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ZnO nanosheets with thickness of a few nanometers are prepared by vapor transport and
condensation method, and their structure and optical properties are well characterized.
Field effect transistor (FET) and ultraviolet (UV) sensors are fabricated based on the ZnO
nanosheets. Due to the peculiar structure of nanosheet, the FET shows n-type enhanced
mode behavior and high electrical performance, and its field-effect mobility and on/off current ratio can reach 256 cm2 /(V·s) and ∼108 , respectively. Moreover, the response of UV
sensors can also be remarkably improved to ∼3×108 . The results make the ZnO nanosheets
be a good material for the applications in nanoelectronic and optoelectronic devices.
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the nanowire device, resulting in excellent on-off current
ratio as high as 108 . In addition, even the thickness of
nanosheet is as thin as several nanometers, the fieldeffect mobility of FET device can reach 256 cm2 /(V·s).
The result is even better than that of the bulk ZnO.
More importantly, the FET device exhibits n-type enhanced mode, which typically has positive threshold
voltage and operates with off-state current at zero gate
bias. Consequently, the enhanced mode devices are
more preferable for the low power consumption, simply integration circuit design and accurate charge carriers modulation [11]. Moreover, the UV sensor with
ultrahigh photo-responsivity can be realized based on
the ZnO nanosheet. All the results demonstrate that
the ZnO thin nanosheets can be used as an excellent alternate material for nanoelectronic and optoelectronic
devices.

I. INTRODUCTION

ZnO, as a wide-gap semiconductor with large exciton binding energy of 60 meV, has widely potential
applications for laser [1], field effect transistor (FET)
[2], UV sensor [3], light-emitting device [4], piezotronics [5], solar cells [6], spintronics [7, 8] and transparent and flexible electronics [9]. So far, most of FET
and UV sensor based on ZnO materials are constructed
with ZnO nanowires. Unfortunately, due to abundant
intrinsic n-type defects, even undoped ZnO nanowire
has a high initial carrier concentration. This results in
inevitably the high off-state current for ZnO nanowire
FET because it is difficult to deplete the carriers completely in the conducting nanowire channel with diameter of several hundred nanometers [10]. Although the
problem can be alleviated by using the nanowires with
small diameter, the on-state current of the device also
decreases simultaneously, failing to be used for logic circuit. Moreover, as the diameter of nanowires shrinks,
the abundant surface scattering can degrade dramatically the carrier mobility of nanowire. In this regard, it
is a challenge to design and fabricate ZnO nanostructure FET with both high on-off current ratio and carrier
mobility performances.

II. EXPERIMENTS

ZnO nanosheets were synthesized via vapor transport
and condensation method by using 5 nm Ag film as
substrates [12, 13]. The source, composed of 0.5 g uniform mixtures (1:1 mole ratio) of ZnO powders (purity ∼99.99%) to spectrograde graphite powders, was
located in one sealed end of quartz tube with length of
27 cm and inner diameter of 1.5 cm, whereas the Si(111)
substrate coated by 5 nm Ag film was located near the
other open end of the tube. The distance between the
source and the substrate was about 22 cm. The quartz
tube was then put into furnace and ensured the source
to sit at high temperature (HT) zone of the furnace
while the substrate sit at low temperature (LT) zone.
Ar (20 sccm) was used as the carrier gas in all reaction
process. The HT zone was heated up to 1000 ◦ C in

Herein, we suppose to use thin ZnO nanosheet with
thickness down to a few nanometers rather than ZnO
nanowire for fabrication of FET. We find that the ZnO
nanosheet FET can not only show ultralow off-state
current due to the strong depletion formed under the
surface, but also run much higher on-state current than
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FIG. 1 (a) SEM image of ZnO nanosheets. (b) High magnification SEM image of ZnO nanosheets.

48 min, and then the LT zone was heated up to 550 ◦ C
in 6 min. Once the temperature of LT zone reached
550 ◦ C, O2 (10 sccm) was introduced and lasted for
10 min, then the heat power of two-zone furnace and
O2 flow were shut down. The furnace was cooled down
to room temperature naturally under Ar gas protection.
The morphologies of the ZnO nanosheets were characterized by JEOL-6700 field-emission scanning electron microscope (FE-SEM) and Seiko SPA-300HV
atomic force microscopy (AFM). The crystalline structure of the nanosheet was analyzed by PHILIPS
X’PERT PRO X-ray diffractometer (XRD) with Cu
Kα line (λ=1.54184 Å). The high resolution transmission electron microscopy (HRTEM) image of ZnO
nanosheets was obtained with JJEM-ARM200F operated at 200 kV. The optical properties of nanosheets
were checked by LABRAM-HR Raman spectrometer
with excitation wavelength of 325 nm. The fabrication
of FET and/or UV sensor includes the following processes. First, polydimethylsiloxane (PDMS) was used
as a stamp to transfer the as-grown ZnO nanosheets
to a degenerately p-doped silicon wafer covered with
300 nm thick SiO2 . Subsequently, the electrodes of
10 nm Ti/100 nm Au were patterned to the nanosheet
by e-beam lithography, metal deposition and lift-off processing [14]. The characteristics of the devices were investigated by Keithley 4200 combined with Lake Shore
CRX-4K probe station.

III. RESULTS AND DISCUSSION

Figure 1(a) is the SEM result of the as-grown ZnO
nanosheets. As seen, the nanosheets are formed on the
substrate with uniform distribution. From the zoom in
SEM in Fig.1(b), we can estimate that the averaged
width and length of the nanosheet are about 2 and
10 µm respectively, while the thickness is about several nanometers. The XRD result of the as-grown ZnO
nanosheets shown in Fig.2(a) is consistent well with
JCPDS card No.36-1451, indicating the nanosheet with
a wurtzite ZnO structure. Figure 2(b) is the photoluminescence results of ZnO nanosheet. The peak located at
379 nm is the near-band-edge (NBE) emission of ZnO
while the peak at 758 nm is its overtone. The broad luDOI:10.1063/1674-0068/28/cjcp1410177

FIG. 2 (a) XRD pattern of ZnO nanosheets. (b) PL spectrum of ZnO nanosheets under excitation at 325 nm.

minescence with the peak located at 650 nm is similar
to the result of the un-doped ZnO, which is considered
to be related to the defects emission (DE) of ZnO [15].
Note that the intensity of NBE is much stronger than
that of DE, implying good crystalline of the nanosheet.
The morphology and thickness of ZnO nanosheet are
characterized by AFM and the typical result is shown
in Fig.3(a). As seen, the surface morphology of the
ZnO nanosheet is uniform and the height profile line
in inset of Fig.3(a) reveals its thickness about 8 nm.
TEM characterization is also carried out to investigate
the microstructure of ZnO nanosheets and the result
is depicted in Fig.3(b). Both HRTEM image and selected area electron diffraction (SAED) pattern shown
in Fig.3(c) demonstrate that the ZnO nanosheet is single crystalline with wurtzite structure. Moreover, it is
found that the nanosheet has strong preference to grow
along both of h0001i and h01-10i directions. Consequently, the top/bottom surfaces of the ZnO nanosheet
belong to ±(2-1-10) plane, while the sides are composed of ±(0001) and ±(01-10) planes, as illustrated
in Fig.3(d).
In order to investigate the electrical properties of ZnO
nanosheet, we fabricated the ZnO nanosheet FET and
measured its transfer performance under air and vacuum environment respectively. As shown in Fig.4(a),
under the air and with the source-drain voltage of
VDS =50 mV, the transfer characteristic (triangle curve)
of FET demonstrates excellent ability of gate modulac
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FIG. 3 (a) Topographical AFM image of ZnO nanosheet.
Inset is the height profile line. (b) TEM image of ZnO
nanosheet. (c) HRTEM image and SAED pattern (inset) of
ZnO nanosheet. (d) Structure illustration of ZnO nanosheet.

tion. The off-state source-drain current IDS can reach
as small as 10−13 A, while the on-state current is about
10−5 A, resulting in ultrahigh on-off current ratio ∼108 .
This value is three orders of magnitude larger than
previously reported nanostructure ZnO FET [2]. Figure 4(b) shows the I-V curves of the device under air
with different gate voltages. The linear behavior of the
curve implies the well electrical contact between the
electrodes and the nanosheet. At the same time, the
strong gate modulation can also be found. Moreover,
the filed effect mobility (µFE ) of the FET device can be
obtained from the transfer characteristics according to
the following equation [16]:
µFE =

1 gm Ls
CG VDS Ws

(1)

where CG , gm , Ls , and Ws are the gate capacitance,
transconductance, the channel length, and width of
the FET, respectively. With our device, for 300 nm
thick SiO2 , CG =11.505 nF/cm2 , gm =1.47×10−7 S at
VDS =50 mV, Ls =3 µm and Ws =3 µm. Therefore, µFE
is estimated to be 256 cm2 /(V·s), which is even slightly
better than that of the bulk ZnO (∼200 cm2 /(V·s) [17].
Considering that the carriers could suffer severe surface
scattering in the nanosheet, the obtained high mobility in the nanosheet is rather an amazing result. This
definitely implies the high quality of crystallinity and
the flat surface of the nanosheet, but the underlying
reason might also be related to the formation of quasitwo-dimensional electron gas in the nanosheet, which is
needed for the further study.
Contrast with most of depletion mode of FETs based
on ZnO nanostructures [2], the threshold voltage of the
nanosheet FET is found to be about 10 V from the
inset of Fig.4(a), indicating the device works in the nDOI:10.1063/1674-0068/28/cjcp1410177

FIG. 4 (a) Semilogarithmic and linear (inset) plots of transfer characteristics of ZnO nanosheet FET under air and vacuum with UV irradiation. (b) Typical I-V characteristic of
ZnO nanosheet FET under air at different gate voltages.

type enhanced mode. This is very important for the
integration of low power consumption circuit. We contribute the merit of enhanced mode of FET to the peculiar morphology of nanosheet: the large flat surface and
the thin thickness. As the surface exposed to air, it is
readily absorbed by various molecules, especial oxygen.
For example, it is well known that the absorbed oxygen molecules can trap electrons in ZnO nanostructure
through [O2 (g)+e− →O2 − (ad)] [18]. Therefore, we postulate that the adsorbed oxygen molecules might lead
to complete depletion of free carriers in thin nanosheet
and result in the enhanced mode behavior of FET.
To better understand the above consideration, we
carried out a control experiment for the FET device.
The absorbed molecules on the surface of FET were removed through the irradiation of ultraviolet lamp for
4 h in high vacuum. Afterwards, the transfer characteristic of the device was measured again. The result is
plotted in Fig.4(a) (square curve). As seen, the device
does not demonstrate off-state during the gate voltage
varying in range between ±50 V, and the source-drain
current can only change a factor of less than 10, indic
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where e, ND , ε0 , εZnO , and ϕs are the electron
charge, the doping density, the vacuum permittivity, the relative static permittivity of ZnO, and the
surface barrier potential, respectively.
Assuming
ND =1018 cm−3 , ϕs =0.3 V, and εZnO =8.66 [22], we can
obtain W ≈17 nm. Obviously, although this depletion
layer has negligible effect on the conductance for the
ZnO nanostructures with several hundred nanometers
of lateral size, it can result in complete depletion in the
few nanometers thick ZnO nanosheet and lead to the
enhanced mode behavior of FET.
Considering that strong depletion layer exists in ZnO
nanosheet and the adsorbed molecules can be removed
through the UV irradiation, we believe the nanosheet
is very adaptable to construct UV sensor. Figure
5(a) shows the I-V curves of the ZnO nanosheet sensor device with and without irradiation of ultraviolet
light (central length at 365 nm with a power density
of 500 µW/cm2 ). The inset is the optical image of
the fabricated sensor. The photo-responsivity of the
sensor, defined as the ratio of the current under irradiation to that in the dark, can reach as large as
∼3×108 under the bias voltage of 1 V. This high photoresponsivity comes from not only high photocurrent
(7.2×10−5 A at VDS =1 V) but also extremely low dark
current (2.8×10−13 A at VDS =1 V). High photocurrent
origins dominantly from the released carriers captured
by absorbed molecules under UV irradiation [23]. Figure 5(b) shows the photocurrent response of the sensor
at bias of 50 mV under on/off periodic UV irradiation.
As seen, the response of the device to the UV irradiation is quite well, and the response time is less than 5 s
and the recovery time is about 60 s.
DOI:10.1063/1674-0068/28/cjcp1410177
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cating the weak gate modulation to the device. With
the aforementioned method, we can also calculate the
mobility of the device ∼260 cm2 /(V·s), similar to the
value obtained from the device in the air ambience. The
result is reasonable because the mobility is an intrinsic
character of the material and susceptive to the defects
only.
With σ=neµ, we further estimate the intrinsic electron density of the nanosheet to be 5×1018 cm−3 , indicating the as-grown ZnO nanosheet is in heavy doping.
It has been reported that the inevitably intrinsic defects
of ZnO, such as oxygen vacancy (VO ) or zinc interstitial (Zni ) can contribute to the electron carriers [19,
20]. Therefore, we speculate that there exist many intrinsic defects in ZnO nanosheet. This consideration is
also supported by the red luminescence behavior shown
in Fig.2(b). It has be pointed out that the conductance of ZnO nanostructure decreases in air ambience,
because the absorbed molecules can trap the electrons
in ZnO and form a depletion layer under the surface.
The thickness of depletion layer W can be estimated by
[21]:
r
2ε0 εZnO ϕs
W =
(2)
eND

Zhi-wei Gao et al.

Current /

4

on

on

4

3

2

1

off

0
0

off

off

off

900

1800

off

2700

off

3600

Voltage / V

FIG. 5 (a) UV response of ZnO nanosheet device. Inset:
optical photo of the device. The bar is 5 µm. (b) Current
response versus time under periodic UV irradiation.

IV. CONCLUSION

ZnO nanosheets with thickness down to a few
nanometers are grown by vapor transport and condensation method. The nanosheet is single crystalline with
wurtzite structure. The top/bottom surfaces of ZnO
nanosheet belong to ±(2-1-10) plane, and the sides
are composed of ±(0001) and ±(01-10) planes. The
FET fabricated by the ZnO nanosheet shows n-type enhanced mode behavior and high gate modulation performance. The mobility of device is about 256 cm2 /V·s
and the on/off current ratio can reach 108 . Additionally, the photo-responsivity of the nanosheet UV sensor
can also be dramatically improved to 3×108 . Our findings indicate that the well controlled grown thin ZnO
nanosheet can be used as an excellent material to construct the high performance nanoelectronic and optoelectronic devices.
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