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Graphene, consisting of sp? hybridized C-C bonds in a
honeycomb-like two-dimensional network, is a promising
material and platform for new types of optoelectronic devices
and sensors because of its high carrier mobility, ultra stability
and easy fabrication technique.l'"*! In this work, we demon-
strate an efficient charge transfer between ZnO quantum dots
(QDs) and a single layer graphene. We fabricate a graphene-
based ultraviolet (UV) sensitive device with ZnO QDs on top
of the graphene layer, and find that the electrical response of
the device to UV light is largely enhanced due to the charge
transfer. We show that the oxygen molecules play a vital role
in the charge transfer process, by being adsorbed on or des-
orbed off the QDs surface. With a gain of as high as 107, this
new hybrid nano structure may lead to the improvements for
design of the photoelectric devices and the realization of high
performance graphene-based UV sensors and detectors.
Although graphene has many fascinating optical and
electrical properties, its relative low light absorption coef-
ficient!'”l and too fast recombination ratel'!l have limited
pristine graphene from practical optoelectronic applications.
Recently, considerable attention has been attracted to adding
active components on top of the pristine graphene device to
improve its performance and develop new functional appli-
cations. Among these, semiconductor QDs, with their strong
light absorption and good compatibilities, have arose intense
interests.'>?3l Combining the photo-induced charge sepa-
ration ability of QDs and the electronic transport property
of graphene, it is possible to make these hybrid structures
remarkable candidates for novel optoelectronic devices.
Therefore, a deep understanding of the interaction between
QDs and graphene will be beneficial to design and manu-
facture practical products. Up to date, while many studies
have focused on the properties of the device under infrared
and visible light illumination, only few efforts have been
put on investigating the detailed interaction mechanism of
the hybrid structure with the irradiation of UV light, which
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is important for potential applications in UV-related opto-
electronic devices. Consequently, ZnO QDs, chosen for their
large bandgap (about 3.3 eV), would allow us to focus on the
device response to UV light and screen the influence from
visible and infrared light source.

Figure 1a,b illustrate the schematics of our fabricated
graphene device decorated with ZnO QDs. We mechani-
cally exfoliate single layer graphene onto silicon dioxide
(300 nm in thickness) on a degenerately doped silicon wafer.
The size of graphene is about 10 um x 30 pm. The electrodes
are patterned through conventional electron beam lithog-
raphy and deposited by Ti/Au electrodes through thermal
evaporation. For the following measurement, as shown in
Figure 1b, source-drain voltage (Vpg) was applied between
the source and drain electrodes, and gate voltage (V) was
applied between the drain electrode and the silicon layer.
It is noteworthy that when exposed to the air environment,
there would be amount of oxygen molecules adsorbed on the
surface of the device. ZnO QDs were made by hydrothermal
methods, dissolved in methanol, and then sprayed onto the
device by airbrush. The high-resolution transmission electron
microscopy (HRTEM) image and electron diffraction pattern
are displayed in Figure 1c and d, respectively. The QDs, with
a diameter of about 3-5 nm and fine structural integrity, are
of good qualities.

We first measured the resistance-to-gate-voltage transport
properties of the pristine graphene without ZnO QDs. To
eliminate possible artifacts from the gate hysteresis, all of the
resistance-voltage curves were acquired on the same meas-
urement cycle while we scanned the bias from positive to
negative values. As we see in Figure 2a, the charge neutrality
point (CNP) was initially at 18 V, shown by curve 1, due to
the doping effects from the air and substrate. After we placed
7ZnO QDs on the device, the CNP was shifted to about 8 V, as
shown by curve 2, consistent with a slightly higher working
function of ZnO QDs compared to graphene, and the car-
rier mobility was slightly decreased from 3600 cm*V~'s™! to
3000 cm?V~!s7! due to the disorder introduced by the QDs.

We then put the device in the chamber of near-field
scanning optical microscope (NSOM) at the ambient envi-
ronment to investigate its optoelectronic properties when
exposed to UV light. A cantilevered fiber probe was used to
couple the laser beam to illuminate the sample. The beam
spot was adjusted large enough to cover the area of gra-
phene. 325 nm He-Cd laser (Melles Griot, 54 series) was
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Figure 1. (a) Schematics of the graphene device coated with ZnO QDs; (b) Side view of the
device; (c) HRTEM image and (d) electron diffraction pattern of the ZnO QDs.

used to shine on the device, with the excitation intensity 100

mWcm™2. As curve 3 in Figure 2a shows, when the laser is on,

the CNP moves to about —40 V, indicating that the electrons
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are transferred to graphene due to the UV
irradiation. This is opposite to the holes
transfer mechanism observed from other
groups.l?-2224 After we remove the excita-
tion laser, as no more electron-hole pairs
are generated, the CNP returns to about
10V, illustrated by curve 4.

We have also taken an AFM image of
our device after ZnO QDs were sprayed
on graphene, see Figure S1 in Supporting
Information. It turns out ZnO QDs form
many discrete islands with thickness of
several tens of nanometers, which may be
due to the aggregation of the ZnO QDs.
Using the same spray method, we made
a control device of ZnO QDs alone to
investigate its optoelectrical properties. In
the dark condition, the resistance is more
than 10! Ohms. When we shine 325 nm
laser on the device, this resistance value
doesn’t change at all. This result confirms
that the electronic transportation proper-
ties we measured for the hybrid structures
are indeed mainly from graphene, not
from the pure QDs. Meanwhile, the trans-

port characteristics of our device in Figure 2a are the typical
graphene ambipolar field effect, which is very different from
the n-type semiconductor behavior in ZnO QDs.[>]
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Figure 2. (a) Transport measurements of pristine graphene, graphene/Zn0O QDs, with 325 nm laser illumination, removal the 325 nm laser,
respectively; (b) Transport measurements of graphene/ZnO QDs with and without 445 nm laser illumination; (c) Transport measurement of
graphene/Zn0 QDs in the vacuum condition (10~ mbar) with and without 325 nm laser illumination. (d) Graphene/ZnO QDs electrical response

to the light on/off under three cases: in the air, with and without 325 nm laser; in the air, with and without 445 nm laser; in the vacuum, with and
without 325 nm laser, respectively. The time interval between light on/off was 120 s. The top inset shows the exponential decay fit for the falling

edge of the photocurrent when we turn off the light. The bottom inset shows pristine graphene electrical response to 325 nm laser on/off in the
air. All the measurements were conducted with Vpg=1 mV.

www.small-journal.com

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

small 2013, 9, No. 18, 3031-3036



Oxygen-Assisted Charge Transfer

As a control experiment, we repeat the measurement for
the hybrid ZnO QDs/graphene device with 445 nm illumina-
tion. The excitation intensity was also 100 mWem™. In this
case, no electron-hole pair would be generated because the
bandgap of ZnO QDs was higher than the energy of excita-
tion photons. Therefore there would be no electron transfer
process occurring at the QD/graphene interface. It is con-
firmed by the transport curve (curve 1 for without 445 nm
laser illumination, curve 2 for with 445 nm laser illumination)
in Figure 2b, where no clear shift of CNP is observed.

It has been proposed that oxygen molecules can grab
the electrons from the n-type metal oxide semiconductors,
adsorb on their surface, and thus change the carrier densi-
ties.[?l To better understand the charge transfer mechanism
of the device, we put the sample in vacuum (VA) conditions
(107° mbar). Figure 2c illustrates that under the vacuum con-
dition, with 325 nm light irradiation, the CNP of graphene
undergoes a significant shift towards about —40 V because
of electron transfer, as shown in curve 2. However, it does
not return after we switch off the laser, shown by curve 3.
To further confirm the results, we have also done the con-
trol experiments in both nitrogen and oxygen environment,
see Figure S2 in Supporting Information. In nitrogen, similar
to the vacuum case, the UV light causes a left shift of CNP,
and the CNP would not come back after we switch off the
UV light; while in oxygen, it resembles the case in the air,
the CNP would undergo a left shift with irradiation of UV
light, and come back to its original place after we remove the
UV light. We therefore believe that oxygen molecules play
an important role in this electron transfer process, because
in the vacuum condition the oxygen molecules are pumped
away after the UV induced desorption.

Once the electrons of ZnO QDs are transferred to
graphene, they can recirculate in the graphene channel within
the lifetime. If the lifetime is long enough, it forms a gain
system which could be utilized as highly sensitive light detec-
tors or sensors. To determine the lifetime of the transferred
electrons, we switched on and off the laser alternatively to
measure the changes in the electronic characteristics. All the
measurements are conducted at Vg = 0V to remove the arti-
facts of the gate-voltage introduced molecule adsorption/des-
orption.l?’l The source-drain voltage Vpyg is set to be 1 mV. As
shown in Figure 2d, when the device is exposed to air, during
UV light irradiation (325, air), an increase of the source-
drain current is observed, confirming that electrons were
transferred from the QDs to graphene. After the UV light is
switched off, the current drops to its original level. From the
falling edge of the curve, we get the carriers’ lifetime 7 by fit-
ting it with an exponential function exp(-t/t) and obtain 7 =
5 s, as shown in the top inset in Figure 2d. This approach has
been widely used and proved to be an efficient way to deter-
mine the carriers’ lifetime.[?'?%%°] Then we put the device
in the vacuum condition with 325 nm laser irradiation (325,
VA), and in air with 445 nm laser (445, air). As expected, the
device has no noticeable response when we switch on and off
the light, as shown in Figure 2d.

For comparison, the electronic response of pristine gra-
phene in air has also been investigated, as shown in the
bottom inset of Figure 2d. The UV irradiation results in
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light-induced desorption of small molecules from graphene
and make it weakly p-doped. When the UV light is turned
off, the small molecules would re-adsorb on graphene’s sur-
face.[?8] This process changes the local carrier concentration
and leads to significant variation in resistance. The desorption
and adsorption processes typically have long time constants
of hundreds of seconds, which is consistent with our experi-
mental result in Figure 2d: the electronic response was very
slow (the 325 nm laser on/off period was 20 minutes in this
case). This desorption and re-adsorption of dopants on the
surface of graphene differ from the charge transfer process
which occurs in a much short time scale (7=75 s).

Now it becomes clear that coating with ZnO QDs helps
graphene get a faster response to UV light from tens of
minutes to several seconds, as a result of electron transfer
between the QDs and graphene with assistance from the
oxygen molecules in air. Our model of such charge transfer
mechanism is illustrated schematically in Figure 3a—d. For
semiconductor QDs, there is a high density of hole-trap
states on the QD surface due to the high surface-to-volume
ratio, with exposure to the air environment. For ZnO, it has
been known that,*33] oxygen molecules can be adsorbed
on the oxide surface and capture the free electrons present
in the n-type metal oxide semiconductors, [O,(g) + ¢- —
O,(ad)]. Under irradiation with photon energy larger than
the bandgap, electron-hole pairs are generated (Figure 3a)
and soon separated, with the holes trapped at the surface
along the potential slope due to the band bending, leaving
behind unpaired electrons (Figure 3b). The holes therefore
discharge the adsorbed oxygen ions, [O,(ad) + it — O,(g)],
and the neutral oxygen molecules are then desorbed from
the surface, as shown in Figure 3b. Following the energy dia-
gram in Figure 3e, the electrons are transferred to graphene
layer and raise the Fermi energy level, which leads to the
left-shift of CNP of graphene. With shining UV light for suf-
ficient long time, these processes reach equilibrium. After-
wards, when the UV light is switched off, if there are plenty
of oxygen molecules surrounding, they will be re-adsorbed
on the QDs’ surface and capture the electrons, hence lower
the Fermi energy level, and the transport properties of gra-
phene will be recovered. If there are no oxygen molecules
left (such as in the vacuum condition), the Fermi energy level
will stay unchanged, and the CNP of graphene will not return
to its original value. This charge transfer mechanism can be
used for applications in such as UV detectors and sensors,
given that the device has relative quick response at ambient
conditions.

One important parameter to characterize the perform-
ance of an optoelectronic sensor is the responsivity. To study
the responsivity of this hybrid structure, we express the den-
sity of free carriers (N) in the QDs[?] as

p
77

N =
hv

(P) 1)

where 7 is the charge carrier photogeneration quantum effi-
ciency, P is excitation laser intensity, #v is the energy of inci-
dent photons, and 7 is the carrier lifetime. We have measured
the photocurrent 1, (calculated as Ijp,~I;,) With different
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Figure 3. The mechanism of the oxygen-assisted charge transfer
process. (a) With irradiation of photon energy larger than the bandgap
of the QDs, electron-hole pairs are generated. (b) The holes are trapped
at the surface states, leaving behind the unpaired electrons. The
trapped holes will discharge the oxygen ions on the surface, and the
oxygen molecules are desorbed. (c) The electrons will transfer from
the QDs to the graphene layer. (d) With laser turned off, no more electron-
hole pairs are generated. The oxygen molecules will re-adsorb on QDs
and capture the remaining electrons to form oxygen ions on the surface.
(e)The energy diagram of ZnO QDs and graphene.

intensities of UV light illumination. At low intensity excitation,
the holes, separated from photon-introduced electron-hole
pairs, occupy the surface states, thus are trapped at the surface
and discharge the adsorbed oxygen molecules. As we increase
the excitation light intensity, more and more electron-hole
pairs are generated. After all the surface states are filled, the
extra electron-hole pairs recombine immediately after they are
generated, in the time scale of several tens of picoseconds.*
Thus, they will not participate in the charge transfer process,
and the average lifetime will be shortened. The excitation-
intensity-dependant carrier lifetime can be expressed as

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Here, T, is the carrier lifetime at low excitation inten-
sity (P—0). P, is the excitation intensity in which the sur-
face states are fully filled and #» is a phenomenological fitting
parameter. Taking advantages of the high carrier mobility in
graphene, the transferred electrons can recirculate between
the source and drain electrodes for many times within the
long lifetime, resulting in a relative high gain and respon-
sivity. The gain of the system is defined as the ratio between
the number of electrons recirculated per unit time and the
number of photons absorbed per unit time. The photocurrent
(I,,) takes the usual form as

aqnWL (T, P

L= agNvW= . (f T () B 3)
where o is the carrier transfer efficiency from ZnO QDs to
graphene, g is the elementary charge, W is the sample width,
and v = uV gL is the carrier drift velocity in graphene with
the carrier mobility ¢ and the sample length L. T,= L2~ V!
is the carrier transit time. In our work, with W =30 um, L =
10 um, Vpg=1mV, and p = 3000 cm?V ~Is7!, T, is estimated
to be 330 ns. Assuming 1 = 1 and o = 1, we estimate the
gain by

_ Iphhv :(E) 1 (4)
qPWL )1+ (P) Po)»

Figure 4 shows the gain as a function of excitation inten-
sity, as compared to the theory. The solid curve is the best
fitting with P, = 3.91 x 108 Wem™ and n = 1.05. Our data
agrees well with the theory at relative high excitation inten-
sity, showing a high gain up to 10* And the responsivity of
the device is calculated to be in the order of 10* AW-!, with
the excitation intensity as low as 10 Wem ™. At a lower exci-
tation intensity (P — 0), we predict the gain can be as high
as 107. To compare with the performance of ZnO nanowire
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Figure 4. Gain as a function of excitation intensity. The circles are
experimental data, and the solid curve is the theoretical plot with best
fitting.
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device,?°] the advantage of our hybrid ZnO QDs/graphene
device is that if put under the same condition, such as the
same sample length, the same bias voltage, our device could
reach a higher gain, due to the higher mobility of carriers in
graphene than in ZnO nanowires. Usually, it could be two
orders higher. Besides this, since graphene has much lower
resistance than ZnO nanowire, our device can work at lower
bias and have much less energy consumption.

In summary, we have investigated the oxygen-assisted
charge transfer mechanism between ZnO QDs and
graphene. With UV light illumination, after the genera-
tion of electron-hole pairs, the holes are separated and
trapped into the surface states, and discharge the oxygen
ions adsorbed on the surface of QDs. The unpaired elec-
trons are then transferred to the graphene layer with a rela-
tive long lifetime. After the UV light is switched off, the
oxygen molecules re-adsorb to the QDs surface, capture
electrons and recover the graphene’s transport properties.
This ZnO QDs/graphene hybrid structure also shows a
photoconductive gain as high as 107, which can be utilized
for practical graphene-based UV sensors and detectors
with very high responsivity. And this gain can be further
enhanced by another 2-3 orders by increasing source-drain
voltage, shortening the sample’s length, etc.[2?]

Experimental Section

Materials: Graphene was exfoliated from graphite by
mechanical cleavage onto degenerately doped Si substrates with
300 nm SiO,. ZnO QDs were prepared according to the method of
Pacholski.%! Typically, 65 mL KOH solution in methanol (0.03 M)
was added drop by drop to 125 mL solution of zinc acetate dehy-
drate (0.01 M) in methanol at 60 °C and stirred for two hours. The
resulting milky precipitate was collected and washed with meth-
anol several times. Then the product was redispersed in methanol
for storage. The structure of ZnO QDs was characterized by trans-
mission electron microscopy (TEM, JEOL 2010F).

Device Fabrication: The electrical contacts of graphene were pat-
terned by standard electron-beam lithography and the electrodes
were deposited with 5 nm Ti and 40 nm Au using electron-beam
deposition, followed by lift-off process. After the characterization
of the pristine graphene, the ZnO QDs were sprayed on top of
graphene device using an airbrush.

Electrical Characterization: The electrical transport and optical
response of the devices were carried out in the chamber of NSOM.
The resistance-gate voltage characteristics of devices were meas-
ured using standard lock-in techniques. For the optical response
of the devices, 325 nm and 445 nm lasers were used as the light
source. The measurements of dark current and photocurrent were
carried out by Keithley 6430.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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