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We investigated the electrical properties of solution-processed zinc oxide (ZnO) thin-film
transistors (TFTs) with varying the size of ZnO crystallites in the film. The TFTs having
the bead-shaped ZnO crystallites with the average diameter of 2 μm apparently operated
in depletion mode, whereas the devices exhibited an accumulation operation when the
crystallite size of ZnO reduced to sub-micron range. Considering the difference between
bulk and channel electrical conductivities in solution-processed ZnO TFTs, these results
are explained with the interplay between the crystallite size of ZnO and the electrical
conduction in the TFT.

Keywords Oxide semiconductor; thin-film transistor; channel conductivity; bulk con-
ductivity; charge trap

Introduction

Oxide semiconductors have emerged as an alternative material for silicon and organic semi-
conductors [1−3]. In particular, zinc oxide (ZnO) thin-film transistors (TFTs) have attracted
much attention in recent years due to their good electrical properties and excellent ambient
stability. It should be also recognized that the optical transparency of ZnO films is inherently
advantageous for see-through electronic devices. Many researchers have thus reported that
various processes involving high deposition temperatures and post-annealing treatments
can produce transparent amorphous oxide semiconductor TFTs with good electric charac-
teristics and stability [4, 5]. For example, ZnO thin films have mostly been produced by
means of vacuum deposition methods, such as sputtering and pulsed laser deposition tech-
niques [6, 7]. However, solution processes utilizing sol-gel precursors are more viable for
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Structural and Electrical Properties of ZnO TFT [541]/29

applications in flexible electronics because they allow the possibility of significant cost re-
duction via mass-manufacturing roll-to-roll processes using a combination of conventional
coating and printing techniques. As the solidification of a solution-processed oxide semi-
conductor is essentially distinguished from the growth kinetics of vacuum-deposited films,
the structural effects of solution-processed oxide semiconducting films on the electrical
characteristics of these TFTs should be comprehensively studied.

In this work, we report the underlying effect of the crystallite size of solution-processed
ZnO on the electrical characteristics of ZnO TFTs. Bottom-contact structured ZnO TFTs
were fabricated with varying the size of ZnO crystallites in the film. The bulk and channel
electrical conductivities in these TFTs are considered to demonstrate the interplay between
the crystallite size of ZnO and the electrical conduction in the TFT.

Experimental

The precursor solution for the ZnO film was prepared in ambient air by dissolving ZnO
particles (99.99%, Sigma Aldrich) in NH4OH (25∼30%, Duksan) to be about 0.9 wt.%.
To make the precursor solution stable, it was placed in a refrigerator for 12 h after stirring
using a magnetic bar for 1 h. For the fabrication of bottom-contact and bottom-gate TFT
structure, 50-nm-thick Al source and drain electrodes were thermally evaporated onto the
100-nm-thick SiO2/p+-Si substrate using a shadow mask; the base pressure was maintained
under 1.6×10−6 Torr. The channel width and length for the fabricated device are 400 and
50 μm, respectively. The mixed precursor solution was filtered through a 0.45-μm syringe
filter and was then deposited on the substrate via drop-casting or spin-coating at 3000 rpm
for 30 s; the substrate was kept at room temperature during the deposition of ZnO films. To
remove the solvent, we heated the substrate at 150◦C for 30 min by using a hot plate. Here,
the deposition and thermal curing for ZnO films were processed in ambient air. Finally,
Ag paste was then attached on the silicon substrate to provide the contact electrode for the
bottom gate.

The structural properties of solution-processed ZnO films were investigated using
X-ray diffraction (XRD, X’pert pro, Panalytical) and X-ray photoelectron spectroscopy
(XPS, Theta Probe AR-XPS system, Thermo Fisher Scientific). The surface characteristics
of films were analyzed with atomic force microscopy (AFM, XE-150, PSIA). Electrical
characterizations of the fabricated ZnO TFTs were performed in the dark and in ambient
air using a semiconductor analyzer (4200, Keithley).

Results and Discussion

Figure 1(a) shows the optical transmission spectrum in the wavelength range from 300 to
800 nm for the drop-casted ZnO film on a quartz substrate. The film exhibits a transmittance
value of above 90 % in the visible spectral range between 400 and 800 nm. Such an optical
transparency is known to be advantageous for applications in see-through electronic devices.
The band gap energy (Eg) of the ZnO film can be calculated by assuming that (αhν)2 ∝
(hν − Eg), where α is the absorption coefficient and hν is the photon energy [8]; the absorp-
tion coefficient is determined by α = [2.303 × log(1/T)]/d, where T is the transmittance
and d is the film thickness. The band gap energy of the fabricated ZnO film in this study is
determined to be approximately 3.4 eV, which is close to the values reported in the litera-
ture [9]. Figure 1(b) shows the XRD peaks for the drop-casted ZnO film. The characteristic
peak near 34.6◦ indicates the c-axis-oriented (002) plane in our ZnO film and two shoulder
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30/[542] J.-H. Bae et al.

Figure 1. (a) Optical transmittance and (b) XRD spectrum of the drop-casted ZnO film.

peaks at around 31.9◦ and 36.4◦ correspond to additional (100) and (101) orientations in
the film. These three different diffraction peaks suggest a typical wurzite hexagonal bulk
ZnO structure [10].

Figure 2(a) shows the optical microscope image of the drop-casted ZnO film, in which
the average diameter of bead-shaped ZnO crystallites is determined to be approximately
2 μm; the film thickness was approximately 5 μm. Although ZnO crystallites are densely
condensed together, there is a critical discontinuity in the film, i.e. voids or cracks. Figure
2(b) shows the drain current (ID) versus drain voltage (VD) curves of the drop-casted
ZnO TFT. Noteworthy is that the drain currents of the drop-casted transistor significantly

Figure 2. (a) Optical microscope image of the drop-casted ZnO film. Output characteristics of the
drop-casted ZnO TFT, which were measured (b) as fabricated and (c) after device storage in air.
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Figure 3. AFM image of the spin-coated ZnO film. (b) Output and (c) transfer characteristics of the
spin-coated ZnO TFT.

decreased with increasing the gate voltage (VG); the device apparently operated in depletion
mode. The result is a striking contrast to the electrical characteristics of ZnO TFTs reported
in literature [11, 12]; ZnO TFTs exhibit an n-channel behavior operating in accumulation
mode on a positive gate bias. However, it is interesting that the drop-casted ZnO TFT
operated in accumulation mode after device storage in air for 5 hr, as shown in Fig. 2(c).
Compared to the electrical characteristics of the as-fabricated device in Fig. 2(b), the notable
decrease in the drain current after device storage in air, as shown in Fig. 2(c), is indicative
of the decrease in the electrical conductivity at the bulk of the drop-casted ZnO film. This
characteristic change might be owing to the influence of ambient molecules on the electrical
conduction in ZnO TFTs because our TFTs were not passivated [13, 14].

The AFM image (0.5 μm × 0.5 μm) of the surface morphology of the spin-coated
ZnO film is shown in Fig. 3(a); the thickness of the spin-cated ZnO films was about
20 nm. The average diameter of spin-coated ZnO crystallites in the spin-coated film was
approximately 60 nm and the average surface roughness was approximately 1.2 nm. It
is clear that the spin-coating method produced much smaller ZnO crystallites than those
deposited via the drop-casting method. As shown in Fig. 3(b), the spin-coated ZnO TFT
exhibited clear pinch-off and excellent saturation behavior operated in accumulation mode.
The drain currents of the spin-coated ZnO TFT somehow intervened between the two
results shown in Figs. 2(b) and 2(c), which implies both the dependence of charge transport
behavior on the ZnO crystallite size and the significance of the structural continuity in the
solution-processed ZnO film. It should be reminded that the drop-casted ZnO film exhibited
bead-shaped crystallites with an average diameter of 2 μm and structural discontinuities
as shown in Fig. 2(a). Herein, important device properties are extracted from the transfer
characteristic plots of log10|ID|-VG and |ID|1/2-VG at a positive VD of 2 V, shown in Fig. 3(c).
From the transfer curves, the field-effect mobility in the saturation region is theoretically
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Figure 4. Comparison of the (a) O 1s and (b) Zn 2p3/2 core level spectra obtained from drop-casted
and spin-coated ZnO films.

given by

ID = W

2L
Ciμsat (VG − VT )2,

where L and W are the channel length and width, respectively [15]. Here, Ci is the ca-
pacitance per unit area of the gate insulator (46 nF in this study), μsat is the field-effect
mobility in the saturation region, VG is the gate voltage, and VT is the threshold voltage.
The spin-coated ZnO TFT exhibited a field-effect mobility of 0.04 cm2/Vs, a threshold
voltage of 0.1 V, a current on/off ratio of 103, and a subthreshold swing of 0.49 V/decade.
Considering the influence of channel layer thickness on the electrical performances in oxide
TFTs [16], the relatively low field-effect mobility and current values in the results can be
attributed to the thin thickness of the spin-coated ZnO films.

We now discuss the conflict of the electrical characteristics in the fabricated ZnO TFTs.
The XPS results of drop-casted and spin-coated ZnO films are compared to identify the
change in their chemical structure. In this study, prior to the XPS measurements, in-situ Ar+

ion etching with 10 nm/min was performed to avoid any surface contamination. Therefore,
the present XPS spectra were likely to originate from the inside of the film rather than the
film surface. Note that it was not possible to measure the bottom-side characteristics of
ZnO films near the substrate because the brittle films could not be detached. As shown in
Figs. 4(a) and 4(b), there were no discernible shifts in O 1s and Zn 2p3/2 core level spectra.
For both ZnO films, the maximum binding energies of O 1s and Zn 2p3/2 remain at 531.7 eV
and 1022.6 eV, respectively. This indicates that a large majority of Zn atoms remained, in
all probed films, in the same formal valence state of Zn2+ within an oxygen-deficient
ZnO matrix and the concentration of oxygen vacancies was not affected by the deposition
method. Therefore, the difference in the electrical characteristics of drop-casted and spin-
coated ZnO TFTs can be attributed to the morphological properties of solution-processed
ZnO films. Note that the diameters of drop-casted and spin-coated ZnO crystallites are
2 μm and 60 nm. Figure 5 depicts possible pathways for the charge transport in the drop-
casted ZnO TFT; in this proposed model, the electrical conduction is assumed to occur
through the bulk of the ZnO film and at the ZnO/gate insulator (GI) interface. When the
gate voltage is not applied, the drain current depends on the drain voltage, suggesting that
the bulk conduction would dominate the current flow through the drop-casted ZnO film.
On the other hand, an amount of electrons will accumulate at the ZnO/GI interface under
the influence of positive gate bias. In this case, the morphological discontinuity produced
by micron-size ZnO particles may act as charge-trapping sites, thereby deteriorating the
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Figure 5. Electrical conduction model in the drop-casted ZnO TFT.

electrical characteristics of the TFT. As the accumulation electrons at the ZnO/GI interface
depend on the applied gate bias, more electrons can be trapped with increasing the gate
voltage; the trapped charge density is denoted as Qins in Fig. 5. This explains the reason
for that the drop-casted ZnO TFTs apparently operated in depletion mode [Fig. 2(b)]. The
characteristic recovery, which was observed in the drop-casted TFT after device storage
in air [Fig. 2(c)], is thought to be related with the reduction of the bulk conductivity
as a consequence of permeation of air molecules into the drop-casted ZnO film through
structural defects, such as voids or cracks [14, 17]. In other words, when the electrical
conductivity in the drop-casted ZnO bulk gets lowered and thus becomes comparable to
that in the channel region of the TFT, the drain current possibly increases with increasing the
gate voltage. The fact that the spin-coated ZnO TFTs with sub-micron-sized ZnO crystals
operated in a typical accumulation mode also suggests a significant interplay between the
crystallite size of solution-processed ZnO and the electrical conduction in the TFT.

Conclusion

We fabricated solution-processed ZnO TFTs with a bottom-contact and bottom-gate struc-
ture. The ZnO films were deposited by means of drop-casting and spin-coating methods.
For the case of the drop-casted TFTs having the bead-shaped ZnO crystallites with the
average diameter of 2 μm, the drain currents rather decreased with increasing the gate
voltage; the device apparently operated in depletion mode. On the other hand, the TFTs
exhibited clear pinch-off and excellent saturation behavior with an accumulation operation
when the crystallite size of ZnO in the film reduced to sub-micron range (approximately
60 nm in this study). The conflict of the TFT characteristics in this study could be explained
by the interplay between the crystallite size of ZnO and the electrical conduction in the
TFT. Consequently, we can conclude that the packing density of solution-processed ZnO
crystals is of prime importance for the performance of these TFTs. Further quantitative
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analyses on the relation between the structural defects in solution-processes oxide films
and the trapped charge density in TFTs still remain to be carried out.
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