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In this paper, we report on surface potentiometry in the channel region of operating amorphous
In–Ga–Zn–O thin film transistors by scanning kelvin probe microscopy. Important parameters
including the field-effect mobility and source/drain contact resistance are extracted from the channel
potential profile. We find that the channel potential as a function of gate/drain bias can be described
by the standard metal oxide semiconductor field effect transistor �MOSFET� equation incorporated
with two nonideal factors: the gate-voltage-dependent field-effect mobility and the source/drain
contact resistance. © 2010 American Institute of Physics. �doi:10.1063/1.3503871�

I. INTRODUCTION

Scanning kelvin probe microscopy �SKPM� offers the
possibility to measure two-dimensional �2D� electrostatic po-
tential distribution with high spatial resolution, and has been
successfully applied to studies of many inorganic/organic
semiconductor structures. Arakawa et al.1 reported on 2D
potential distribution of cleaved GaAs high electron mobility
transistors �HEMTs�, and observed a potential knee possibly
originating from the trapped charge at the epitaxial layer/
substrate interface. The current crowding phenomenon was
also confirmed to occur at the edge of the drain electrode.
Sadewasser et al. obtained the surface work function of chal-
copyrite solar cells,2 and observed downward band bending
at the grain boundaries due to charged defect states. Re-
cently, an extensive amount of work characterizing the sur-
face potential of organic thin film transistors �TFTs� has been
reported, investigating the charge transport mechanism,3–5

hole density of states,6 contact resistance,7,8 field-effect
mobility,9 and local fluctuation of the surface potential due to
inhomogeneities of the organic layer.10,11

So far, the potential profile of working transparent metal-
oxide TFTs has not been reported. In this work we utilize
SKPM to map the surface potential in the channel region of
amorphous In–Ga–Zn–O �a-IGZO� TFTs with bias voltage.
The provided information will be very useful for understand-
ing the device operation principles and for designing higher
performance device structures.

II. EXPERIMENTAL SETUP

Figure 1 shows our experimental setup. We use an Asy-
lum MFP-3D system in noncontact mode to perform SKPM.
The system has two feedback loops. The z feedback loop
operates as an atomic force microscope �AFM�, and gener-
ates surface topography images. In the voltage feedback
loop, both dc and ac bias signals are applied to the cantilever.

Assuming that the electrical interaction between the cantile-
ver tip and the sample can be approximated by two parallel
plates, the voltage between can be written as

V�t� = Vdc + Vac sin��t� − Vch, �1�

where Vdc is the applied dc signal, Vac and � are the ampli-
tude and frequency of the applied ac signal, and Vch is the
surface potential of the sample �TFT back channel�. An ex-
pression of the electrostatic force between the tip and sample
can be derived from Eq. �1�

F�t� = C � V�t�2/d

= �C/d� � ���Vdc − Vch�2 +
1

2
� Vac

2 �
+ 2 � �Vdc − Vch� � Vac sin��t�

−
1

2
� Vac

2 cos�2�t�	 , �2�

where C is the capacitance, and d is the tip-to-sample spac-
ing. The amplitude of the ac part with frequency � is zero
when Vdc=Vch, that is, when the applied dc bias signal
matches the surface potential. The voltage feedback loop
thus varies Vdc to zero the � signal, and the image created
from the variation in Vdc is the image representing the TFT
surface potential.
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FIG. 1. Experimental setup used for a-IGZO TFT surface potential
measurements.
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The MFP-3D system utilizes a dual pass technique. Dur-
ing the first pass, topography z�x� is obtained by the noncon-
tact AFM mode. After completing a line, the tip is elevated
300 nm above z�x�. The same line is scanned again, and the
surface potential data is collected during the second pass. It
has been shown for organic TFTs that if the channel is free of
net space charge, then the surface potential closely follows
the channel potential in the accumulation layer for TFTs
based on unintentionally doped semiconductors.3,4,9,12 We
also verified through device simulations that the surface po-
tential difference in the back channel interface �surface ex-
posed to air� was very similar to the potential difference in
the conduction channel interface for inorganic amorphous
semiconductors such as amorphous silicon and a-IGZO, al-
though some difference can be observed for very thick films
�semiconductor thickness larger than 200 nm�; in this experi-
ment the a-IGZO thickness is 20 nm. We recognize that it is
important to control both the back and front interface for
proper and stable device operation. It is known that exposure
of the back interface to plasma �of argon, nitrogen, oxygen,
hydrogen, or water� can affect the a-IGZO electrical perfor-
mance and stability, e.g., larger off-current and threshold
voltage shift, and a large hysteresis in current–voltage char-
acteristics can be observed. The hydrogen and nitrogen can
be donor to a-IGZO. However the a-IGZO TFT electrical
performance and stability are not affected by device storage
in air at room temperature for several months. We have veri-
fied experimentally that the a-IGZO TFT electrical properties
�including off-current, hysteresis and stability� did not
changed by simple exposure of the back interface to air dur-
ing storage or device operation at room temperature. We also
verified experimentally that the initial �before experiment is
started� and final �after experiment is completed� current-
voltage characteristics were the same indicating that our as-
sumption indicated above is valid. Of course for practical
applications the top a-IGZO surface should be passivated by
silicon oxide/silicon nitride double layer. For example a
combination of the sputtering �silicon oxide� and plasma en-
hanced chemical vapor deposition �silicon nitride� can be
used to realize such double layer. It is important that the first
layer �which in direct contact with exposed top surface� is
deposited with low hydrogen and nitrogen content. There-
fore, we consider that the a-IGZO TFT back channel surface
potential measured by SKPM represents the potential profile
within the TFT channel interface.

The experiment was repeated several times. Only repre-
sentative experimental results are shown and discussed be-
low. In general, we did not see any variation between experi-
ments once the experimental set-up is properly grounded.

The a-IGZO TFT used in this study has an inverted-
staggered structure. A heavily-doped n-type Si wafer and
thermally-oxidized SiO2 layer �100 nm thick� serve as the
gate electrode and gate dielectric, respectively. The a-IGZO
active layer �20 nm� was deposited by rf magnetron sputter-
ing at room temperature, and patterned by wet etch. Finally,
an Au/Ti stacked film �40 nm/5 nm� was deposited as
source/drain electrodes by electron-beam vapor deposition
and patterned by lift-off.13,14 The a-IGZO TFT �W /L
=60 �m /10 �m� transfer �ID versus VGS� and output char-

acteristics �ID versus VDS� are shown in Fig. 2. The device
demonstrated good electrical properties: field-effect mobility
and threshold voltage extracted by linear fit method �shown
in the inset of Fig. 2�a�� yield 12 cm2 /V s and 3 V, respec-
tively, very sharp subthreshold slope 0.15 V/dec, Off-current
in the order of 10−12–10−11 A, and current on-off ratio ex-
ceeding 107. The a-IGZO TFT was biased when collecting
the topography and surface potential images. The gate was
biased by the Asylum MFP-3D system, while the source/
drain was biased externally by a Keithley 2400 SourceMeter.
The drain current was also measured simultaneously by the
Keithley 2400. All instruments were grounded together.

III. SURFACE POTENTIAL MEASUREMENT
RESULTS

Figure 3�a� shows the a-IGZO TFT �W /L
=60 �m /10 �m� channel region surface topography �z�.
The channel �x=5–15 �m� between the source and drain
electrodes can be clearly seen. Figure 3�b� shows the TFT
potential profile �Vch� obtained without bias �VGS=VDS

=0 V�, and serves as a base line for this experiment �this
potential was subtracted from all potential profiles with bias�.
Figures 3�c� and 3�d� show the potential profiles obtained
when VDS=5 V while VGS was increased from 1 V, 2 V, to
10 V, and VGS=5 V while VDS was increased from 1 V, 2 V,
5 V, to 10 V, respectively. A sudden rise in potential VS/D at
the source/channel and channel/drain interfaces is observed.
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FIG. 2. �Color online� Transfer characteristics �a� and output characteristics
�b� of a-IGZO TFT.
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The source/drain contact resistance RS/D= �VS+VD� / ID is de-
termined to be 28.6 k� �VDS=1 V, VGS=5 V, ID=7 �A�,
which is consistent with the previously reported contact re-
sistance extracted from the transmission line method �RS/D

20 k�, VDS=0.1 V, VGS=5 V, W=180 �m�.15 Useful
information related to the operation principle of a-IGZO TFT
can also be studied based on the channel region potential
profiles. In the linear regime of TFT operation, a linear in-
crease in potential �Vch� from the source to drain was ob-
served. The potential profile becomes superlinear in the satu-
ration regime, and rises more at the drain end than at the
source end. This can be better appreciated when plotting the
lateral electric field along the channel, EL�x�=−dVch�x� /dx,
as shown in Fig. 4. Notice that the electric field changes
rapidly at the drain end for increasing values of VDS. At the
source end, the magnitude of the field increases with VDS for
small values of VDS but increases at a slower rate as the TFT
enters the saturation regime.

The drain current �ID� was also measured while collect-
ing the surface potential images and can be described by

ID = W � ��x� � Qch�x� � EL�x�

= W � Cox � �0 � �VGS − VT − Vch�x��1+� �
dVch�x�

dx

⇒ ID � dx = W � Cox � �0 � �VGS − VT − Vch�x��1+�

� dVch�x� , �3�

where W is the channel width, Cox is the gate capacitor per
unit area, VT is the TFT threshold voltage, EL�x�=
−dVch�x� /dx is the lateral electric field along the channel,
�VGS−VT−Vch�x��=Vox is the potential drop across the gate
insulator, and Qch�x�=−Cox� �VGS−VT−Vch�x�� is the in-
duced channel charge per unit area. The field-effect mobility
��x�=�0� �VGS−VT−Vch�x��� is dependent on Vox where
�0 is the fitting parameter associated with the field-effect
mobility and � is the nonlinearity factor.14–16 We can there-
fore find Vch�x� by integrating Eq. �3� from x0 to x, where x0

is the x position of the source/channel interface, and
Vch�x0�=VS is the sudden potential rise at x0 due to the
source contact resistance RS.

ID�
x0

x

dx = W�Cox��0��
Vch�x0�

Vch�x�

�VGS − VT − Vch�1+�dVch

⇒ ID =
W � Cox � �0

�2 + �� � �x − x0�
� ��VGS − VT − VS�2+�

− �VGS − VT − Vch�x��2+�
 . �4�

Solving for Vch�x� yields
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FIG. 5. �Color online� Measured �lines� and calculated �symbols� Vch�x�.
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FIG. 3. �Color online� a-IGZO TFT surface topography �a�, and potential
profiles obtained without bias �b�, and when VDS=5 V while VGS was in-
creased from 1, 2, to 10 V �c�, and when VGS=5 V while VDS was increased
from 1, 2, 5, to 10 V �d�.
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FIG. 4. �Color online� Lateral electrical field along the TFT channel.
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Vch�x� = �VGS − VT� − ��VGS − VT − VS�2+�

−
�2 + �� � ID � �x − x0�

W � Cox � �0
��1/2+��

. �5�

Figure 5 shows the calculated Vch�x� using �0

=7.7 cm2 /V1+� s, �=0.3, VT
0.6 V, and x0=5 �m. Com-
parable nonlinear factor values ��=0.3–0.45� have been re-
ported for different a-IGZO TFT samples.14–16 A good fit
between the measured and modeled data can be seen, indi-
cating that the standard metal oxide semiconductor field ef-
fect transistor �MOSFET� equation incorporated with the
nonlinear factor and source/drain contact resistance describes
very well the channel potential of a-IGZO TFTs. Please note
that Eq. �5� is only valid until the “pinch off” point in the
channel where Vch�x��VGS−VT.

The apparent current-voltage characteristics of a-IGZO
TFTs which is constant along the channel �independent of x�
can be obtained by integrating Eq. �3� from x0 to �x0+L�

ID =
W � Cox � �0

�2 + �� � L
� ��VGS� �2+� − �VGS� − VDS� �2+��

for VDS� � VGS� , �6�

where VGS� = �VGS−VT−VS� is the voltage across the gate
insulator at the source end of the channel �x=x0�, and VDS�
= �VDS−VD−VS� is the effective drain-to-source voltage. In
the linear regime at small drain-to-source voltages, Eq. �6�
can be simplified to

ID_lin �
W � Cox � �0

L
� �VGS� �1+� � VDS�

for VDS� 	 VGS� . �7�

In Eq. �6� ID saturates when VDS� =VGS� , and can be written as

ID_sat =
W � Cox � �0

�2 + �� � L
� �VGS� �2+� for VDS� 
 VGS� .

�8�

By comparing Eqs. �7� and �8� with the standard MOSFET
equation, we can find the apparent field-effect mobility ���

� = �0 � �VGS� ��. �9�

Therefore, � can be calculated by using the parameters ��0,
�, VT, and VS� obtained form the TFT potential profile. Fig-
ure 6 summarizes the apparent field-effect mobility as a
function of both VGS and VDS extracted from surface poten-
tial measurements �symbols: data, line: calculated fit�. We
can see that � is mainly affected by VGS, which can be
explained by the energy dependent, density-of localized-
states near the Fermi level. As VGS increases, more localized
states are filled and more induced charges can contribute to
the free carriers.17 Similar VGS dependent field-effect mobil-
ity was extracted from a-IGZO TFT transfer characteristics

using the gamma method.15,16 We also observe that �
slightly decreases with VDS due to the non-negligible source
contact resistance RS. When the drain current ID increases
with VDS, VS=RS� ID also increases, and therefore reduces
the voltage drop across the gate insulator, which can be seen
as a smaller effective VGS.

IV. CONCLUSION

Surface potential of a-IGZO TFT channel region was
studied by performing SKPM. The device was biased during
the measurement, and the effect of VGS and VDS on the chan-
nel potential profile Vch�x� was discussed. In the linear re-
gion, a linear increase in Vch�x� was observed, while in the
saturation region, the potential rises more near the drain end.
The source/drain contact resistance RS/D
28 k� was ex-
tracted from the sudden potential rise VS/D at the source/
channel and channel/drain interfaces, and agrees with the
previously reported value extracted from the transmission
line method. The effect of the VGS dependent mobility and
source/drain contact resistance was included in the standard
MOSFET equation to fit our measured Vch�x�. The good
agreement between measured and calculated data establishes
a good description of operation principles in a-IGZO TFTs.
The field-effect mobility ��� extracted from the surface po-
tential profile increases with VGS, which can be explained by
the VGS dependent trapped charges and free carriers. � also
slightly decreases with VDS due to the increased ID which
causes a larger potential drop at the source/channel interface,
therefore, making the effective VGS smaller.

ACKNOWLEDGMENTS

The Authors would like to thank Canon Research Center,
Canon Inc. for their collaboration, and Professor Peter
Green’s group �University of Michigan� for the assistance
with the surface potential measurement. This project was
partially supported by Applied Materials Corp.

1M. Arakawa, S. Kishimoto, and T. Mizutani, Jpn. J. Appl. Phys., Part 1 36,
1826 �1997�.

2S. Sadewasser, T. Glatzel, S. Schuler, S. Nishiwaki, R. Kaigawa, and M.

0 2 4 6 8 10
4

6

8

10

12
14
16
18
20
0 2 4 6 8 10

V
DS
= 5V

VDS (Volt)

M
ob
ili
ty
(c
m
2 /V
-s
)

VGS(Volt)

V
GS
= 5V

FIG. 6. �Color online� The apparent field-effect mobility as a function of
VGS and VDS. �symbol: data, line: calculated fit�.

114508-4 C. Chen and J. Kanicki J. Appl. Phys. 108, 114508 �2010�

Downloaded 17 Dec 2010 to 141.213.9.142. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1143/JJAP.36.1826


C. Lux-Steiner, Thin Solid Films 431–432, 257 �2003�.
3L. Bürgi, T. Richards, M. Chiesa, R. H. Friend, and H. Sirringhaus, Synth.
Met. 146, 297 �2004�.

4S. Ikeda, T. Shimada, M. Kiguchi, and K. Saiki, J. Appl. Phys. 101,
094509 �2007�.

5E. C. P. Smits, S. G. J. Mathijssen, M. Cölle, A. J. G. Mank, P. A. Bobbert,
P. W. M. Blom, B. de Boer, and D. M. de Leeuw, Phys. Rev. B 76, 125202
�2007�.

6O. Tal, Y. Rosenwaks, Y. Preezant, N. Tessler, C. K. Chan, and A. Kahn,
Phys. Rev. Lett. 95, 256405 �2005�.

7L. Bürgi, T. J. Richards, R. H. Friend, and H. Sirringhaus, J. Appl. Phys.
94, 6129 �2003�.

8K. P. Puntambekar, P. V. Pesavento, and C. D. Frisbie, Appl. Phys. Lett.
83, 5539 �2003�.

9L. Bürgi, H. Sirringhaus, and R. H. Friend, Appl. Phys. Lett. 80, 2913
�2002�.

10J. A. Nichols, D. J. Gundlach, and T. N. Jackson, Appl. Phys. Lett. 83,

2366 �2003�.
11K. Muller, A. Goryachko, Y. Burkov, C. Schwiertz, M. Ratzke, J. Koble,

J. Reif, and D. Schmeisser, Synth. Met. 146, 377 �2004�.
12T. Li, P. P. Ruden, I. H. Campbell, and D. L. Smith, J. Appl. Phys. 93,

4017 �2003�.
13R. Hayashi, M. Ofuji, N. Kaji, K. Takahashi, K. Abe, H. Yabuta, M. Sano,

H. Kumomi, K. Nomura, T. Kamiya, M. Hirano, and H. Hosono, J. Soc.
Inf. Disp. 15, 915 �2007�.

14C. Chen, K. Abe, T. C. Fung, H. Kumomi, and J. Kanicki, Jpn. J. Appl.
Phys. 48, 03B025 �2009�.

15C. Chen, K. Abe, H. Kumomi, and J. Kanicki, Digest of Technical Papers,
SID �Society for Information�, 2008 Vehicles and Photons Symposium,
Dearborn, MI, October 16-17, 2008, pp. 111–115.

16T. C. Fung, K. Nomura, H. Hosono, and J. Kanicki, 2008 Vehicles and
Photons Symposium, 2008, pp. 117–123.

17S. Kishida, Y. Naruke, Y. Uchida, and M. Matsumura, Jpn. J. Appl. Phys.,
Part 1 22, 511 �1983�.

114508-5 C. Chen and J. Kanicki J. Appl. Phys. 108, 114508 �2010�

Downloaded 17 Dec 2010 to 141.213.9.142. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1016/S0040-6090(03)00267-0
http://dx.doi.org/10.1016/j.synthmet.2004.08.009
http://dx.doi.org/10.1016/j.synthmet.2004.08.009
http://dx.doi.org/10.1063/1.2734077
http://dx.doi.org/10.1103/PhysRevB.76.125202
http://dx.doi.org/10.1103/PhysRevLett.95.256405
http://dx.doi.org/10.1063/1.1613369
http://dx.doi.org/10.1063/1.1637443
http://dx.doi.org/10.1063/1.1470702
http://dx.doi.org/10.1063/1.1611278
http://dx.doi.org/10.1016/j.synthmet.2004.08.022
http://dx.doi.org/10.1063/1.1558998
http://dx.doi.org/10.1889/1.2812992
http://dx.doi.org/10.1889/1.2812992
http://dx.doi.org/10.1143/JJAP.48.03B025
http://dx.doi.org/10.1143/JJAP.48.03B025
http://dx.doi.org/10.1143/JJAP.22.511
http://dx.doi.org/10.1143/JJAP.22.511

