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Structural and Optical Properties
of Uniform ZnO Nanosheets**

By Shijian Chen, Yichun Liu,* Changlu Shao,
Richard Mu,* Youming Lu, Jiying Zhang,
Dezhen Shen, and Xiwu Fan

Semiconductor nanostructures have attracted much atten-
tion as promising candidates for future electro-optical devices.
In nanostructures, the carrier-state density is concentrated in
discrete energy levels, which enables the enhancement of exci-
ton oscillator strength and light-emitting efficiency. As a result,
the performance of nanostructure-based optical devices is ex-
pected to be improved and be less temperature dependent.!']
Among the wide variety of semiconductor nanostructures,
ZnO nanostructures, as wide bandgap semiconductors, are
even more attractive for high-efficiency short-wavelength op-
toelectronic nanodevices,[z'4] due to their large excitonic bind-
ing energy (=60 meV) and high mechanical and thermal stabi-
lities. For one-dimensional ZnO nanostructures, different
shape structures, such as tetrapod nanorods,”® nanowires,”"*]
or nanobelts,*”! as well as their optical properties have been
reported. Two-dimensional nanostructures, such as nanosheets,
are another important category that have received increasing
attention recently.[w'l2] However, for ZnO, relatively few
studies on two-dimensional (2D) nanostructures have been
reported."*!* Nanostructured materials are expected to have
improved optical properties compared with bulk materials.
However, the reported photoluminescence (PL) spectra of
ZnO nanostructures''*'” have shown UV emission accompa-
nied by strong deep-level (DL) emissions, which may be as-
cribed to many structural defects, such as stacking faults and
dislocations, which exist in the nanostructures."¥! Since the
performance of electronic and photonic devices is strongly de-
pendent upon environmental conditions, such as temperature,
humidity, etc., most optoelectronic devices fail to operate at
high temperature. Hence, investigation of the high-tempera-
ture PL characteristics is important to explore the potential for
future high-temperature nano-optoelectronic devices.
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In this communication, we report the synthesis of micro-
meter-sized uniform ZnO nanosheets. The nanosheets have
far superior high-temperature emission to any other materials
that have been reported in the literature.

The morphology of the sample was characterized by field-
emission scanning electron microscopy (FESEM). Typical ex-
amples are shown in Figures 1a,b. They are uniform multi-
layered sheets with lateral dimensions of several micrometers.
Flat and smooth terraces and steps are clearly seen, which

Figure 1. a) Low magnification FESEM image of ZnO nanosheets,
b) higher magnification FESEM image indicating smaller sheets
grown on the larger, ¢) low magnification TEM image of ZnO nanosheets
showing block-like sheets, and d) higher magnification TEM image
illustrating the rectangular cross-section of the sheets.

suggests a layer-by-layer growth mechanism. A smaller sheet
can be seen lying on the larger one, indicating an initial phase
of a sheet growth, as shown in Figure 1b. Cross-section trans-
mission electron microscopy (TEM) measurements also show
that some of the smaller samples are square and rectangular
in shape and the size varies from 50 to 300 nm, as illustrated
in Figures lc,d. An X-ray diffraction (XRD) spectrum
is displayed in Figure 2. The diffraction peaks fit well with a
wurzite ZnO structure. No diffraction peaks are observed
from metallic Zn. Electron back-scattered diffraction (EBSD)
from the large sheets suggested that the sheets have a pre-
ferred (210) surface orientation.

Figure 3 shows a Raman spectrum of the ZnO nanosheets
excited with an Ar ion laser at 488 nm. All observed spectro-
scopic peaks can be assigned to a wurzite ZnO structure ac-
cording to the literature values,'>?" which are listed in the
inset of Figure 3.

Figure 4 represents three PL spectra measured at tempera-
tures of 80, 300, and 857 K, respectively. The PL spectrum at
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Figure 2. X-ray diffraction spectrum of the ZnO nanosheet structures.
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Figure 3. Raman spectra of ZnO nanosheets excited at 488 nm. Inset
table shows the Raman frequencies and assignments of all the peaks.
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Figure 4. PL spectra of ZnO nanosheets measured at 80, 300, and 857 K.

Inset indicates the detailed PL spectrum at 80K along with the possible
assignments.

80K consists of several distinct peaks in the UV region. A
zoom-in spectroscopic region around 3.261 eV, shown in an
inset of Figure 4, illustrates that the strongest peak at
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3.298 eV, along with two phonon replicas on the lower energy
side, is due to neutral-donor-bound exciton emission (1).*'??!
A shoulder on the higher-energy side of 1, at ~3.340 eV with a
possible phonon replica may be assigned to free exciton emis-
sion. On the other hand, the DL emission, commonly ob-
served in ZnO nanostructures,[14'17] was found to be extremely
weak (< 0.3 %) compared with the near band-edge emission.
The PL spectrum at 300 K shows only one dominant and sharp
exciton peak at 3.23 eV with no observable DL emission.
Since DL emission is commonly due to structural defects, such
as stacking faults and dislocations, as well as surface defects
in many ZnO nanostructures, the absent DL emission in these
nanosheets can only indicate that an undetectable concentra-
tion of structural defects is present. Hence, the ZnO nano-
sheets have a superior structural and optical quality to many
of the ZnO nanostructures reported in the literature.'*!7!
Another noticeable feature is the remarkable photon emis-
sion even at 857 K. Emission at such high temperatures has
not been reported from ZnO bulk and
nanostructures. Based on the strength of

nates from an inter-band transition rather than those asso-
ciated with defect-related emissions. Similar PL measure-
ments on ZnO powders, ZnO films on Al,O3, and bulk ZnO
at high temperature were also conducted and the results
agreed well with the proposed argument. As demonstrated in
Figure 5b, the emission arising from the inter-band transition
of an optically thick nanocrystalline film clearly showed a de-
crease in PL intensity with temperature, and PL disappeared
at ~500 K. However, the PL of the nanosheet exhibits a fairly
strong intensity, even at 857 K. Although the physical mechan-
isms of why the ZnO nanosheets show such strong emission,
even at 857 K, is not clearly understood and has not been re-
ported in the past, attempts were made which may partially
be attributed to the experimental observation. It is expected
that the 2D nanosheet structure has a very low number of de-
fects in and on the surface of the nanosheets. It is then formed
into a high-quality single-layered quantum-well structure, i.e.,
air-ZnO nanosheet-air. As reported in the literature,”*>* the

the emission at 857K, it is expected that 80000 E,3.32578 +0.00767 | 3.30 _
. . .o a 0.00053 +0.00002 3.25 >
significant emission would be detected at p— T,90.8385 £40.54748 | 1,0 ® BOK
even higher temperatures, although it is be- = 35 2 I\ i
yond the capability of the temperature con- @ 60000 hﬁ.’ 30 5
troller used here. As expected, the emission 2 *‘ g:g; 5 J N 173K
linewidth at 857K is much broader than @ gpggp b, 295 & AN
that of the room temperature PL peak. The ;E » 290 & N 213K
peak position is red-shifted to ~2.91 eV. = SOO0DIS.  EO0 400 SO0 G0 1edd 273K
The intensity of the UV emission at room & Temperature (K) MK
temperature is so strong that it had blurred 7§ 30000 NK
the clez}rly.visible edges of the sample when E p—— MK
the excitation laser was turned off. =z A
In order to study the origin of this emis- 10000 k SI2K
sion peak, a temperature dependent mea- A 733K
surement was conducted from 80 to 857 K, 0 B57TK
as shown in Figures 5a,b. Figure 5a is a set 2"2 . 2..4 : 2_'5 * 2{3 . 370 . 3?2 . 374 -
of temperatures-dependent PL spectra
which are normalized against their peak Photon Energy (eV)
height to illustrate the PL spectroscopic (a)
lineshape and linewidth. Figure 5b displays
the integrated intensity of the nanosheet 2 "._h : :az":; ::fntsgrown by MBE
PL along with an optically thick ZnO nano- @ 1000000 | Yo
crystalline film as a function of sample tem- 2 % -
perature. Due to the fact that the PL peak i ‘;“h.., L=
position shows a systematic red-shift with a ‘E iigiibe L ~, .
temperature increase, and it fits well with - - S ..
the emission energy of semiconductors de- o2 . =
scribed by the empirical formula:'! = :
10000 | maig
aT? 1 P REPR PR et
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0

where E(0) is the optical bandgap maxi-
mum at 0K and a and T are fitting para-
meters, as illustrated in the insert of Fig-
ure Sa. Hence, it can be argued that the
emission peak observed at 2.91 eV origi-

dent integrated PL
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Figure 5. a) Temperature-dependent PL spectra in a temperature range of 80-857 K along with
the peak position change with sample temperature and model fitting; b) temperature-depen-

intensity along with that of a high-quality and optically thick ZnO thin film

grown by the MBE technique.
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exciton binding energy in a quantum well has a strong depen-
dence on quantum-well width, dielectric mismatch between
the potential-barrier materials and the well, as well as the
height of the potential barrier. The Rydberg number, R, can
increase from its bulk value (or large well width) of 1R, to a va-
lue of 4R at small width. In addition, the model calculation
shows that there exists a critical well width at which the exci-
ton-binding energy has its maximum value. The binding energy
will decrease when the well width decreases. Therefore, it is
quite possible that our observation of exciton-binding-energy
enhancement is partly due to this mechanism. Unfortunately,
we could not provide enough evidence to confirm whether or
not this is the mechanism since we are unable to provide a
high-resolution TEM analysis, which may show the presence
of a much-narrowed well width. The observed high emission
may be attributed to two physical processes: enhancement of
oscillator strength and a microcavity effect. As reported by Gil
and Kavokin,’” a remarkable peculiarity of ZnO dots is that
maximum enhancement of their oscillator strength is due to
the Rashba—Gurgenishvili effect, and is given by a record va-
lue of about 13, which is a few times more than what one can
expect in CdSe nanocrystals.m] This is because the exciton
Bohr radius in ZnO is two orders of magnitude less than the
wavelength of light, 4, at the exciton-resonance frequency. This
opens a way to observe the extremely strong exciton-light-cou-
pling effects in ZnO quantum dots of about 30 nm in size.
Hence, a similar effect should also exist in the case of a quan-
tum-well structure. A microcavity and waveguiding effect is
also possible in the nanosheet (air-nanosheet—air) since the
nanosheet surface is very flat. The refractive-index mismatch
between the ZnO (~2.1) and air (~1.0) can lead to attenuated
total reflection occurring when the angle and the polarization
of the excitation and emitted photons satisfy the boundary
condition. A positive optical feedback could occur between
the two surfaces, and would result in a significantly enhanced
PL signal. At the same time, the low concentration of defects
in the ZnO sheets will suppress the probabilities of non-radia-
tive recombination and deep-level emission.

The growth of the catalyst-free nanosheets has many advan-
tages. It excludes possible incorporation of catalytic impuri-
ties, which may occur during the condensation—precipitation
process for the metal-catalyst-assisted vapor-liquid—solid
(VLS) method. Furthermore, the micrometer-sized uniformly
thin nanosheet structure has a large parallel planar surface
free of defects. The ability to grow high quality ZnO nano-
sheets has potential applications in nanoscale photonic and
electronic devices. The high-temperature luminescence from
semiconductor nanomaterials is very attractive in many new
device applications.

In summary, high-quality single crystalline ZnO nanosheets
were grown by a vapor-transport method via thermal evapora-
tion of Zn powder. Large quantities of uniform multilayer
sheets with micrometer-sized lateral dimensions and a thick-
ness of about 100 nm were obtained. An intense UV emission
is observed with negligible defect-related visible emission at a
temperature range of 80 to 857 K. The increase of the exciton

Adv. Mater. 2005, 17, No. 5, March 8

http://www.advmat.de

MATERIALS

binding energy may be attributed, in part, to the presence of
the image charges well known to the quantum-well structure.
However, the quantum-confinement effect alone is insuffi-
cient to explain the degree of the exciton-binding energy in-
crease. The strong luminescence enhancement may in part
result from: a) oscillator strength enhancement due to the
quantum confinement; and b) a positive optical feedback in
light cavities formed between the smooth interfaces of the
two lateral sides of the sheets, which act as natural reflectors.

Experimental

The nanosheets were prepared by a vapor-transport process. Zn
metal grains (purity 99.99 %) were used as a source material. Zn
grains were first etched in a diluted 1 % HF solution and then washed
thoroughly with deionized water. A clean quartz tube containing the
Zn grains was carefully inserted into a furnace at room temperature.
Pure N, (5§ N) was used to purge the air-tight tube. The furnace was
heated slowly to 600 °C. After 2 h baking, the N, was cut off and pure
O, (5 N) was introduced into the furnace for another 2 h. After the
furnace was naturally cooled to room temperature, a white product
was formed inside the quartz tube. The material was collected
and characterized using field-emission scanning electron microscopy
(FESEM; S-4200), X-ray diffraction (XRD), and transmission elec-
tron microscopy (TEM). Raman spectra were measured with a JY
HR&800 microlaser Raman spectrometer with a back-scattering optical
configuration. An argon ion laser at 488 nm was used as the excitation
source. PL measurements were carried out with a micro-PL system at
temperatures from 80 to 857 K. A He-Cd laser at 325 nm was used
for PL excitation. A typical power of 5 mW was used for excitation.
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Fully Transparent ZnO Thin-Film
Transistor Produced at Room
Temperature**

By Elvira M. C. Fortunato,* Pedro M. C. Barquinha,
Ana C. M. B. G. Pimentel, Alexandra M. F. Gongalves,
Anténio J. S. Marques, Luis M. N. Pereira, and
Rodrigo F. P. Martins

Functional oxide materials currently represent a key chal-
lenge as well as a promising powerful tool for both fundamen-
tal understanding and technological development of the next
generation of transparent electronics, such as field-effect tran-
sistors.l!! Here, we report a fully transparent ZnO thin-film
transistor (ZnO-TFT) with a transmittance above 80 % in the
visible part of the spectrum, including the glass substrate, fab-
ricated by radiofrequency (rf) magnetron sputtering at room
temperature, with a bottom gate configuration. The ZnO-TFT
operates in the enhancement mode, exhibiting a high satura-
tion mobility of about 20 cm?V~'s™, a threshold voltage of
21V, a gate-voltage swing of 1.24 V decade™, and an on/off
ratio of 2 x 10°. Besides this, the off resistance is on the order
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of 20 MQ and the on resistance is on the order of 45 k2. The
combination of transparency, high mobility, and room-temper-
ature processing makes the ZnO-TFT a very promising low-
cost optoelectronic device for the next generation of invisible
and flexible electronics, such as switching for addressing
active matrices based on organic light-emitting diodes
(OLEDs).

Thin-film transistors made with amorphous silicon and poly-
silicon have become the key components of the electronic flat-
panel-display industry over the last ten years, just as silicon
chips were earlier called the staple of the electronic computer
revolution.”) Nevertheless, thin-film transistors based on
amorphous silicon technology present some limitations, such
as light sensitivity and light degradation accompanied by a low
mobility («<2 cm?V~'s™). On the other hand, in spite of ex-
hibiting a high mobility (50 cm?V™'s™<x <500 cm*V's™),
the opacity of polysilicon TFTs limits the aperture ratio for ac-
tive matrix arrays; this is highly important, for instance, when
OLEDs have to be addressed. Also, if flexible substrates
based on polymers are intended to be used, the processing
temperature is quite a limiting factor.

One possible way to overcome such problems is the utiliza-
tion of efficient and reliable oxide-based thin-film transistors.
Transparent-oxide-semiconductor-based transistors have re-
cently been proposed, using intrinsic zinc oxide (ZnO) as an
active channel.’® One of the main advantages exhibited by
these transistors lies in the magnitude of the electron-channel
mobility, leading to higher drive currents and faster device
operating speeds. The mobility reported in the literature
ranges from 0.2-7 ecm? Vsl with an on/off current ratio
from 10°-107, and a threshold voltage (Vry) between -1 V
and 15 V. Until now, most ZnO channel layers have been
deposited using substrate heating or subjected to post-thermal
annealing, mainly in order to increase the crystallinity of the
ZnO layer and thus the mobility in the film.

The purpose of this work is to demonstrate the possibility
of fabricating high-mobility ZnO thin-film transistors at room
temperature by rf magnetron sputtering with improved per-
formances and highly compatible with the fabrication technol-
ogies used for flexible electronics. By doing so, we overcome
processing-temperature limitations, making it possible for the
devices to be used in a wide range of applications where the
mobility is no longer a limitation, such as for use in so-called
fast and invisible electronics.

Figure 1 shows the dependence of the electrical resistivity
(p) and the average optical transmittance in the visible spectra
(between 400-700 nm) as a function of rf power density (P).
The highest resistivity (=10° Qcm) was obtained for
P=5Wcm™. For P~5 Wcm™, the films were close to being
stoichiometric with few structural defects and a consequently
higher resistivity. As we decreased or increased the rf power
density from 5 Wem™, a deviation from stoichiometry was
obtained, accompanied by a decrease in electrical resistivity
due to a lower carrier concentration and/or electron mobility.
This was also confirmed by a decrease in the optical transmit-
tance, especially for 1f power densities lower than 5 Wem™.
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