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ABSTRACT: Solution processed zinc tin oxide (ZTO) thin film transistors (TFTs) were =
fabricated by varying the Zn/Sn composition. The addition of Sn to the zinc oxide (ZnO) films
resulted in improved electrical characteristics, with devices of Zn,,Sny3;0 composition showing
the highest mobility of 7.7 cm*/(V s). An improvement in subthreshold swings was also observed,
indicative of a reduction of the interfacial trap densities. Mobility studies at low temperature have
been carried out, which indicated that the activation energy was reduced with Sn incorporation.
Kelvin probe force microscopy was performed on the films to evaluate work function and 0
correlated to the metal—semiconductor barrier indicating Zn,,Sn, ;O films had the smallest barrier
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for charge injection. Organic—inorganic hybrid complementary inverters with a maximum gain of
10 were fabricated by integrating ZTO TFTs with poly-3-hexylthiophene (P3HT) transistors.
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B INTRODUCTION

The recent development of thin film transistors (TFTs) using
amorphous metal oxide semiconductors (AMOS) is quite
promising due to advantages such as high field effect mobility,
wide band gap, and simple processing techniques."”” Solution
based deposition techniques offer the advantage of low cost and
large area coverage making them attractive for low cost
electronics. High performance TFTs have been demonstrated
using solutlon processed technlques such as spin coating,>* dip
coating® and inkjet printing.® Multlcomponent oxides with
heavy metal cations such as indium zinc oxide,” indium gallium
zinc oxide,® indium zinc tin oxide,” and zinc tin oxide'® (ZTO)
have been used as the semiconducting channel for TFTs. In
AMOS, the bottom of the conduction band is composed of
metal ns orbitals, which are insensitive to bond angle distortion
resulting in hlgher moblllty in amorphous state compared to
amorphous silicon'" and organic semiconductors.'> Due to the
need for indium and gallium free semiconductors that are
inexpensive and non-toxic, ZTO serves as a promising
substituent semiconductor. In addition, ZTO shows chemical
stability with respect to oxidation and etching'*'* as well as
physical robustness.

In these multicomponent oxides, the physical and electrical
properties are largely affected by the stoichiometry of these
films. In this report, we investigate the effect of Tin (Sn)
concentration on the performance of solution-processed
amorphous zinc tin oxide (a-ZTO) thin film transistors. The
Sn concentration in the film strongly determines the carrier
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mobility and trap density, and its influence on the device
performance is examined in detail. Low temperature charge
transport studies have been carried out, and the effect of
varying composition on the activation energy has been studied.
In addition, we carried out Kelvin probe force microscopy
(KPFM) studies on such films to evaluate the change of surface
potential induced by composition change in ZTO. Optimized
ZTO TFTs were combined with p-type transistors fabricated
from poly-3-hexylthiophene (P3HT) to form hysteresis free
complementary inverters with high gain.

B EXPERIMENTAL SECTION

Synthesis of ZTO Films. The ZTO solution was prepared by
mixing ZnCl, and SnCl, precursors in acetonitrile at different molar
ratios; 0.136g of ZnCl, and 0.189g of SnCl, were added to 10 mL of
acetonitrile solution each to make stock solution of the metal salt
precursors. In order to improve the solubility of the salt precursor, 500
HL of acetic acid was added to the final precursor solution. The molar
ratios of (Zn/Sn) in the final precursor solutions were varied as 1:0,
0.7:0.3, 0.5:0.5, and 0.3:0.7. The solution was stirred at 60 °C in air for
12 h and filtered using 0.2 ym filters. The stock solutions were stable
and expressed no precipitation during weeks of usage.

Film Characterization. To confirm the chemical composition of
the various films, X-ray photoelectron spectroscopy (XPS) measure-
ments were carried out with a monochromatic X-ray source (Specs
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Figure 1. (a) Survey scan for ZnO and ZTO films highlighting the Zn 2p, Sn 3p, O 1s, and Sn 3d orbitals. (b) Narrow scan for Zn 2p. (c) Narrow

Scan for Sn 3d. (d) Narrow scan for O 1s.

Focus 500 and Omicron EA125) at Al Ka (1486.7 eV) under ultrahigh
vacuum (UHV) condition at room temperature. Surface potential
measurements (KPFM) were carried out on a commercial Asylum
Research MF3PD system, using a platinum-coated silicon cantilever
(Olympus Model AC240 TM, resonant frequency of 70 kHz, spring
constant of 2 N/m, tip height = 14 ym, and tip radius & 30 nm).
Topographic noncontact imaging was performed in frequency
modulation mode, while KPFM data was recorded simultaneously in
amplitude modulation mode. The surface potential was evaluated in
order to extract the Fermi level of the films modified due to the
composition changes introduced by the varying Sn concentration in
ZTO films.

Device Fabrication. ZTO TFTs were fabricated by spin coating
the solution on precleaned commercial 200 nm Si;N, films on silicon
(p-type, [100] oriented) substrate. The precursor solution was spin
coated at 4000 rpm for 30 s resulting in a film thickness of ~15 nm
measured using atomic force microscopy. The films were then
annealed at 500° C for 1 h in air, and aluminum was deposited as top
electrodes forming transistors of various channel lengths and channel
width. Typical dimensions were 1000 gm as channel width and 100
pum as the channel length. Following the formation of the Zn,,Sny;0
layer, the inverters were completed by spin coating P3HT (10 mg/mL,
dichlorobenzene) on hexamethyldisilazane (HMDS) treated dielectric
substrate. Gold as the source-drain electrode was thermally evaporated
on both P3HT and ZTO device to give a channel length of 100 ym
and channel width of 1000 ym.

Electrical Characterization. Transistor measurements were
carried out in both air and vacuum using a Keithley 4200
semiconductor analyzer. No appreciable differences in the perform-
ance of the ZTO transistors were noted when measuring the devices in
both conditions. Measurements of temperature dependent mobility of
various Zn/Sn ratio TFT samples were conducted in the cryogenic
probe station (Lakeshore-1200). To ensure performance uniformity,
TFT data presented here are reported from 10 devices fabricated for
each molar concentration.
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B RESULTS AND DISCUSSION

Physical Characteristics. The spun coated and annealed
films were first analyzed using XPS to confirm the composition.
Figure la shows the survey scans of the various prepared
samples. The Zn 2p¥?* and the Sn 3d*? located at 1022.7 and
487.5 eV, respectively, were monitored to estimate the relative
composition of the films. They were in line with the nominal
compositions of the precursor solutions. Since Sn can exist in
its Sn®* or Sn** oxidation state (which can result in p-type SnO
or n-type Sn0,), the oxidation states of samples prepared from
SnCl, solutions were examined. The narrow scan for Sn 3d and
Ols is shown in the Figure l1c,d. The 3d%* shows only one
component at 487.5 eV ruling out the coexistence of SnO and
Sn0,."*'¢ Since the binding energy of Sn in SnO, (486.3—
487.1 eV) is reported to be only slightly higher than Sn in SnO
(485.8—486.9 eV), the binding energy of Sn alone is not
sufficient to distinguish the chemical states of the Sn sample.'”
The examination of the Ols spectrum reveals two components
located at 531.5 and 532.7 eV with the higher binding energy
component attributable to adsorbed hydroxyls. The atomic
ratio (Sn/O) of 1:1.63 computed from Sn 3d and Ols peaks
(taking into consideration atomic sensitivity factors) implies
that the sample is oxygen-deficient SnO,."” In addition to the
composition, the morphology of the samples was also
examined, ZnO displayed a granular morphology with an
average rms surface roughness of ~6.8 nm, while the ZTO
samples showed a smooth amorphous morphology with
average surface roughness of 0.5 nm. The difference in the
surface roughness may be attributed to the ZnO films being
polycrystalline while the ZTO samples are amorphous
(Supporting Information).*

dx.doi.org/10.1021/am401003k | ACS Appl. Mater. Interfaces 2014, 6, 773—777



ACS Applied Materials & Interfaces

Research Article

a b
( )0.9- Zno 20V ( )4 70%Zn
1074
,{ 0.64 50%Zn
) . 30%2Zn
D3 1074
ov
ks . : : Jg 10
0 10 20 30 0 =, 100%Zn
[a]
0.942Zn, ,Sn, 50 20V C 10° S D
. ...
:t% 0.64 .
[ 104
L3,
0.0 oV 10"y T T T T T T
T = = p - 20 10 0 10 20 30 40
Vv _(V
Vs (V) G( )

Figure 2. (a) Transistor I-V characteristics for pristine ZnO and Zn,,;Sn,;O ratio devices with W/L 1000 pm/10S pm. (b) Transconductance
response for varying Zn/Sn ratio FET fabricated on silicon nitride dielectric (inset) device architecture.
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Figure 3. (a) Mobility and trap density extracted from the FET response plotted for devices with different concentrations. (b) Plot of In y vs 1000/T
for Zn/Sn molar ratio samples measured at V; of 10 V. (Inset) Work-function difference between Al electrode and the material measured using

KPFM.

Electrical Characteristics. ZTO TFTs fabricated with
different molar concentration with Al source drain electrodes
showed n-channel transport. The saturation regime mobility
(4) and threshold voltage (Viyy) parameters were extracted
using the standard expression,

WuC,

N

Id (VG - VTH)2

(1)

where p is mobility, W and L is the channel length and width,
C, is gate dielectric areal capacitance, V is the gate voltage, and
Vry is the threshold voltage. Figure 2a compares the I-V
characteristics of pristine ZnO TFTs against Zn,,Sny;0 TFTs,
indicating an increase in saturation current for the same applied
V. The addition of Sn to the ZnO films resulted in improved
electrical characteristics, with devices of Zny,Sn;;O ratio
showing the highest mobility of 7.7 cm?®/(V s). The other
two ratios studied yielded mobilities of 5.4 cm?/(V s)
(ZnysSnysO) and 1.8 ecm*/(V s) (Zny3Sny,0), respectively.
Figure 2b displays a set of representative transfer characteristics
for Zn,Sn;,O transistors of different Zn/Sn ratios. The
mobility for all the devices was extracted from the trans-
conductance curve at Vg of 40 V. The pure ZnO TFT prepared
from ZnCl, precursor shows nominal transistor characteristics
with y ~ 10° cm?/(V s) and on/off ratio of 10°. The pure SnO,
film, which did not show any gate voltage dependence, showed
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high conductivity indicative of high carrier density induced by
oxygen vacancies. For higher Sn concentrations in Zn,Sn,_,O,
there was a slight reduction in mobility as indicated in Figure
3a. The subthreshold swing decreases with Sn content
(Supporting Information), indicating that the extremely low
mobility and low subthreshold slope in ZnO TFTs can be
attributed to low carrier concentration and high density of
surface states at the interface between the channel and gate
dielectric. In particular, the grains as seen using atomic
micrograph images for ZnO films may induce a significant
number of interfacial states resulting in lower field effect
mobility. Figure 3a shows the plot of trap density extracted for
various Zn/Sn molar ratio films using the equation

( ) 1] @)

where kg is the Boltzmann constant, T is the temperature, e is
the base of natural logarithm, q is the electronic charge, s.s is the
reciprocal of subthreshold slope, and C; is the areal dielectric
capacitance. The maximum trap density was extracted for ZnO
TFT with a reduction in trap density with increasing Sn
concentration in the film. On addition of Sn, the trap density
reduces nearly by 2 orders of magnitude, going from 1.6 X 10'®
em™ (ZnO) to 7.9 X 10" cm™ for Zny;Sn,,0.
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Figure 4. (a) The switching characteristics of an inverter fabricated from p-channel P3HT and n channel Zn,;Sn,;O measured at various Vy,. (b)
Corresponding gain for the inverter measured at different V4. (Inset) Shows the circuit configuration.

The effect of varying Zn/Sn concentration on charge
transport was studied by extracting activation energy of these
devices by measuring the performance at variable temperatures.
Figure 3b shows the plot of mobility measured at saturation
gate voltages measured as a function of temperature. From the
plot of In pt.¢ vs 1000/ T the activation energy E, was estimated
using the equation, E, = (—1000kg)((d(In )/(a(1000/
T)))where ky is the Boltzmann constant and T is the
temperature. All the devices showed thermally activated
transport, with varying activation energy for different Zn/Sn
ratio samples. Figure 3b shows the dependence of activation
energy of Zn/Sn films measured at V, of 10 V with Zn,;5n,;0
films composition showing an activation energy of 90.4 meV
while it reduces to ~40—50 meV at higher Sn concentrations.
This reduction in activation energy could be connected to the
lower trap densities extracted previously. Although the mobility
values for all the ZTO devices show performance >1 cm?/(V's),
it is surprising that the composition which yielded the highest
mobility also had the highest activation energy for electron
transport. In order to investigate the possibility of injection
barriers at the metal electrode—semiconductor interface
affecting the performance of the devices, KPFM measurements
were performed.

Surface potential of the samples were measured using KPFM
by initially heating the active device at 100° C for 15 min in
order to eliminate the effect of adsorbed moisture on the
samples. The samples showed a distinct variation of surface
potential as a function of Sn composition in ZnO films. The
incorporation of Sn atoms to ZnO matrix resulted in an
increase of the surface potential. The KPFM measurements
have been used to evaluate the surface potential of ZTO films,
which is indicative of work function of the sample, based on the
equation ASP = (q)ﬁP — @,)/e, where @ is the work function
of the tip (Pt coated on Si) and ¢, is that of the sample. The
aluminum electrode (¢b,, = 4.2 eV) used as the source-drain
electrode of the ZTO FETs is used as an internal reference
directly on each sample. The difference in the work function of
Al and ZTO film has been used to calculate the injection barrier
for each of the samples."®™*° The work-function difference
(¢pns) between the Al electrodes and the KPFM measured
work-function of ZTO is plotted in the inset of Figure 3b. The
addition of Sn resulted in an increased barrier for electron
injection with Zn,,Sn,;O films showing the lowest barrier.
This low injection barrier coupled with lower trap density (due

to Sn addition) could be the reason why ZTO films of (0.7:0.3)
composition have the best performance. These general trends
still hold true for samples fabricated at finer concentration
intervals with samples lower than 30% Sn concentrations not
resulting in high mobility devices (Figure S3, Supporting
Information). Although the fabrication procedures utilized for
fabricating these amorphous thin films requires a rather high
annealing temperature of S00 °C (incompatible with plastic
substrates), the trends in the mobility values, as well as trap
densities extracted here, should be applicable to films formed
through low temperature recipes such as combustion syn-
thesis.”!

On the basis of the optimized performance for Zn,,Sn;;0
TFT, complementary inverters were fabricated using P3HT-
ZTO TFTs. The schematic representation of the electrical
connections is shown in the inset of Figure 4b. In the circuit,
the input voltage V;, was applied to the common gate for both
transistors. Plots of the output voltage V,, as a function of V,
under the different supply voltages V4 are shown in Figure 4a.
No hysteresis was observed during the inverter action,
reflecting excellent threshold voltage stability in devices. The
measured voltage gain —dV,/dV,, an important parameter for
subsequent stage switching, was of the order of ~10 and 3 at
Viq of 40 V and Vyy of 15 V. As expected, the gain and
switching point increases with applied Vyq.”> From the inverter
output characteristics at Vgq = 40 V, an input high voltage (Vi)
of 8.5 V and input low voltage (Vy;) of 9.8 V could be measured
at unity gain. Similarly, the devices have high and low output
voltages of 12.7 and 7.8 V, which gives a low noise margin
(M) of 1.8 V and high noise margin (M) of 4.2 V.

H CONCLUSION

In summary, the effect on Zn/Sn composition change on the
electrical characteristics was studied by fabricating solution
processed ZTO FETs. The Zn/Sn composition ratio clearly has
an effect on film morphology, electrical property, and surface
potential. The addition of Sn concentration causes a significant
improvement of FET performance with a maximum mobility of
7.7 cm?/(V s). The increased Sn concentration is accompanied
by a reduction in the trap densities within these devices as well
as a modulation of the injection barrier at the metal—
semiconductor junction. Reduced trap densities as well as low
injection barrier between the electrode and ZTO films
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determine the composition with the highest performance.
Complementary inverters were fabricated, utilizing the
optimized n-type ZTO composition along with p-type P3HT
films. This work demonstrates the potential of optimized ZTO
FETs fabricated through a solution processed approach.
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Subthreshold swing values as well as atomic force microscopy
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