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the slow formation of self-assembled 
monolayers.[13] The contact resistances 
before and after doping are compared by 
the transmission-line method. In addi-
tion to typical current–voltage characteris-
tics, the devices are characterized through 
capacitance and admittance measure-
ments as a function of frequency and 
applied bias, to gain insights into charge 
transport affected by trap sites. Analyses of 
the cutoff frequency and the parallel con-
ductance reveal the effective mobility and 
the density of trap states, respectively, for 

comparisons of undoped and BV-doped TFTs. The Cole–Cole 
plot, based on the real and imaginary components of admit-
tance, provides additional graphical analyses to understand the 
effect of BV treatment on interfacial states.

Figure 1a shows the device structure in a bottom-gate, top-
contact configuration with doped source/drain electrodes with 
BV molecules (shown in Figure 1b). The IZO semiconductor 
was deposited by inkjet, and the channel region was subse-
quently covered by an insulator polymer poly-4-vinylphenol 
(PVP). A BV solution was spin-coated onto the exposed areas, 
followed by a rinse with toluene to remove excess, not-ionized 
BV molecules. The BV treatment did not add measurable 
thickness, but the doping process increased wetting between 
the polar Ag ink and the IZO surface with ionized BV mole-
cules. Silver ink on untreated IZO showed a contact angle of 
≈30°, whereas the same Ag ink completely dispersed on the  
BV-treated surface, as shown in the photographs of Figure 1c.

Figure 2a,b shows typical transfer and output characteristics 
of undoped and BV-doped TFTs. The BV-doped TFT shows a 
more negative threshold voltage and a higher off-current than 
the undoped TFT. If the entire channel is doped, the IZO 
becomes very conductive, and the applied electric field is not 
sufficient to modulate and deplete the channel. Hence, we 
restricted BV doping to areas underneath the source and drain 
contacts. There is a possibility that our process may allow the 
BV solution to wick underneath the PVP barrier and partially 
dope the channel region. However, the more likely explanation 
for the negative shift in threshold voltage is that the IZO layer 
is relatively thick at around 30 nm, and as such the BV doping 
leads to a very conductive area underneath the contacts that are 
difficult to deplete.

The field-effect mobility μ is determined from the slope of 
the transfer curve at saturation by

µ= −( / )( ( ) )/2DS g GS th
2I W L C V V  (1)

where IDS is the source–drain current, W is the channel width, 
L is the channel length, Cg is the gate dielectric capacitance, 
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Printed Transistors

Amorphous semiconducting oxides[1,2] are attractive alterna-
tives to silicon for implementing thin-film transistors (TFTs) 
in large-area electronics, because of the oxides’ promising elec-
tron mobility, optical transparency in the visible spectrum, and 
compatibility with low-cost solution processing.[3–5] To enhance 
the semiconductor performance and stability, indium zinc 
oxide (IZO) and its variants have been tuned by ionic doping 
in the bulk or by charge-transfer molecular doping on the film 
surface. Ionic dopants over a wide range of atomic radii are 
shown to reduce oxygen vacancies in the oxide films.[6,7] While 
ionic doping incorporates dopants throughout the film, doping 
based on charge-transfer molecules[8–11] occurs at the surface, 
where charge carriers are transferred due to a difference in 
redox potentials between the charge-transfer molecules and the 
film material. The molecules can be patterned, for example, 
by inkjet printing, to selectively dope specific interfaces in 
TFTs. Molecular doping on oxides offers the advantage of local 
tuning but are not well studied, probably due to the tendency of 
organic dopants to degrade when exposed to air.

In this work, we chose an air-stable, strongly reducing 
molecule benzyl viologen (BV) to apply on IZO TFTs and 
investigated the effects of BV doping on interfacial states and 
transistor performance. The BV doping process allows ambient 
preparation and shortens fabrication time, in contrast to prior 
approaches based on air-sensitive fullerene derivatives[12] or 
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VGS is the applied gate bias, and Vth is the threshold voltage. 
The average mobilities of ten devices are 5.8 ± 1.4 cm2 V−1 s−1  
for undoped TFTs and 8.7 ± 1.0 cm2 V−1 s −1 for BV-doped 
TFTs. The variations in transfer characteristics are shown in  
Figure S1 (Supporting Information). Typical bias stress meas-
urements in Figure 2c show slower decay in drain–source cur-
rent in the BV-doped TFT than the undoped device.

The contact resistance of the BV-doped TFTs is extracted 
using the transmission line method,[14] where the output 
device resistance is expressed as dVDS/dIDS = rch L + Rc, where 
rch L is the channel resistance and Rc is the sum of the contact 
resistance of both source and drain electrodes. The series of 
dVDS/dIDS data versus channel length L allow extrapolation to 
determine the contact resistance Rc, which is the y-intercept 
in Figure 2d. The contact resistance of BV-doped contacts is 
153 kΩ, compared to 3.47 MΩ for undoped contacts at gate 
bias of VGS = 0 V. In addition to contact resistance, the devices 
are further examined below by capacitance and conductance 
analyses to clarify why BV treatment improves mobility and 
stability.

The dopant concentration of BV in IZO is estimated from 
the measured capacitance Cm with respect to varying gate 
biases in Figure 3a, by fitting to the Mott–Schottky rela-
tion ∂(1/Cm

2)/∂VGS = 2/(qε0εsNDA2), where q is the electronic 
charge, ε0 is the permittivity of vacuum, εs = 8.5 is the relative 
permittivity of IZO, ND is the dopant concentration, and A is 
the semiconductor area of 0.183 mm by 1.13 mm here. The 
error of the area can be up to 10% with our optical microscopic 
measurement, but the semiconductor area, channel W and L, 
and the electrode areas are the same for both undoped and con-
tact-doped devices. Dopant concentration ND is estimated to be 
3.0 × 1017 cm−3 after the BV treatment, whereas undoped device 
shows 1.5 × 1017 cm−3. The rise in ND value confirms electron 
transfer from BV molecules to IZO semiconductor.

Besides, increasing the dopant concentrations in IZO, the 
BV treatment increases the cutoff frequency, as the devices are 
biased in the voltage range for charge accumulation. Cutoff fre-
quencies were determined from the intersection points where 
capacitance started to decrease as shown in Figure 3c–e. The 
cutoff frequency fc at each gate bias is correlated to the field-
effect mobility by the following equation[15]

µ π= −2 /( )2
c GS thL f V V  (2)

For the amorphous IZO devices, the mobility improves with 
BV doping. The measurement probed the interfaces of the IZO 
channel and the contact areas under the doped electrodes. Our 
model cannot separate the two types of interfaces. Nonetheless, 
the capacitance measurement showed an increase in carrier 
concentration due to BV doping, and the increased free carrier 
concentration filled up the trap states and led to a transition 
from trap-limited conduction to percolation transport across 
the device channel.[16] Thereby the excess carriers beyond the 
bandtail show better charge transport.

Figure 3f compares the field-effect mobilities inferred from 
the current–voltage (I–V) characteristics (Equation (1)) and 
from the cutoff frequency (Equation (2)). The BV-doped TFT 
shows similar mobility using the two different measurement  
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Figure 1. a) Schematic of the transistor structure. b) Chemical structure 
of benzyl viologen (BV) in the reduced state. c) Photographs of the con-
tact angle between Ag ink on undoped IZO and on BV-doped IZO.

Figure 2. a) Transfer, b) output, and c) bias stress measurements. Undoped TFT: black. BV-doped TFT: red. The blue curve in panel (a) is the transfer 
characteristics at VDS = 10 V of a device where both the channel and contact regions are doped. d) Device resistance versus channel length, in which 
the y-intercept denotes the contact resistance based on transmission line model.
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methods. However, the undoped TFT shows a discrepancy 
where the value from I–V characteristics is higher than that 
of capacitance–frequency (C–f) measurements. This differ-
ence is attributed to the bias stress effect, namely, a reduc-
tion in device current as mobile carriers fell into trap states 
during device operation.[17,18] Gate bias was applied for a longer 
time in C–f measurement (sampled at 0.12 s per point, total  
2200 data points) than in I–V characterization (0.5 s per point, 
total 72 data points). Thus, TFTs were more severely affected by 
bias stress in C–f measurement.

The undoped device is more affected by bias stress, and 
its capacitance is also higher than that of the BV-doped TFT. 

The device capacitance at the low-frequency 
regime is influenced by the capacitance of 
dielectric layer, the interfacial charges, and 
the depletion capacitance of the IZO/dielec-
tric junction. When operating in accumula-
tion mode, the depletion capacitance is neg-
ligible. Since we measure the devices to have 
the same dielectric capacitance, the main 
factor that explains the high capacitance in 
undoped TFTs is an increase in the number 
of interfacial charges that are located in band-
tail trap states.

To quantify the density of interfacial trap 
states, we use the admittance method which 
models the loss in conductance due to the 
trap capture and emission processes. As the 
conductance change is directly measured, 
the admittance method eliminates the need 
for extensive fitting as is the case when using 
capacitance data. The maximum conduct-
ance loss occurs when the trapping process 
is in resonance with the probing frequency 
at an applied bias, i.e., when the energy level 
of trap states is aligned with Fermi level of 
semiconductor. Therefore, the admittance 
method is accurate for estimating the density 
of traps within ≈100 mV (a few constants of 
kBT/q, where kB is the Boltzmann constant 
and T is the temperature) adjacent to the 
Fermi level.[19]

The equivalent circuit model in 
Figure 4a includes the parallel conductance 
Gp, the interface states capacitance Cit, and 
the depletion capacitance Cdeplete placed in 
parallel; the above components are in series 
with the gate dielectric capacitance Cg. The 
equivalent circuit as seen by the impedance 
analyzer is shown in Figure 4b, where the 
measured conductance Gm and measured 
capacitance Cm are in parallel. The parallel 
conductance and measured conductance are 
related[20] as follows

G
C G

G C C( )
P

2
g
2

m

m
2 2

g m
2

ω
ω

=
+ −

 (3)

Here Cg = 10 nF cm−2 for the devices 
in this work and ω = 2πf is the angular frequency of the 
applied ac voltage. The measured capacitance is equivalent to 
1/Cm = 1/Cg + 1/(Cit + Cdeplete). The real and imaginary com-
ponents of admittance Y are described by the following expres-
sions[20,21] derived from the Debye relaxation model

Y G qDRe( )

2
ln 1 ( )P it 2

ω ω ωτ
ωτ= = +   (4)
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Figure 3. a) Mott–Schottky plot at 5 kHz. b) Measurement schematics. Capacitance as a func-
tion of frequency for c) undoped and d) BV-doped IZO TFTs. e) Cutoff frequencies for undoped 
and BV-doped devices. f) Mobilities estimated from cutoff frequencies (solid symbols) and 
current–voltage characteristics (open symbols). Undoped TFT: black. BV-doped TFT: red.
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where Dit is the density of interface state and τ is the time con-
stant for the capture and emission of trapped charges.

Figure 4c,d compare the loss GP/ω associated with charges 
moving into and out of interface states in undoped and  
BV-doped TFTs. The peaks monotonically shift to higher fre-
quencies with increasing gate bias, which indicates the pres-
ence of continuously distributed energy levels of interface 
traps. Maximum GP/ω values at each gate bias are obtained 
to calculate the magnitude of Dit, and the fit values for τ are 
shown in Figure 4e, Figure 4f, respectively. The Dit for both 
devices increases with gate voltage, indicating higher den-
sity of interface states in the energy level close to conduction 
band. Likewise, charges spent shorter time τ in interface states 
with increasing gate bias. In comparison to undoped TFTs, 
BV-doped devices show lower loss and higher peak frequency. 
There is lower density of interfacial trap states after BV treat-
ment, showing the effectiveness of BV doping in removing 
interface states. In addition, based on the observed time con-
stants, faster capture and emission process are observed in the 
BV-doped devices as deep traps are reduced.

The real and imaginary components of admittance Y are 
shown in Figure 4g, where the oxide capacitance has been 
subtracted. This figure, also known as the Cole–Cole plot,[22] 
provides additional graphical analysis without the need for fit-
ting. The distance between the two intersection points with 
the x-axis denotes the interface states capacitance Cit = qDit A, 
where the area A is 0.183 mm by 1.13 mm here. The distance 
between the origin and x-intercept at high frequency indicates 
the depletion capacitance, which is around 4 pF for the devices 
here. At VGS = 25 V, the Cit value is estimated to be 38 pF for an 
undoped TFT whereas it is 7.5 pF for a BV-doped TFT. These 
values are in good agreement with the expected capacitance cal-
culated from the Dit in frequency-dependent GP/ω plots.

The application of benzyl viologen on IZO surface achieved 
charge-transfer doping that increased the effective field-effect 
mobility, reduced contact resistance, and improved the stability 
of inkjet-printed IZO TFTs. The device mobility was enhanced 
and reached up to 8.7 ± 1.0 cm2 V−1 s−1 after BV treatment. 

The analysis of frequency-dependent capacitance and admit-
tance quantified the density of interface states, for which the 
BV-doped devices show four times lower trap density. In the 
future, to minimize the threshold voltage shift, the dopant con-
centration may be adjusted by changing the concentration of 
BV in the doping solution and the thickness of IZO layer. The 
air-stable, facile process of BV doping enables a new handle to 
improve printed IZO transistor’s performance.

Experimental Section
All the patterning steps were performed by using inkjet printing.[23–25] 
For substrate preparation, a heavily doped p-type silicon wafer with 
300 nm oxide layer was cleaned with acetone and 2-propanol and treated 
with UV–ozone for 5 min. The IZO ink[26] was prepared by dissolving 
0.06 m of indium nitrate hydrate and 0.04 m of zinc nitrate hexahydrate 
in 2-methoxyethanol. The IZO precursor solution was deposited using 
an inkjet printhead (Fujifilm Dimatix DMP2800) with the substrate 
heated at 60 °C. The printed IZO was annealed at 400 °C in air for 
2 h. Subsequently, to passivate the channel area, a solution of PVP was 
printed and cross-linked at 160 °C for 30 min. This PVP layer also served 
to confine BV doping to areas around the electrodes; otherwise, doping 
the entire TFT channel led to low on/off ratio due to its inability to reach 
depletion.

The BV solution was prepared following the solvent exchange 
procedure provided in ref. [10]. The unionized BV dissolved in toluene 
(concentration below 25 mg mL−1) was spin-coated to dope the exposed 
areas not covered by PVP. Charge transfer between BV and IZO oxidized 
the BV0 to BV2+ state. The IZO surface was rinsed with toluene to 
remove any excess unionized BV. The source and drain electrodes were 
printed with silver nanoparticle ink (Colloidal Inc.) as 250 μm by 250 μm 
pads and annealed at 150 °C for an hour to complete the IZO TFTs. In 
the above analyses, the TFTs had a channel width (W) of 180 μm and 
a channel length (L) of 250 μm, unless indicated otherwise, such as 
for the devices measured in the transmission-line model. Devices were 
measured in the dark ambient, using Keithley Sourcemeter 2400 and  
Picoammeter 6438 for current–voltage characteristics, and Agilent 
Parameter Analyzer B1500 for frequency-dependent capacitance and 
admittance. In frequency-dependent measurements, the source and 
drain electrodes were connected together for measuring the electrode–
insulator–semiconductor junction from 1 kHz to 2 MHz. The amplitude 
of ac voltage was 100 mV as dc voltage was swept between ±25 V.

Adv. Electron. Mater. 2018, 4, 1700631

Figure 4. a) Equivalent circuit model of the MOS capacitor, where the parallel conductance Gp, the interface states capacitance Cit, and the depletion 
capacitance Cdeplete are in parallel, and the above components are in series with the gate dielectric capacitance Cg. b) Equivalent circuit as seen by the 
impedance analyzer, where the measured conductance Gm and measured capacitance Cm are in parallel. Frequency dependence of GP/ω for c) undoped 
and d) BV-doped TFTs. The gate biases are increased from −25 to 25 V in steps of 5 V. e) Density of interface states and f) trap response time as a 
function of gate bias. The fit values are determined by using Equation (4). g) The Cole–Cole plot at gate biases of −25, 0, and 25 V (arrows indicate 
increasing gate bias direction). Undoped TFT: black. BV-doped TFT: red.



www.advancedsciencenews.com

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700631 (5 of 5)

www.advelectronicmat.de

Adv. Electron. Mater. 2018, 4, 1700631

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
This work was partially funded by NSF CMMI grant #1635729. The 
authors thank Prof. Kye Si Kwon at Soonchunhyang University and 
Eui-Keun Choi at PSJet for equipment assistance. The authors are also 
grateful to Prof. Masayuki Kanehara for supplying the Ag colloidal ink.

Conflict of Interest
The authors declare no conflict of interest.

Keywords
charge-transfer doping, indium zinc oxide, interface states, printed thin-
film transistors

Received: December 13, 2017
Revised: February 20, 2018

Published online: April 14, 2018

[1] T. Kamiya, H. Hosono, NPG Asia Mater. 2010, 2, 15.
[2] E. Fortunato, P. Barquinha, R. Martins, Adv. Mater. 2012, 24,  

2945.
[3] A. Nadarajah, M. Z. B. Wu, K. Archila, M. G. Kast, A. M. Smith,  

T. H. Chiang, D. A. Keszler, J. F. Wager, S. W. Boettcher, Chem. 
Mater. 2015, 27, 5587.

[4] V. Pecunia, K. Banger, H. Sirringhaus, Adv. Electron. Mater. 2015, 1, 
1400024.

[5] X. Xu, L. Feng, S. He, Y. Jin, X. Guo, IEEE Electron Device Lett. 2012, 
33, 1420.

[6] J. W. Hennek, J. Smith, A. Yan, M. G. Kim, W. Zhao,  
V. P. Dravid, A. Facchetti, T. J. Marks, J. Am. Chem. Soc. 2013, 135,  
10729.

[7] S. Y. Park, B. J. Kim, K. Kim, M. S. Kang, K. H. Lim, T. Il Lee,  
J. M. Myoung, H. K. Baik, J. H. Cho, Y. S. Kim, Adv. Mater. 2012, 24, 
834.

[8] Y. He, F. Xia, Z. Shao, J. Zhao, J. Jie, J. Phys. Chem. Lett. 2015, 6, 
4701.

[9] D. Kiriya, M. Tosun, P. Zhao, J. S. Kang, A. Javey, J. Am. Chem. Soc. 
2014, 136, 7853.

[10] S. M. Kim, J. H. Jang, K. K. Kim, H. K. Park, J. J. Bae, W. J. Yu,  
I. H. Lee, G. Kim, D. D. Loc, U. J. Kim, E.-H. Lee, H.-J. Shin, 
J.-Y. Choi, Y. H. Lee, J. Am. Chem. Soc. 2009, 131, 327.

[11] B. Lüssem, C. M. Keum, D. Kasemann, B. Naab, Z. Bao, K. Leo, 
Chem. Rev. 2016, 116, 13714.

[12] G. Kwon, K. Kim, B. D. Choi, J. Roh, C. Lee, Y. Y. Noh, S. Y. Seo,  
M. G. Kim, C. Kim, Adv. Mater. 2017, 29, 1607055.

[13] S. H. Yu, B. J. Kim, M. S. Kang, S. H. Kim, J. H. Han, J. Y. Lee,  
J. H. Cho, ACS Appl. Mater. Interfaces 2013, 5, 9765.

[14] E. B. Secor, J. Smith, T. J. Marks, M. C. Hersam, ACS Appl. Mater. 
Interfaces 2016, 8, 17428.

[15] T. Miyadera, T. Minari, K. Tsukagoshi, H. Ito, Y. Aoyagi, Appl. Phys. 
Lett. 2007, 91, 13512.

[16] S. Lee, K. Ghaffarzadeh, A. Nathan, J. Robertson, S. Jeon, C. Kim,  
I. H. Song, U. I. Chung, Appl. Phys. Lett. 2011, 98, 203508.

[17] T. N. Ng, M. L. Chabinyc, R. A. Street, A. Salleo, in IEEE Interna-
tional Reliability Physics Symposium, Institute of Electrical and Elec-
tronic Engineers, Inc., Piscataway, NJ,  2007, p. 243, https://doi.
org/10.1109/RELPHY.2007.369899.

[18] W. H. Lee, H. H. Choi, D. H. Kim, K. Cho, Adv. Mater. 2014, 26, 
1660.

[19] I. Torres, D. M. Taylor, J. Appl. Phys. 2005, 98, 73710.
[20] R. Engel-Herbert, Y. Hwang, S. Stemmer, J. Appl. Phys. 2010, 108, 

124101.
[21] J. J. Siddiqui, J. D. Phillips, K. Leedy, B. Bayraktaroglu, IEEE Electron 

Device Lett. 2011, 32, 1713.
[22] P. C. Malmin, Phys. Status Solidi 1971, 8, 597.
[23] M. Mashayekhi, A. Conde, T. N. Ng, P. Mei, E. Ramon, C. Martinez-

Domingo, A. Alcalde, L. Teres, J. C. Bordoll, J. Disp. Technol. 2015, 
11, 658.

[24] T. N. Ng, D. E. Schwartz, P. Mei, B. Krusor, S. Kor, J. Veres, 
P. Bröms, T. Eriksson, Y. Wang, O. Hagel, C. Karlsson, Sci. Rep. 
2015, 5, 13457.

[25] T. N. Ng, D. E. Schwartz, P. Mei, S. Kor, J. Veres, P. Bröms, 
C. Karlsson, Flexible Printed Electron. 2016, 1, 15002.

[26] R. A. Street, T. N. Ng, R. A. Lujan, I. Son, M. Smith, S. Kim, T. Lee, 
Y. Moon, S. Cho, ACS Appl. Mater. Interfaces 2014, 6, 4428.

https://doi.org/10.1109/RELPHY.2007.369899
https://doi.org/10.1109/RELPHY.2007.369899



