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Abstract Nanoparticle solutions are considered promising
for realizing low cost printable high performance flexible
electronics. In this letter, excimer laser annealing (ELA)
was employed to induce melting of solution-deposited ZnO
nanoparticles and form electrically conductive porous films.
The properties of the films were characterized by scan-
ning electron microscopy, high-resolution transmission elec-
tron microscopy, DC conductance, and photoluminescence
measurements. Thin-film field-effect transistors have been
fabricated by ELA without the use of conventional vac-
uum or any high temperature thermal annealing processes.
The transistors show n-type accumulation mode behavior
with mobility greater than 0.1 cm?/V s and current on/off
ratios of more than 10*. Optimization and control of the
laser processing parameters minimized thermal impact on
the substrate. This technique can be beneficial in the fab-
rication of metal oxide based electronics on heat sensitive
flexible plastic substrates using low-cost, large-area solution
processing combined with direct printing techniques.
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1 Introduction

Due to its wide band gap and large piezoelectric constant,
zinc oxide (ZnO) has drawn attention for its potential appli-
cations in a broad range of fields such as room-temperature
UV lasing [1], transparent conducting electrodes [2], gas
sensors [3], solar cells [4], and surface-acoustic-wave de-
vices [5]. There have been a number of recent reports on
field-effect transistors (FETs) using ZnO as the active chan-
nel layer [6-8]. These transistors have high visual trans-
parency and electrical mobility and are stable in air. ZnO
deposition at room temperature over large areas was repor-
ted [6, 9, 10] with mobility between 0.01 and 25 cm?/V's
and an on/off ratio from 10> to 107. This suggests com-
patibility with flexible polymer substrates. However, most
such ZnO films have been formed by vacuum deposition
methods: sputtering, RF sputtering, or pulsed-laser deposi-
tion [6-8]. As an alternative cost-effective ZnO deposition
method, solution-deposited ZnO FETs have been demon-
strated recently without using vacuum processes [11-13].
However, the reported solution-deposition methods need
high temperature annealing processes that are not compat-
ible with flexible polymer substrates. Chemical solution
methods, such as sol—gel [11], require annealing steps above
600°C. Simple solution processing of ZnO nanoparticles
(NPs) reported to date such as spin coating, dip coating,
or ink-jet printing [12, 13] also involve a high temperature
post-deposition thermal annealing/sintering step (>300°C),
making these processes incompatible with plastic substrates.
The use of a pulsed laser is therefore more advantageous for
the annealing because laser heating is highly local and very
rapid. Excimer laser annealing (ELA) has previously been
used in place of thermal annealing of thin films [14] and
nanowires [15] to provide compatibility with heat-sensitive
materials. In this letter, we demonstrate solution-deposited
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and excimer laser annealed ZnO NPs as an active channel
layer to obtain ZnO NP FETs without using any vacuum or
high temperature thermal annealing processes.

2 Experimental method

The ZnO NP solution was prepared by dispersing ZnO
nanopowders (<100 nm, Sigma Aldrich) in ethanol (3.5%
wt.). The ZnO NP dispersion was sonicated for 1 h before
use. A drop (0.7 uL) of ZnO dispersion was applied to the
substrate, and capillary spreading formed a uniform ZnO
NP film. The ZnO NP film can also be obtained by spin
coating. For spin coating, ethylene glycol (EG) should be
added (EG vs. ethanol = 1:10) to adjust the evaporation
rate in order to obtain uniform NP films. A krypton fluo-
ride (KrF) excimer laser (wavelength: 248 nm, pulse width
(full width at half maximum: 20 ns)) was used to anneal
the ZnO NPs. A large-area, uniform, top-flat beam profile
of 11 x 11 mm? was obtained by using a fly’s eye homog-
enizer to ensure uniform laser annealing. Scanning electron
microscopy (SEM) and high resolution transmission elec-
tron microscopy (HRTEM) were employed to examine the
structural changes. A DC conductance measurement was
performed to characterize the electrical properties. To ex-
amine the optical properties, photoluminescence (PL) mea-
surements were performed. The PL system uses a SPEX
1404 0.85-m double spectrometer and a room-temperature
photomultiplier tube detector. The excitation source is the
325-nm line of a HeCd laser. Measurements were performed
at room temperature in the backscattering geometry. To fab-
ricate thin-film transistors, ZnO NP solution was applied on
pre-patterned metal contacts followed by laser annealing.
Figure 1 shows a schematic of the laser annealing process
and a thin-film FET structure. The ZnO thin-film FETs have
a typical bottom gate/bottom contact transistor configuration
with a highly doped n-type silicon wafer as the back gate and
a 100-nm-thick SiO; layer as the gate dielectric. Gold source
and drain electrodes were defined by a standard lift-off tech-
nique. The channel length (L) was varied from 2 to 20 pm
and the channel width (W) was fixed at 160 pm. The ab-
sorption efficiency can be calculated from the ZnO complex
refractive index (n = 1.8 4+ 0.43i at 248 nm) [16] for bulk
material. The absorption efficiency of two ZnO nanoparti-
cles (80-nm diameter) was calculated by the discrete dipole
approximation to be in the range of 0.95-1.2 depending on
interparticle spacing. This signifies that the particle density
needs to be optimized in order to maximize laser energy cou-

pling.

3 Results and discussion

Excimer laser annealing induces structural, electrical, and
optical property changes in ZnO NP films. Figure 2a
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Fig. 1 Schematic side view of the excimer laser annealing process
and the ZnO NP FET structure. ‘S’ and ‘D’ indicate source and drain
electrodes, respectively. Right top inset is the top-view SEM image of
transistor electrodes with a layer of deposited ZnO NPs. Inset arrow
corresponds to 160 pm

100 mJ/cm? 130 mJ/ecm?

160 mJ/cm?

c

Fig. 2 (a) SEM pictures of nanostructure changes of ZnO NP film af-
ter irradiation with different excimer laser fluences. (b) TEM image of
ZnO NP film after excimer laser irradiation. Inset shows the diftrac-
tion pattern from the marked region. (¢) The HRTEM image reveals
the polycrystalline structure of the laser-processed ZnO NP film

shows the SEM images of single laser pulse annealed mi-
crostructures at three different laser fluences (100, 130,
and 160 mJ/cm? from left to right). At low laser fluences
(<130 mJ/cm?), pulsed-laser annealing kept intact the struc-
tural properties of nanostructured films. At the fluence of
160 mJ/cm?, large interconnected grains surrounded by
voids were formed after annealing. It has been reported
that excimer laser fluences larger than 130 mJ/cm? can in-
duce melting of ZnO nanoparticles [17]. The fact that laser
heating of NP films up to melting strongly changes mi-
crostructures is confirmed from the observations by TEM.
Figure 2b shows the TEM image of NP films after annealing
with 160 mJ/cm?. The discretely facetted nanocrystals were
transformed into rounded and smooth agglomerations after
annealing. Moreover, the grain boundaries of the crystallites
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Fig. 3 (a) Room-temperature /-V data for an Al ohmic con-
tact to ZnO NP film after laser processing at different fluences.
(b) Room-temperature PL spectra with and without laser annealing

within agglomerations can be clearly seen in the HRTEM
image (Fig. 2c). The polycrystalline structure, further con-
firmed by the electron diffraction pattern from the marked
region, should be expected after ns laser induced melting
and subsequent resolidification. Based on our previous in
situ measurement of the resolidification/cooling time for
supported NPs (~tens of ns) [18] and reported measure-
ments for suspended NPs (5 ns to 1 ps) [19], the quenching
rate can be estimated to be lower than 101! K/s, insufficient
to obtain amorphous structures. For DC conductance mea-
surement, Al ohmic contacts were made to both as-deposited
NP and laser-annealed porous films. Figure 3a shows the
room-temperature dark /—V characteristics of the Al con-
tacts at different laser fluences. Measurements showed that
the resistance between 1.4 cm spaced contacts was deter-

mined to be 3.4 x 10* M2 for a film without laser annealing,
171 MS for one annealed at 140 mJ/cm?2, and 78 M for
one annealed at 216 mJ/cm?. The resistance was reduced
by three orders of magnitude by laser annealing and lin-
ear /-V behavior was exhibited in all samples. Figure 3b
shows the room-temperature normalized PL (I /Iyy) spec-
tra of ZnO samples as a function of wavelength for solution-
deposited films with and without laser annealing. Three ma-
jor emission bands can be seen: UV near-band-edge emis-
sion (381 nm) and defect-related violet (420 nm) and green
(500 nm) emissions. At a laser fluence of 90 mJ/cm?, below
the melting threshold, it is found that UV emission increases
as exhibited by a reduction of both defect-related emissions
in the normalized PL (Fig. 3b). Further increasing of laser
fluence reduces the violet emission until a substantial level
of melting is seen at a laser fluence of 160 mJ/cm?. On the
other hand, the green emission band located at 500 nm, com-
monly attributed to oxygen vacancies [20], is found to in-
crease with laser annealing. This is due to the fact that the
high photon energy of the excimer laser can break chemical
bonds, create oxygen vacancies, and remove excess 0OXy-
gen [21].

The inset in Fig. 4a shows a SEM image of the ZnO
NP FET channel with laser annealing. The SEM image re-
veals no observable damage to substrate and electrodes af-
ter laser annealing. The particles are distributed homoge-
neously with a high degree of porosity that is consistent with
a high surface area structure between electrodes. The elec-
trical characteristics of individual transistors were measured
using an Agilent 4155A semiconductor analyzer in a dark
Faraday cage. Figure 4a shows the output characteristics of
a laser-annealed ZnO FET with a W/L of 160/12 pm. The
source—drain voltage (Vpg) was scanned from 0 to 2 V while
the gate voltage (Vgs) was fixed at —15 V (circles), 0 V
(crosses), 15 V (squares), and 30 V (triangles). The shown
maximum Vpg has been limited to 2 V because a strong
shift of V to negative values and punch-through could be
observed when a higher Vps was used. This is due to the
fact that the annealed film is relatively thick and the laser
processing is limited to the film’s surface region; then, the
region close to the gate is less laser processed and gate
modulation is less efficient. Using smaller NPs and form-
ing an optically and physically thinner film can remedy this
issue. Therefore, device operation is shown only in the lin-
ear region here. Figure 4b shows the corresponding transfer
characteristics. The gate voltage was scanned from —30 to
+30 V while the drain voltage was fixed at 1 V (triangles)
and 2 V (squares). The transfer characteristic graph indi-
cates that the transistor operates in an n-channel accumula-
tion mode. A semilog plot of Ip vs. Vi (not shown here) also
shows an on/off current ratio of >10* with a very low off-
current level (~10 pA), a sub-threshold slope of 5 V/decade,
and a threshold voltage (V1) of 5 V. The transconductance
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Fig.4 (a) Output characteristics of an excimer laser annealed ZnO NP
FET with W/L = 160/12 um. Inset shows SEM image of the channel
region covered by laser-annealed NPs. Drain voltage was scanned from
0to 2 V while gate voltage was fixed at —15 V (circles), 0 V (crosses),
15 V (squares), and 30 V (triangles). (b) Transfer characteristics of
the device. The gate voltage was scanned from —30 to +30 V while
the drain voltage was fixed at 1 V (triangles) and 2 V (squares). Inset
graph is a transconductance curve of the device when the drain voltage
was 2 V. The saturation value is 50 nS

(gm) is 50 nS as shown in Fig. 4b inset graph. The effective
field effect mobility (1) of the ZnO nanoparticle porous film
FET can be derived using the following relationship for the
continuous thin film:

Lgm

=— (1
WCox Vs

"
where L, W, and Cy indicate the channel length, channel
width, and capacitance, respectively. We point out that due
to the geometry of the porous film and the absence of a sim-
ple estimate of capacitance, we have used an effective mo-
bility assuming complete coverage. The effective mobility
estimated in this manner is a lower-bound value. The effec-
tive field effect mobility extracted using this equation and
the measured dimensions is estimated to be 0.106 cm?/V s.
The laser-annealed ZnO FETs show three to four orders of
magnitude higher mobility and on/off ratio compared with
unannealed devices. In addition, a reliable electrical contact
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can be expected following direct annealing of the semicon-
ductor material on the electrodes. It should be noted that the
mobility of the laser-annealed ZnO measured here is com-
parable to the highest value (0.1-0.2 cm?/V s) reported for
solution-deposited and thermally annealed (at a temperature
of ~700°C) ZnO NP n-type FETs [12]. Laser annealing of
ZnO NPs enabled a reasonably good mobility without high
temperature thermal annealing of the selected area. How-
ever, this value is still lower than the published ZnO thin
film mobility (~10 cm?/V s) for sputtered or pulsed-laser-
deposited ZnO thin-film transistors [8]. Possible reasons for
this could be due to porous structure, less actual coverage ra-
tio, increased carrier scattering by significant film porosity,
large surface area, and large impurity concentrations in the
film. Also, note that the gate leakage current reported here is
very low (~10 nA) compared to the previously reported high
gate leakage current, since ZnO attacks the insulating SiO»
layer during the high-temperature annealing (>600°C) [11].
The low gate leakage obtained in this work signifies that
ELA minimized thermal effects on the SiO;/n + Si substrate
while providing sufficient energy to induce particle anneal-
ing and coalescence.

4 Conclusions

In conclusion, excimer laser annealing of solution-deposited
ZnO NPs for high-performance n-type FET fabrication was
demonstrated without using any vacuum process or high
temperature thermal annealing process. A single laser pulse
of 160-mJ/cm? fluence could transform solution-deposited
discrete ZnO NPs into interconnected porous structures,
thus enhancing the electrical mobility. The remarkable im-
provement of the FET performance with low gate leakage
current and intact underlying electrodes after laser anneal-
ing signifies that the current process can be used potentially
for low-temperature, low-cost flexible electronics on heat
sensitive polymer substrates. This process can be easily inte-
grated with recently developed metal NP ink-jet printing and
selective laser sintering [22—24] or metal NP direct nanoim-
printing [25] for low-temperature, high-resolution FET
electrode fabrication. Current solution-deposited and laser-
annealed ZnO NP FETs can replace low-mobility semicon-
ducting polymer to achieve cost-effective, all-printing, low-
temperature, lithography-free, and high-performance elec-
tronics on polymer substrates.
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