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In this article, the authors report on thin film transistors based on gas phase synthesized ZnO
nanoparticles using low temperature deposited silicon dioxide and silicon nitride as gate dielectrics.
For bottom gate transistors, the devices using silicon nitride as gate insulator show the lowest
off-current for a given induced charge and the steepest subthreshold slope. The charge carrier
mobility of around 3�10−3 cm2 /V s and an Ion / Iof f ratio of around 105 are almost independent of
the insulator material. In a double gated thin film transistor using low stress silicon nitride as a top
gate insulator, transistor parameters are extracted for the identical semiconducting layer when the
bottom and top gates are used. It is shown that the extracted charge carrier mobility is not inherent
for the ZnO nanoparticle layer but rather an effective value for the device under investigation.

© 2011 American Vacuum Society. �DOI: 10.1116/1.3524291�
I. INTRODUCTION

In recent years, there has been substantial interest in the
realization of large area electronic systems by printing tech-
niques. While by conventional complementary metal-oxide
semiconductor processing, highly integrated chips can be
fabricated, the maximum chip area is limited, besides other
factors, by the wafer size. For applications like displays with
a low number of functions per area, printing is expected to
allow for continuous material deposition on large area sub-
strates such as glass or even polymer foil. Furthermore, an
additive rather than a subtractive material deposition could
reduce process complexity and cost. For this technology, uti-
lization of nanosized particle dispersions as functional inks
seems promising. A variety of semiconducting materials in
the form of nanoparticles has been evaluated, e.g., CdSe
�Ref. 1� and PbSe.2 Among these, ZnO has been found as a
nontoxic candidate for the realization of printed n-type
metal-oxide semiconductor devices. ZnO is a wide band gap
semiconductor that shows a high charge carrier mobility
when employed as an active layer in transistors fabricated,
e.g., by sputtering at room temperature.3

In the majority of solution processed ZnO thin film tran-
sistors �TFTs� reported in the literature, a wet chemical pro-
cess is used either to grow particles that are deposited on a
substrate4–8 or to convert a precursor of ZnO to a ZnO film
directly on the substrate.9,10 When particles are grown wet
chemically, the process yield is very limited, contamination
of the particles with precursor components can occur, and
up-scaling is demanding. Conversion of the precursor on the
substrate, on the other hand, typically requires relatively high
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temperatures in the range of 500 °C �Ref. 9� for the reaction,
which the substrate has to withstand. Both drawbacks of that
route could be overcome by using dispersions of ZnO par-
ticles synthesized in the gas phase. The production volume of
ZnO particles from the gas phase for other applications is in
the range of tons already. A temperature treatment after depo-
sition is only necessary to remove organic components of the
dispersion, so the process temperature can be low. The real-
ization of TFTs based on gas phase synthesized ZnO par-
ticles has been demonstrated with process temperatures of
300 °C.11

Several insulators have been reported in conjunction with
devices based on sputter deposited ZnO including silicon
dioxide �SiO2�, silicon nitride �Si3N4�, and aluminum oxide
�Al2O3�.12–14 The insulator material has been proven to have
great influence on transistor performance.

Toward a suitable insulator for printed ZnO transistors,
low temperature deposited SiO2 and Si3N4 are investigated
as gate dielectrics in terms of resulting transistor perfor-
mance.

II. EXPERIMENT

We utilized ZnO nanoparticle powder fabricated in the
gas phase by Evonik-Degussa GmbH with a primary particle
size of 20 nm. As Reindl et al.15 had shown, a grinding step
is necessary to obtain stabilized dispersions as the basis of
thin and uniform films from a highly agglomerated powder.
Therefore, a suspension of ZnO powder in ethanol was dis-
persed with a Lau disperser DAS H 200-K using yttrium
stabilized zirconia milling beads. The dispersion contained
20 wt % ZnO and was stabilized by 3 wt % 2-�2-�2-
methoxyethoxy�ethoxy�acetic acid �trioxadecanoic acid

�TODA�� with regard to the mass of the ZnO nanoparticles.
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One-third of the volume of the milling vessel �Schott–Duran�
was subjected to the milling beads. For 50 ml vessels, 72 g
of milling beads was used. Shortly before film deposition,
the suspension was centrifuged in a Sigma 3K30 centrifuge
at 20 000 rpm for 2 min for the bottom gate TFTs and for 1
min for the double gate TFTs, and the supernate was gath-
ered with a pipette. The particle size distribution was ob-
tained via dynamic light scattering using a Honeywell Mi-
crotrac Ultrafine particle analyzer �UPA 150�. The samples
for particle size analysis were prepared by diluting the dis-
persion with ethanol according to an optimal loading factor
determined by the measurement setup. Thermogravimetric
analysis �TGA� was conducted on a TA Instruments Q 50.
Samples of 10–25 mg ZnO nanoparticles were heated from
25 to 850 °C under N2 at a heating rate of 10 K/min.

Highly p-doped silicon was used as a bottom gate elec-
trode. On top of the silicon wafers, 200 nm of SiO2 and
Si3N4 were deposited by plasma enhanced chemical vapor
deposition �PECVD� at 300 °C. In the case of Si3N4, alter-
nate deposition at high and low frequencies was used for
stress reduction. In addition, one silicon wafer was thermally
wet oxidized at 1000 °C to obtain a 200 nm thick high qual-
ity insulator for comparison.

The substrates were spin coated with ZnO nanoparticle
dispersions at 2000 rpm to obtain film thicknesses of around
50 nm. Heat treatment was applied to the samples for 30 min
at a temperature of 400 °C in air. Source and drain top con-
tacts were deposited by evaporation of aluminum through a
shadow mask with channel lengths L of 50–150 �m and
channel width W of 3 mm for the bottom gate devices and L
of 100–200 �m and W of 20 mm for the top and double
gate devices, respectively. Schematics of the resulting de-
vices are depicted in Fig. 1.

The morphology of the ZnO nanoparticle thin films was
characterized using a JEOL JSM-7500F scanning electron
microscope �SEM� with an acceleration voltage of 15 kV
using an in-lens detector. Electrical measurements were con-
ducted in nitrogen atmosphere in a glovebox at room tem-
perature using a source meter instrument 2636 from Kei-
thley. From the transfer characteristics, the threshold voltage
was extracted by plotting the square root of the drain current
versus the gate voltage and extrapolating the linear region of
the curve to the x-axis. The charge carrier mobility was cal-

FIG. 1. Schematics of a bottom gate ZnO TFT and a double gate ZnO TFT.
culated in the saturation region according to
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�sat = � ��IDSAT

�VGS
�2� 2L

WCis
�

VDS��VGS−VT�
. �1�

In this equation, IDSAT denotes the drain current in the satu-
ration region, VGS is the gate voltage, and Cis is the capaci-
tance of the insulator. The subthreshold slope was extracted
from the maximum value of the derivative of the drain cur-
rent with respect to the gate voltage.

III. RESULTS AND DISCUSSION

A. Characterization of ink

The ZnO nanoparticle ink was characterized regarding the
particle size distribution and the temperature dependent
weight loss. In Fig. 2, the volumetric size distribution of the
ZnO particles in the as milled dispersion and after centrifu-
gation is shown. In the case of the as milled dispersion, a
broad size distribution was found, where the maximum par-
ticle size was around 700 nm and the volumetric mean of the
diameter was 100 nm. We can conclude that particles are still
agglomerated in this case. After centrifugation, however, the
size distribution was narrower and shifted to smaller diam-
eters. The maximum size here was around 120 nm; the volu-

FIG. 2. Volumetric diameter distribution of the dispersion as milled and after
centrifugation at 20 000 rpm for 2 min.

FIG. 3. XRD pattern of a ZnO nanoparticle film deposited from a dispersion
centrifuged at 20 000 rpm for 2 min. Also shown is the reference card �PDF

01-070-8070� for ZnO in wurtzite structure.
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metric mean was 40 nm, which corresponds roughly to the
primary particle size. The TGA measurement �not shown
here� revealed a weight loss starting at around 300 °C and
completed at around 400 °C, which indicates the decompo-
sition of the TODA.8

B. Characterization of ZnO nanoparticle layer

After film deposition, gracing incidence x-ray diffraction
�XRD� measurements were conducted. In Fig. 3, the inten-
sity pattern is shown together with the reference pattern for
ZnO in wurtzite structure �pair distribution function, Powder
Diffraction File 01-070-8070�. All peaks of the measurement
could be related to the reference pattern. No preferred orien-
tation of the crystals on the substrate was observed. A SEM
photograph of the cross section of a ZnO nanoparticle film
deposited from the dispersion centrifuged for 2 min on a
thermally oxidized silicon substrate is shown in Fig. 4. It can
be seen that the film is very smooth, and no pinholes were
observed. The film thickness was around 50 nm which is
very close to the mean diameter of the centrifuged disper-
sion. In fact, almost a monolayer of ZnO nanoparticles was
obtained.

C. Electrical characterization of bottom gate TFTs

In Fig. 5, the output and transfer curves of a typical bot-
tom gate TFT with a gate dielectric of thermally grown SiO2

are shown. The devices act like n-channel enhancement

TABLE I. Summary of extracted parameters of measured devices.

Bottom gate TFTs
PECVD SiO2 PECVD Si3N4 Thermal S

Devices evaluated 10 10 20
�sat �mean� �cm2 /V s� 0.0123 0.00455 0.0098
�sat �standard deviation� 0.0071 0.00245 0.0045
log�Ion / Iof f� �mean� 5.16 5.1 3.83
log�Ion / Iof f� �standard deviation� 0.460 0.568 0.811
VT �mean� �cm2 /V s� 10.73 9.89 11.02
VT �standard deviation� 6.758 1.247 2.100
S �mean� �V/dec� 2.04 0.67 3.76
S �standard deviation� 1.12 0.313 1.46

FIG. 4. SEM photograph of a ZnO nanoparticle layer deposited from a
dispersion centrifuged at 20 000 rpm for 2 min.
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mode transistors showing hard saturation and a quadratic de-
pendence of the drain current on the gate voltage. No signifi-
cant variation of the curves was observed for repeated test-
ing. For the device depicted in Fig. 5, a charge carrier
mobility �sat of 3.5�10−3 cm2 /V s was extracted in the
saturation regime. An Ion / Iof f ratio of around 105, a threshold
voltage of 13 V, and a subthreshold slope of 1 V/dec were
identified with a W /L ratio of 60. The total number of tran-
sistors measured for each variation is shown in Table I along
with the mean values and standard deviation for all param-
eters extracted.

The increase in drain current for high negative gate volt-
age in the transfer curve and the negative drain current for
low drain voltage in the output curves is caused by an unex-
pectedly high gate leakage current. It should be noted, how-
ever, that the ZnO layer covers the whole sample, which
makes the sample area of 4 cm2 the gate area. Nevertheless,
the existence of a conduction path between source, drain, and
gate along the surface of the ZnO layer over the sample
edges cannot be ruled out. Furthermore, the gate leakage
current could be enhanced by a modification of the interface
between ZnO and SiO2, leading to, e.g., a lower energetic
barrier between ZnO and SiO2 or to establishment of traps.

Dielectric layer

Double gate TFTs
Thermal SiO2 bottom gate only PECVD Si3N4 top gate only Double gat

3 3 3
0.00281 0.00561 0.00734

n/a n/a n/a
1.44 1.85 1.93
n/a n/a n/a
6.6 3.175 3.525
n/a n/a n/a

20.53 8.3 5.8
n/a n/a n/a

FIG. 5. Output and transfer characteristics of a bottom gate ZnO nanopar-
ticle TFT using thermally grown SiO2 as gate insulator. The W /L ratio is 60.
The negative drain current in the output curves for low drain voltage and the
increase in drain current for negative gate voltage in the transfer curve are
due to gate leakage current.
iO2

4
3
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The transfer curves measured for transistors using
PECVD deposited dielectrics are depicted in Fig. 6. For bet-
ter comparison, the conductance G calculated from the drain
current, the drain voltage, and the W /L ratio �60� is plotted
versus the induced charge Q which is a function of gate
voltage, dielectric constant of the insulator, and insulator
thickness. The transfer curve of the device using PECVD
deposited SiO2 is shifted to higher positive gate voltages
with respect to the other devices and reveals an off-current
ten times higher than the off-current of the device using ther-
mally grown SiO2. For the device shown, a saturation mo-
bility of 5.7�10−3 cm2 /V s, an Ion / Iof f ratio of around 104,
a threshold voltage of 17 V, and a subthreshold slope of 1.3
V/dec were extracted. For the transistor with Si3N4 as gate
dielectric, a saturation mobility of 2.6�10−3 cm2 /V s, an
Ion / Iof f ratio of around 105, a threshold voltage of 10 V, and
a subthreshold slope of 0.7 V/dec were observed. The ex-
tracted values for all devices measured are summarized in
Table I. It is noteworthy that the devices using Si3N4 as gate
dielectric showed the lowest off-current for a given induced
charge. From the subthreshold slopes, a maximum interface
state density was calculated after Rolland et al.,16 which was in

the range of 1�10−12 cm−2 for all materials.

The extracted parameters of the bottom gate TFTs sum-
marized in Table I show a broad dispersion, which is in the
range of the difference of the mean values for the different

FIG. 6. Transfer characteristics of the bottom gate devices with different gate
insulators plotted as conductivity vs induced charge. The W /L ratio is 60 for
all devices.

FIG. 8. Output and transfer characteristics of the double gate ZnO nanopartic

W /L ratio is 200.
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insulator materials. Unlike in the case of sputtered ZnO de-
vices, no strong dependence of the device performance of the
printed ZnO TFTs on the insulator material can be observed.
The interface quality between insulator and active film seems
to be determined by geometrical rather then material proper-
ties. Furthermore, the extracted charge carrier mobility is
rather low for all devices, which have been attributed to the
small contact area between particles and insulator.7,11 Conse-
quently, enhancement of the contact between particles and
insulator should lead to better apparent charge carrier mobil-
ity.

For verification of this assertion, double gated ZnO TFTs
with a bottom and a top gate were fabricated where the bot-
tom gate insulator was thermally grown SiO2 and the top
gate insulator was PECVD deposited Si3N4. In Fig. 7, a mi-
crograph of the cross section of a resulting device is de-
picted. The film thickness was 80 nm in this case because the
dispersion was centrifuged for only 1 min before deposition.
The top insulator conformally covers the surface of the nano-
particle film. Unfortunately, the yield was low for this pro-
cess. Out of 20 devices, only three fully working TFTs could
be achieved. Again, the variation of the results for repeated
testing was negligible.

Figures 8�a� and 8�b� show the output and transfer char-
acteristics of the double gate transistor with a W /L ratio of

FIG. 7. SEM photograph of the cross section of the double gate ZnO nano-
particle TFT.

T controlled by the �a� bottom gate and by the �b� top gate, respectively. The
le TF
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200 when the device was controlled by the �Fig. 8�a�� bottom
gate and when the device was controlled by the �Fig. 8�b��
top gate, respectively. In the first case, a saturation mobility
of 6�10−4 cm2 /V s, an Ion / Iof f ratio of around 102, a
threshold voltage of �1.7 V, and a subthreshold slope of 7.8
V/dec were extracted.

The lower Ion / Iof f ratio and the lower subthreshold slope
with respect to the bottom gate devices shown in the preced-
ing paragraph can be ascribed to the higher film thickness of
the double gate device. According to the three-layer model
proposed by Wager et al.,17 three current paths exist in nonoptimized

TFTs. As depicted schematically in Fig. 9, current between drain and source

can flow through the channel, through the bulk of the active layer, and along

the surface. When the channel is turned off, the drain current level is deter-

mined by the bulk resistance. For a thicker active layer, the off-current is

expected to increase. This was also experimentally confirmed, e.g., by

Chung et al.18

When the top gate was used to control the double gate
TFT shown in Fig. 8, a saturation mobility of 4
�10−3 cm2 /V s, an Ion / Iof f ratio of around 103, a threshold
voltage of 2.2 V, and a subthreshold slope of 6.7 V/dec were
observed for the identical active channel layer. The charge
carrier mobility was nearly ten times higher than the value
extracted when the bottom gate was used. The values sum-
marized in Table I for all measured devices give direct evi-
dence for the assumption made above that the extracted
charge carrier mobility is an effective value for the device
rather than a value inherent for the semiconducting layer.
This can be seen from the comparison of the bottom gate
devices using SiO2 and Si3N4, respectively, and the double
gate device when either the SiO2 bottom gate stack or the
Si3N4 top gate stack is used. In the first case, the devices
using Si3N4 show lower performance; in the latter case, the
opposite is the case. It can be concluded that the interface in
terms of contact area between the gate insulator and the par-
ticle layer is crucial for device performance. This is not the
same effect known for classic silicon devices where unsatur-

FIG. 9. Schematic of the three-layer model after Wager et al. �Ref. 17�.
ated chemical bonds determine the interface quality.
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IV. CONCLUSION

In summary, we have fabricated ZnO TFTs with �sat of
5�10−3–1�10−2 cm2 /V s, an Ion / Iof f ratio of 104 to 105

using ZnO nanoparticles synthesized in the gas phase. Our
results are comparable to the results of other groups fabricat-
ing solution processed ZnO TFTs. Huang and Hsieh19 re-
ported on ZnO TFTs with an active layer spin coated from a
zinc acetate dihydrate solution as a ZnO precursor. At a pro-
cess temperature of 400 °C, a charge carrier mobility �sat of
2.35�10−2 cm2 /V s and an Ion / Iof f ratio of 104 to 105 were
obtained. Furthermore, Adamopoulos et al.20 prepared TFTs
with Li doped ZnO active layers fabricated with spray py-
rolysis of zinc acetate and lithium acetate dehydrate at
400 °C. A maximum saturation mobility �sat of 54 cm2 /V s
and an Ion / Iof f ratio of 107 were achieved. However, solution
processes using precursor solutions require rather high tem-
peratures for conversion to the desired material. In our ap-
proach, the process temperature is determined by the organic
additives and can be lowered by an appropriate choice of
stabilizers.

ZnO TFTs based on inks containing liquid phase synthe-
sized ZnO nanoparticles were fabricated, e.g., by Faber et
al.,7 who obtained a �sat of 8�10−3 cm2 /V s and an Ion / Iof f

ratio of 103 for their bottom gate TFT and �sat of
2.5 cm2 /V s and an Ion / Iof f ratio of 106 for their top gate
TFT, respectively, at a process temperature of 100 °C.

We have shown that the parameters extracted for our
nanoparticle devices are effective values characteristic for
the device as a whole. By improvement of the interface be-
tween gate insulator and active channel layer, the device per-
formance in terms of apparent charge carrier mobility and
Ion / Iof f ratio were enhanced by up to a factor of ten. Confor-
mal deposition of the gate insulator, e.g., by atomic layer
deposition, could lead to further improvement of the inter-
face. The authors believe that, with an optimized interface,
the performance of ZnO TFTs based on gas phase synthe-
sized nanoparticles would match the performance of TFTs
based on liquid phase synthesized ZnO nanoparticles. In
summary, utilization of gas phase synthesized nanoparticles
promises to be a route to high volume low cost realization of
printed electronics.
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