet might be responsible
for this result.
Generally, the key figure-of-merit parameters of

responsivity (R) and detectivity (D*) are used to evalu-
ate the performance of a photodetector. R indicates
how the efficiency of a detector responds to the optical
signals and can be calculated according to the follow-
ing equation:44

R ¼ Ip
Popt

(1)

where Ip is the photocurrent and Popt is the inci-
dent light power (4.2 � 10�6 W). R is estimated to be
2.10 mA W�1 for Ag�Au device. In contrast, R is
3.18 � 10�2 and 4.26 � 10�3 mA W�1 for Ag�Ag and
Au�Au devices (Table 1), respectively. However, D*
represents the ability of a detector to detect weak
optical signals. If we assume that shot noise from dark
current is themajor contributor to the total noise,D* can
be expressed as44

D� ¼ (AB)1=2

NEP
� A1=2R

(2qId)
1=2

(2)

where A is the area of the device (0.1 cm2), B is the given
bandwidth, and NEP is the noise equivalent power,
which is a measure of the sensitivity of a photodetector
and is defined as the signal power that gives a signal-
to-noise ratio (SNR) of one, q is the elementary charge,
and Id is the dark current (1.5 pA). Accordingly, D*
are estimated to be 9.59 � 1011, 1.45 � 1010, and
1.95 � 109 cm Hz1/2 W�1 for Ag�Au, Ag�Ag, and
Au�Au devices (Table 1), respectively. In the above
analysis, a shot noise limit is taken for the device to
simplify the calculation. This may lead to the under-
estimation of the noise because other noise compo-
nents, such as low-frequency noise (1/f noise), may also
contribute to the total noise. Therefore, we directly
measured the noise power density spectrum of the
GQD DUV photodetector (Ag�Au device) within the fre-
quency range from1 to 1500Hz, as shown in Figure S8 in
the Supporting Information. It is noteworthy that the
device shows lownoise currents of <2pAHz�1/2, which is
smaller than that of a silicon diode (ca. 10 pA Hz�1/2).45

TABLE 1. Summary of the Key Parameters of GQD-Based

DUV Photodetectors

electrode
structures

Ilight/
Idark

Rmax
(mA W�1)

D*
(cm Hz1/2 W�1)

tr
(ms)

td
(ms)

Ag�Au 5882 2.10 9.59 � 1011 64 43
Ag�Ag 90 3.18 � 10�2 1.45 � 1010 128 102
Au�Au 13 4.26 � 10�3 1.95 � 109 135 103
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NEP is determined to be 4.86 � 10�10 W by integrating
the noise power density spectrum, giving rise to a D*

of∼2.06� 1010 cm Hz1/2 W�1. This value is comparable
to that obtained from eq 2, indicating that the shot noise
limit offers a satisfactory approximation to estimate
the D* here. Moreover, given a light absorption (R)
of ∼17.4% for the GQD film at 254 nm (Figure S9,
Supporting Information), the internal quantumefficiency
(IQE) (η) of the Ag�Au device is deduced to be 5.9% by
the following equation:46

η ¼ Iphc

RPoptqλ
¼ R

hc

Rqλ
(3)

where h is the Planck constant (6.626� 10�34 Js), c is the
speed of light, and λ is the wavelength of the incident
light (254 nm). Though R of 2.10 mA W�1 for the GQD
DUV photodetector is still lower than R for the conven-
tional silicon photodiode in UV range (ca. 140 mA W�1)
and the compound photodetectors such as GaN
(ca. 100 mA W�1),3 it is higher than R for the ZnO
quantum dot/graphene hybrid UV photodetector
(1.7 mA W�1).47 In addition, D* of the GQD DUV
photodetector is close to those of the compound-
semiconductor quantum-dot photodetectors.48,49

Figure 5a depicts the time response of the Ag�Au
device obtained at varied incident light intensity. The
maximum photocurrent increases almost linearly with
increasing light intensity (inset in Figure 5b). Notably,
our DUV detector exhibits an excellent capacity to
detect very weak optical signals. Even under a weak
incident light of 8 μW cm�2, the Ilight/Idark ratio has
already reached over 2000. Figure 5b shows the de-
pendence of responsivity as a function of the light
wavelength. It reveals the device only responds to the
DUV light (e302 nm) and is fully blind to the visible
light, which is consistent with the result obtained
from symmetric electrodes (Figure 2f). This result
further confirms the great superiority of the GQDs as
solar-blind DUV photodetectors.
For comparison with 2.5�6 nm GQDs, GQDs with

larger sizes of 5�10 and 8�16 nm were also prepared
by altering the ultrasonic times during the synthesis, as
shown in Figure S10a�c in the Supporting Information.

From the absorption spectra of theGQDs (Figure S10d),
we can see that the absorption onset decreases
and consequently the optical bandgap of the GQDs
increases with decreasing GQD sizes. The time re-
sponse behaviors of the devices fabricated from GQDs
with different sizes, Figure S10e, indicate that the GQDs
with smaller sizes offer higher DUV photoresponse.
In addition, the spectral responses of the devices in
Figure S10f reveal that all the devices are only sensitive
to DUV light and almost blind to visible light, although
the GQDs, particularly for the GQDs with large sizes,
show the absorption tails in the visible light range
(>400 nm). We speculate that the following reasons
might be responsible for this observation: First, the
edge states or surface states may contribute to the
light absorption of GQDs in the longwavelength range.
However, they have little contribution to the photo-
current because the carriers on these states are highly
localized and will recombine shortly after generation.
In contrast, the DUV light offers enough energy
to excite the carriers to the LUMO energy level of
the GQDs. The carriers can thus transport between
adjacent GQDs efficiently via hopping. The strong light
absorption of the GQDs at DUV range also ensures
a high carrier concentration in the GQD film so that
the carriers have a large probability to overcome the
metal�GQDs contact barrier via thermal excitation.
Second, with the increase of GQD size, the reduction
of quantum confinement effect makes their function-
ing more like graphene sheet. However, it is known
that a graphene sheet possesses very short lifetimes for
the photogenerated carriers,42 leading to a strong
carrier recombination. As a result, the photoresponse
decreases with increasing GQD size. Finally, from the
absorption spectra (Figure S10d), the light absorption
of large-size GQDs (5�10 and 8�16 nm GQDs) at the
detectionwavelengths (254 and 302 nm) is higher than
that of the small-size GQDs (2.5�6 nm). This means a
stronger surface absorption for the devices fabricated
from large-size GQDs; the higher surface recombina-
tion will also result in a lower photocurrent.
Owing to the simple solution processing capability

and extraordinary properties of GQDs, GQD-basedDUV

Figure 5. (a) Photoresponse of the device with Ag�Au electrodes under various 254 nm UV light intensities in vacuum.
The voltagebias is fixed atþ5V. (b) Spectral responsivity of theDUVphotodetector underþ5V bias. Inset: the dependence of
photocurrent on light intensity under þ5 V bias.
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photodetectors have the great potential to surpass
conventional compound semiconductor-based photo-
detectors in terms of low cost, high stability, and
improved performance. Various potential improve-
ments of our GQD-based photodetector design can
be envisioned including the implementation of
an encapsulation layer on the GQD layer to allow
the device working in air or the use of asymmetric
electrodes with a larger work function difference
to enhance carrier separation and transportation. It
is also possible to combine GQDs with graphene
transparent electrodes, enabling a low-cost, full-
carbon device architecture. A higher photocurrent
could be achieved by changing the device structure
fromplanar structure to vertical structure; the channel
length between electrodes could be remarkably re-
duced from 1mm to several hundreds of nanometers,
leading to much more efficient carrier transportation.
The GQD-based photodetectors are also compatible
with flexible substrates, such as polyethylene ter-
ephthalate (PET) or poly(etherimide) (PEI), due to the

low-temperature and solution-processed device fab-
rication process.

CONCLUSIONS

In summary, we have demonstrated the construc-
tion of high-performance DUV photodetectors based
on GQDs fabricated via a facile solution process. Owing
to the large band gap of GQDs, the detectors can be
operated in DUV wavelength range with responsivity
increasing with decreasing light wavelength. The de-
vice performance could be significantly improved with
the aid of an asymmetric electrode structure. In com-
parison with symmetric Au�Au or Ag�Ag electrodes,
the use of asymmetric Ag�Au electrodes can result in
the reduction of carrier transportation barriers, giving
rise to a much enhanced device sensitivity. The GQD-
based photodetectors exhibit superior performance
in terms of excellent stability and reproducibility,
fast response speed, and high durability. This work
opens up the great opportunities of using GQDs in
high-performance, low-cost DUV photodetectors.

METHODS

Material Preparation and Characterizations. GQDs used in this
work were synthesized via a hydrothermal method.14 Briefly,
graphene oxide (GO) sheets were first prepared via improved
Hummers' method,50 and then graphene sheets (GSs) were
obtained by deoxidization of the GO sheets in a tube furnace at
300 �C for 2 h in a nitrogen atmosphere. GSs (0.05 g) were
oxidized in amixed solution of H2SO4 (10mL) and HNO3 (30mL)
under mild ultrasonication. The mixture was then diluted with
deionized (DI) water (250 mL) and filtered through a 0.22 μm
microporous membrane to remove the residual acids. Purified
oxidized GSs were redispersed in DI water, and the pH was
tuned to 8 with NaOH. The suspension was transferred to a
poly(tetrafluoroethylene) (Teflon) lined autoclave and heated at
200 �C for 10 h. The resulting black suspension was filtered
through a 0.22 μm microporous membrane, and a brown
filtered solution was separated. Eventually, the colloidal solu-
tion was further dialyzed in a dialysis bag (retained molecular
weight: 3500 Da) to obtain the GQDs. The morphology and
crystal structure of GQDs were determined by TEM (Philips
CM300). The PL spectra were measured by a fluorescence
spectrometer (Horiba Jobin Yvon Flworomax-4) with varied
excitation light in the range of 360�540 nm. UV�vis spectrum
was measured by a UV/vis spectrophotometer (Lambda 750).
The morphology of GQD layer was investigated by SEM
(Carl Zeiss, Supra 55), and the topographic height of the GQDs
was characterized by AFM (Veeco, MultiMode V).

Device Fabrication and Measurements. Three different device
architectures, including symmetric structures of Au�Au/
Ag�Ag and asymmetric structure of Ag�Au, were adopted
for the GQD-based DUV photodetectors. First, 50 nm electrodes
(Au or Ag) were deposited on the far ends of a smooth quartz
substrate by e-beamevaporation (Kurt J Lesker Company, PVD75)
with device channel width and length of 10 and 1mm (Figure S2,
Supporting Information), respectively. Then an appropriate
amount of GQDaqueous solution (∼120mL), dispersed uniformly
via ultrasonfication, was dropped into the channel to fully cover
the channel. After being heated at 70 �C for about 15 min, the
residual solvent was evaporated. The thickness of the GQD layer
was ca. 80 nm. Photoconductive characteristics of the devices
were measured in a vacuum probe station (Lakeshore, CRX-4K/
CRTTP6) with a semiconductor characterization system (Keithley
4200). A UV lampwith different light wavelengths of 254, 302, and

365 nm was used as the UV light source, while a Xe lamp (300 W)
was used to produce the semimonochromatic light in the
visible range by using different wavelength filters. Temporal
responses of the device were measured by using a transimpe-
dance amplifier (NF, Li75A) with an oscilloscope (Tektronix,
DPO7254C). Noise power spectrum of the Ag�Au device was
analyzed by a low-noise current preamplifier (DL Instruments,
DL1211) and a Dynamic Signal Analyzer (SRS, SR770) at room
temperature.
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