Research Article

APPL'ED&MATERIALS

INTERFACES

www.acsami.org

In/Ga-Free, Inkjet-Printed Charge Transfer Doping for Solution-

Processed ZnO

Seong Hun Yu,T Beom Joon Kim,]IE Moon Sung Kang,§ Se Hyun Kim,” Jong Hun Han,l Jun Young Lee,*’T

and Jeong Ho Cho*'"

School of Chemical Engineering, Sungkyunkwan University, Suwon, 440-746, Korea
*SKKU Advanced Institute of Nanotechnology (SAINT) and Center for Human Interface Nano Technology (HINT),

Sungkyunkwan University, Suwon, 440-746, Korea

§Department of Chemical Engineering, Soongsil University, Seoul, 156-743, Korea

“Department of Advanced Organic Materials Engineering, Yeungnam University, Gyeongsan, 712-749, Korea

J‘Department of Applied Chemical Engineering, Chonnam National University, Gwangju 500-757, Korea

© Supporting Information

ABSTRACT: An In/Ga-free doping method of zinc oxide
(ZnO) is demonstrated utilizing a printable charge transfer
doping layer (CTDL) based on (3-aminopropyl)-
triethoxysilane (APS) molecules. The self-assembled APS
molecules placed on top of ZnO thin films lead to n-type
doping of ZnO and filling shallow electron traps, due to the
strong electron-donating characteristics of the amine group in
APS molecules. The CTDL doping can tune the threshold
voltage and the mobility of the ZnO thin-film transistors
(TFTs) as one varies the grafting density of the APS molecules
and the thickness of the underneath ZnO thin films. From an
optimized condition, high-performance ZnO TFTs can be
achieved that exhibit an electron mobility of 4.2 cm?/(V s), a
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threshold voltage of 10.5 V, and an on/off current ratio larger than 10”. More importantly, the method is applicable to simple
inkjet processes, which lead to produce high-performance depletion load ZnO inverters through selective deposition of CTDL on

ZnO thin films.
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1. INTRODUCTION

Demands for high-performance, large-area, and low-cost
electronic devices have led a boost in development of
alternative semiconducting materials to traditional silicon.' ™
Solution-processed zinc oxides (ZnO), in particular, are very
attractive semiconductors for implementation into thin-film
transistors (TFTs). This is mainly because ZnO exhibits high
electron mobility, environmental stability, optical transparency,
and solution-processability."'* To further enhance their
electrical properties, doping—a process of introducing
electronic impurities into semiconductors—of ZnO has
attracted signficant research interest recently.">™"” Successful
doping of ZnO would provide means (i) to further enhance
electron mobility necessary for display technologies and (ii) to
control threshold voltage in TFTs useful for logic circuit
designing.'”'>"*7** Traditionally, ZnO doping has been carried
out employing the group IIIA elements, such as In or Ga.** >’
The resulting doped ZnO materials are more often called as
IZO (indium-doped zinc oxide) or IGZO (indium gallium zinc
oxide). Despite the improved electrical properties of these
doped ZnO semiconductors, however, there remain critical
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issues for utilizing IZO or IGZO in electronic devices. Because
of the supply shortage of indium, the cost of indium has
increased rapidly, and in fact, indium has even become one of
the strategic materials. Therefore, developing alternative low-
cost and simple doping methods is critical for practical
applications of solution-processed ZnO TFTs.

To address this issue, we introduce a charge transfer doping
layer (CTDL) onto ZnO TFTs via solution processes, such as
drop-casting and inkjet printing. Doping was controlled upon
tuning the underneath ZnO layer thickness and/or the grafting
density of CTDL on the ZnO systematically. Doping turned
out to be more effective on a thinner ZnO layer with higher
grafting density. The optimized devices yield an enhanced
electron mobility around 4.2 cm?/(V s) with more than 7
orders of magnitude in current modulation. Furthermore, the
capability of simple threshold voltage control was applied to
demonstrate high-performance depletion load ZnO inverters
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Figure 1. Schematic diagram of the charge transfer doping layer (CTDL)-doped ZnO TFTs. The inset describes the formation of dipole in CDTL.

based on selective deposition of CTDL by inkjet printing. We
believe that the method presented in this report can provide
new directions in low-cost, high-performance, solution-
processed ZnO TFT research.

2. EXPERIMENTAL SECTION

A ZnO solution was prepared by dissolving 0.6, 0.7, 0.8, 0.9, and 1
mmol of zinc oxide powder (Sigma Aldrich, 99.999%) into 12 ml of
ammonium hydroxide (aq). The as-prepared solution was refrigerated
for more than 12 h. Refrigeration enhanced the solubility of ZnO and
resulted in an optically clear solution of ZnO. This ZnO solution was
spin-coated onto a UV—ozone treated SiO,/Si substrate for 30 s at
3000 rpm, follwed by an annealing process at 300 °C for 1 h. After
depositing ZnO film, S0 nm thick Al source/drain electrodes were
thermally deposited through a shadow mask. The channel length (L)
and width (W) were SO and 800 um, respectively. Finally, the ZnO
surface was treated with 0.085 mM (3-aminopropyl)triethoxysilane
(APS) solution in toluene by immersing the substrate with ZnO films
into the APS solution for different periods of time (0, 1, 2 ,4, 8 h). For
the fabrication of the depletion load inverters, two ZnO transistors
were prepared for the load and driver transistors, respectively. The
source and gate electrodes of the load transistor were connected
together, and then the drain electrode of the drive transistor was
connected to the source electrode of the load transistor using silver
paste. A single droplet of 0.02 mM CTDL solution in chloroform was
printed onto the ZnO channel surface of the load transistor using a
home-built inkjet printer. Transistor and inverter current—voltage
characteristics were measured using Keithley 2400 and 236 source/
measure units under vacuum (10™° Torr) in a dark environment.
Threshold voltage (Vy;,) and electron mobility (x#) in the saturation
region were evaluated from the x intercept and slope of the transfer
curve (drain current (Ip)"? vs gate voltage (V;)), respectively, using
the following equation
cw

= MTT(VGS -
where L and W are the length and width of the channel and C; is the
specific capacitance of gate dielectric. The thickness of ZnO film was
measured by X-ray reflectivity and ellipsometry. Film morphology and
chemical composition of the doped/undoped ZnO films were
investigated by AFM (Digital Instruments Nanoscope III) and XPS
(PHI 5000 VersaProbe 1, ULVAC-PHI 5000 VersaProbe), respec-
tively.

I Vo)

3. RESULTS AND DISCUSSION

A schematic of a ZnO TFT with CTDL in a bottom gate, top
contact configuration is drawin in Figure 1, which was prepared
by the following procedures. First, ZnO thin films were formed
by spin-coating a dispersion of zinc oxide powder in
ammmonium hydroxide onto a heavily doped Si substrate
with a 300 nm thick SiO, gate dielectric. The substrate was
then annealed at 300 °C under an ambient condition for 1 h,
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which transformed the zinc ammonia complex into ZnO films
and volatile ammonia gas."* ZnO films with various thicknesses
(4.3, 47, 54, 6.5, and 7.2 nm) could be obtained from
disperpersions with different concentrations (4.1, 4.8, 5.4, 6.1,
and 6.8 mg/mL, respectively). To generate hydroxyl groups on
the ZnO surface, the as-prepared films were treated to UV—
ozone (28 mW/cm? 30 s). The CTDL of (3-aminopropyl)-
triethoxysilane (APS) was then applied onto the surface
through a simple dipping method. Upon exposure to APS
solution, the CTDL was self-assembled onto ZnO films
through hydrolysis of the triethoxy groups of APS and
condensation of the hydroxyl groups in APS and the ZnO
surface, as shown in Figure 1.3 Grafting of the APS onto ZnO
films could be controlled by varying the reaction time for self-
assembly (1, 2, 4, and 8 h). The variation in the grafting density
was confimed by X-ray photoemission spectroscopy (XPS) as a
function of treatment time (Figure S1, Supporting Informa-
tion): longer exposure to the APS solution resulted in
formation of denser CTDL exhibiting a higher N-to-Zn atomic
ratio. Also, increasing the APS exposure time yielded a gradual
enhancement of film roughness, indicating formation of denser
CTDL (Figure S2, Supporting Information), whereas no
significant change was observed upon varying the ZnO film
thickness (Figure S3, Supporting Information). Finally, Al was
thermally evaporated through a stencil mask onto the doped
ZnO film to form the source/drain electrodes.

Figure 2a displays the representative transfer characteristics
of TFTs based on 4.3 and 5.4 nm thick ZnO films before and
after introducing the CTDL for 1 h. Dramatic reduction in the
Vi, was noticed, which is a key signature of n-type doping that
resulted from the charge transfer doping."® The charge transfer
doping orginates from the electron-donating nature of amine
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Figure 2. (a) Transfer characteristics (Vp = 60 V) of ZnO TFTs based
on 4.3 and 54 nm thick ZnO films before and after the CTDL
treatment. (b) u1/p, vs thickness and the Vi, — Vi, vs thickness plots
after CTDL treatment for 1 h as a function of the ZnO thickness.
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group in the APS molecules. This leads to formation of a dipole
that facilitates inducing mobile electrons in ZnO (see the inset
in Figure 1). Vy, shifts (AVy’s) were —63 and —14 V for ZnO
TFTs based on the 4.3 and 5.4 nm thick ZnO films,
respectively. More importantly, the charge transfer doping
yielded a drastic enhancement in the y from 0.1 to 0.8 cm*/(V
s) for the 4.3 nm thick ZnO TFT and from 1.4 to 2.0 cm?/(V
s) for the 5.4 nm thick ZnO TFT.

The effectiveness of charge transfer doping was quantified by
comparing the mobility enhancement and the threshold voltage
shift for ZnO films with different thicknesses. Figure 2b displays
the u/py ( p is the mobility of the pristine ZnO films at a given
thickness) and Vi, — Vi (Vi is the threshold voltage of the
pristine ZnO films at a given thickness) obtained from samples
with different thicknesses. The representative transfer charac-
terstics and summarized electrical parameters are shown in
Figure S4 and Table S1 (Supporting Information). Clearly, the
effectiveness of the charge transfer doping is suppressed
gradually as the film becomes thicker: both the slopes from
the u/uy vs thickness and the Vi — Vi vs thickness plots
become saturated above 6.5 nm. This is perhaps because the
effective charge tranport channel in a bottom-gated TFT is
located at the very bottom layer of the semiconductor adjacent
to the gate dielectric layer, while the charge transfer doping
occurs from the top layer of the semiconductor.®® In other
words, if the semiconductor is too thick, carriers from the
CTDL may not affect the charge transport in the effective
channel. In fact, the effective channel thickness is estimated to
be <1 nm at a Vg of 100 V, using an equation developed for
enhancement-mode organic TFTs. > Figure SS (Supporting
Information) compares the output characteristics for the 4.3
and 5.4 nm thick ZnO TFTs before and after applying CTDL,
indicating that more effiective doping is achievable on thinner
ZnO TFTs.

The charge transfer doping could also be controlled by
varying the treatment time. Figure 3a shows the change of the
transfer characteristics of 5.4 nm thick ZnO TFTs that were
dipped into APS solution for different periods of time (0, 1, 2,
4, and 8 h). A gradual increase in I, and a negative shift in V,
were observed upon increasing the reaction time as a result of
enhanced charge tranfer doping. The effects of the APS
reaction time on the y and V}, are summarized in Figure 3b and
Table S2 (Supporting Information). The ZnO TFTs that were
treated with APS for 4 h yielded excellent device performance
with an electron mobility of 42 cm?/(V s) and an on/off
current ratio of more than 107. Note that an excess adsorption
of APS (when APS was applied for more than 8 h) produced
heavily doped ZnO films such that mobility as high as 6.3 cm?/
(V s) could be obtained. However, these devices unfortunately
exhibited a weak gate voltage dependence in the transfer
characteristics due to excess doping.

On the basis of the Vy, shift compared to the pristine device,
the effective doping density of the CTDL (fgoping) could be
estimated using a relation ngyy,, = CAVy/e, where C is the
specific capacitance of the gate dielectric (10.8 nF/cm?) and e is
the elementary charge. A doping density of ~10'? electrons/
cm? could be achieved, which increased gradually with APS
reaction time. Figure 3¢ correlates the estimated 74y, values
with electron mobility, which demonstrates the enhanced
electron mobility in ZnO films with increased charge density.

An increase of mobility with charge density is often observed
from disordered semiconductors, in which transport is limited
by shallow traps.>*** For those materials, charge transport is
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Figure 3. (a) Transfer characteristics (V, = 60 V) of TFTs based on
S.4 nm thick ZnO film after the CTDL treatment for different periods
of time (0, 1, 2, 4, and 8 h). (b) Electron mobilities and threshold
voltages of ZnO TFTs extracted from (a). (c) Electron mobilities as a
function of doping density by the CTDL. (d) Temperature-dependent
electron mobility of pristine and CTDL-doped ZnO TFTs with
various CTDL treatment times (0, 2, and 4 h).

accelerated, if more numbers of traps are filled by induced
carriers.*® To confirm whether this explanation is applicable to
our system, we carried out temperature-dependent transport
measurements (130—300 K) and extracted the activation
energy (E,) necessary for charge transport in ZnO films with
different doping concentrations. Figure 3d displays the
Arrhenius plot of the electron mobility for 5.4 nm ZnO films
with three different charge tranfer doping concentrations (1.1 X
102, 2.9 X 102, and 3.4 X 10" electrons/cm?). E, was reduced
from 15 meV (pristine ZnO) to 7 meV (doped ZnO) upon
increasing charge transfer doping, which is likely due to the
reduced numbers of shallow traps. In addition, bias-stress
stability measurement was performed by monitoring the I
drop for the CTDL-doped ZnO TFTs over a period of time (t)
under a constant Vg (100 V) and Vp (60 V). As shown in
Figure S6 (Supporting Information), a less significant drop in
I was observed for more doped ZnO films, which also suggests
that influences of traps become suppressed with the charge
transfer doping. Overall, the temperature-dependent transport
measurements and the bias-stress measurements indicate that
the origin of the improved mobility from the charge transfer
doping is associated with filling of shallow traps upon doping.

We note that the estimated doping density of ~10'
electrons/cm? is around 10% of the ballpark maximum doping
concentration achievable from the APS charge transfer doping.
The maximum value can be obtained from a relation g = p/dA,
assuming that APS molecules are self-assembled in an ideal
manner (uniform and monolayered). Here, q is the areal charge
density induced in ZnO by the CTDL, p is the dipole moment
defined when equal negative and positive charge densities are
separated by a finite distance (d), and A is the lateral area per a
single APS molecule (~0.3 nm?).%%% p and d of an APS
molcule were estimated to be 3.19 D and 0.74 nm from a
commercially available DFT calculation tool. These numbers
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Figure 4. (a) Schematic and circuit diagram of a depletion load inverter based on an enhancement-mode drive TFT and a depletion-mode load TFT
using pristine ZnO TFTs and CTDL-doped ZnO TFTs, respectively. (b) Transfer characteristics (Vp, = 60 V) of ZnO TFTs based on 5.4 nm thick
ZnO films before and after inkjet printing a single drop of CTDL solution. (c) The voltage transfer characteristics of the inverter under various Vpp’s
(from 20 to 100 V; interval = 20 V) and their corresponding signal gain. (d) Output voltage response of the depletion load inverter at Vp, = 40 V

when Vj; is pulsed at 1 Hz.

yield g = 3.0 X 10" carriers/cm? which is about an order of
magintude larger than what we achieved. The discrepancy
between the estimation and the experimental results is perhaps
because our APS layers are not assembled in an ideal manner:
atomic force microscopy (AFM) images reveal formation of
globules from ZnO films that were applied to APS for longer
time (Figure S3, Supporting Information). The results indicate
that electron mobility of APS-treated ZnO films can be further
enhanced if the CTDL is formed more uniformly.

The capability of simple threshold voltage control of the
CTDL could be employed for unconventional logic circuit
designing. For example, high-performance depletion load ZnO
inverters were successfully demonstrated from simple solution
processes. The depletion load inverter comprises an enhance-
ment-mode drive transistor and a depletion-mode load
transistor in series (Figure 4a). This combination allows the
formation of an inverter logic circuit without varying the W/L
ratio between respective transistors, which is beneficial for
compact device integration. A pristine ZnO TFT and a CTDL-
doped ZnO TFT were employed as the drive and the load,
respectively. In fact, the possibility of introducing CTDL on top
of the active layer offers practical advantages in fabricating logic
circuits in a simpler manner over the methods utilizing a
functional layer under the active layer. Namely, CTDL could be
applied selectively onto a ZnO TFT designated as the load
transistor using a simple inkjet printing method. Such a method
also avoids wetting issues of the active layer that is likely to
occur if the functional layer is to be applied under the active
layer selectively.

Figure 4b displays the transfer characteristics of a pristine
ZnO TFT and a doped ZnO TFT (thickness of ZnO = 5.4 nm)
obtained by printing a single drop of CTDL solution onto the
active layer. The Vy, are 40.1 and 12.9 V, respectively. The
difference in Vy; yielded large separation of the current level
between the two transistors, which is beneficial for forming a
high-performance inverter. As shown in the circuit diagram in
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Figure 4a, the source electrode of the load transistor was
connected to the gate electrode of the load transistor and drain
electrode of the drive transistor. The working principles of
these devices are described well in the previous literature.*® The
resulting inverters exhibited ideal voltage—transfer character-
istics with negligible hysteresis, as shown in Figure 4c. As the
supply voltage (Vpp) was increased from 20 to 100 V, the
output voltage (Voyr) remained comparable to the Vpp, values
at low input voltages (V) and was 0 V at high Viy. The signal
inverter gain, defined as the absolute value of dVy/dVyy, is
also provided in Figure 4c as a function of Vpp. A maximum
gain value of 23 was obtained at Vp, = 100 V. Moreover, this
CTDL doping method of ZnO could be applied to high-
capacitance gate dielectrics, for example, a thinner SiO, layer,
yielding low voltage operation of the devices, as shown in
Figure S7 (Supporting Information). Figure 4d exhibits the
dynamic response characteristics of the inverter output signal
obtained under Vpp, = 40 V. The output voltage of the inverter
responded well to a square-wave input voltage signal.

4. CONCLUSIONS

In conclusion, we demonstrated a new doping method utilizing
charge transfer doping based on APS to achieve high-
performance ZnO transistors and inverters. The strong
electron-donating characteristics of the amine group in APS
molecules filled shallow electron traps residing in the ZnO films
and thereby yielded a dramatic enhancement in the electron
mobility. The optimized ZnO thickness and APS grafting
density resulted in ZnO TFTs with excellent device character-
istics; electron mobility as high as 4.2 cm?/(V s) was achieved
while exhibiting the on/off current ratio of more than 10’.
Furthermore, the facile threshold voltage control of this
method allowed assembling high-performance depletion load
ZnO inverters successfully via selective application of CTDL
onto a ZnO film based on simple inkjet printing processes. We
believe that the method presented herein can make significant

dx.doi.org/10.1021/am402919f | ACS Appl. Mater. Interfaces 2013, 5, 9765—9769
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contributions to achieve next-generation high-performance
TFTs for plastic electronics for flexible, printed, and trans-
parent electronics.
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XPS spectra and AFM images of the pristine and CTDL-doped
ZnO films, electrical characteristics of ZnO TFTs based on
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