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Thin films of indium tin oxide nanoparticles are studied using charge-coupled device thoermoreflectance.
High resolution sub-micron thermal images confirm that percolation in current conduction induces
strongly inhomogeneous heat loads on the thin film. We experimentally show that the
inhomogeneous current densities induce thousands of “micro-hotspots” that can be 20% hotter than
the average Joule heating in the thin film layer and show comparable behavior in a resistor
network. In addition to the percolation induced “micro-hotspots,” we report major hotspots, with
non-Joule behavior, whose temperature response is greater than I2. We demonstrate that a
temperature dependent resistor can account for an effective exponent larger than 2. Finally, it is
shown that while ambient molecules modify the thin film conductivity by at least 20%, current
conduction and percolation effects remain largely unchanged, but such chemical reactions can be
nonetheless detected with thermoreflectance. VC 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4757960]

INTRODUCTION

Highly tin-doped indium oxide, In2O3:Sn4þ (ITO), com-
bines metallic electrical conductivity with optical transpar-
ency in the visible spectrum of light. These desirable
properties make it one of the most important conducting
oxides, characterized by a direct band gap of just above 3 eV
and typically highly doped, making it a degenerate semicon-
ductor. ITO is widely used in flat panel displays and thin-
film solar cell technology, light emitting devices, electro-
chromic devices, or heat-reflection coatings. ITO thin films
are usually fabricated using physical vapor deposition meth-
ods such as evaporation of In2O3/SnO2 powders or sputtering
techniques that ensure good optical quality and high electri-
cal conductivity, but these methods require expensive vac-
uum processes.

Alternative production routes for low cost applications
are desirable. Printing techniques allow structuring without
any subtractive wet chemical etching steps, as well as the
use of flexible and temperature sensitive substrates, with
obvious additional benefit for the market. Therefore, tai-
lored ITO nanoparticles1–3 are being synthesized and used
for dispersions and inks.4–6 Wet deposition techniques like
ink-jet printing have been successfully applied7–9 and have
been tested for electronic applications. Typically, the nano-
particulate layers have to be optimized by an annealing pro-
cedure after deposition. Then, specific conductivities of
102–103 X"1 cm"1 (Refs. 4 and 10–14) can be achieved.
Given the developments in the production and deposition of
such a promising material, devices that actually use these
recent developments seem to be further away that one would
expect.

One reason for the delay in introducing ITO nanopar-
ticles thin layers to the market can be found in the difficulties

that go along with the development of the printing techniques
and layer formation, especially if dispersions of nanoparticles
are used as inks. The “coffee ring” effect makes it challeng-
ing to deposit homogeneous layers of nanoparticles. By
applying a subsequent drying and annealing procedure, the
formation of cracks has to be suppressed. In the case of ITO,
sintering of the nanoparticulate thin films does not reduce the
porosity of the films up to high temperatures,4,13 as a conse-
quence of a sophisticated coalescence mechanism of the ox-
ide nanoparticles.15 This means that the nanoparticle
character of the film will always be preserved. Camouflaged
by these technological challenges, another fundamental as-
pect has not yet been accounted for: nanoparticulate layers do
not transport electrical current homogeneously; the current
percolates through the film. As a consequence, the Ohmic
heat will be deposited inhomogeneously with direct back cou-
pling on the device. Inhomogeneous heating due to percola-
tion effects becomes critical as high performance transparent
films (transparency# 90% and RSheet$ 100 X/sq) are most
likely to fall in the percolative regime,17 and therefore suffer
from inhomogeneous heat loads.

Hence, it is the aim of this paper to study the inhomoge-
neous heat loads by experimental micro-scale thermal images
and a simulation using an advanced resistor network model.
Using thermoreflectance, we obtain the two dimensional Joule
heating response in the thin film, which makes it possible to
confirm inhomogeneities in the current patterns near the sur-
face as well as the occurrence of unexpected non-Joule hot-
spots. Additionally, the stability of the granular ITO thin films
under electrical load against ambient conditions was investi-
gated, as reactions on the surface can significantly release or
remove electrons from the conduction band16 inducing a
dynamic resistance that can change up to 10%–15% in a pe-
riod of 2 h. With the aid of thermoreflectance, it is possible to
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study how such chemical reactions modify current conduction
paths.

EXPERIMENTAL METHODS

Sample preparation

We study granular layers shown in Figure 1, which have
been obtained by printing stable dispersions of ITO nanopar-
ticles onto glass substrates. The dispersions were processed by
Evonik Industries AG. The particles were fabricated in a liquid
co-precipitation process, and the mean particle size was in the
range of 15–20 nm. The final thickness of the granular films
was 800–950 nm. An advantage to this novel material is that
these films can in principle be realized without the use of vac-
uum techniques and high temperature processes and can be
patterned using inexpensive printing techniques. Electrical
contact was made with tungsten microprobes with 100 lm tips.

CCD-based thermoreflectance measurement

Charged couple device (CCD) based thermoreflectance
is a non invasive thermography technique used for high re-
solution thermal profiling of electronic and optoelectronic
devices at the micro-scale. CCD based thermoreflectance or
simply thermoreflectance—for the purpose of this article—
has been shown to be a powerful tool in device characteri-
zation, performance, and reliability, as the high resolution
thermal images unveil thermal distributions and in many
cases hot spots. With shown spatial and thermal resolution
of 250 nm and 10 mK,18 CCD based thermoreflectance has
been used to study heat loads and failure on solar cells,19

transistors,20 and thin films;22 and in this article, we show
its application towards the study of highly transparent nano-
particle layer to experimentally study percolation effects.

Thermoreflectance is based on the temperature depend-
ence of reflectivity; by measuring the relative change in
reflectivity of the surface of interest, the corresponding
change in temperature can be inferred by the first order
approximation that relates the relative change in reflectivity
with a change in temperature19

DR

R0
¼ 1

R

@R

@T

! "
DT ¼ CTRDT; (1)

where the thermal induced change in reflectivity DR is nor-
malized by the room temperature reflectivity R0, and scaled

by the thermoreflectance coefficient CTR, which is wave-
length and material dependent.19

To study the two-dimensional current paths and percola-
tion effects near the surface of the ITO thin film, the Joule
heating response was obtained using frequency domain tech-
niques because they are known to be more robust to noise
than transient techniques.21 Hence, a homodyne setup sup-
plying a sinusoidal signal to the DUT (device under test)
under continuous 780 nm wavelength illumination was used.
This specific wavelength was experimentally found to yield
the highest thermoreflectance coefficient CTR, in a calibra-
tion procedure that consists of heating the sample to a known
DT under continuous wave illumination with 780 nm light,
and recording the temperature induced change in reflectivity
DR/R0 solving Eq. (1) for CTR.

The frequency domain thermoreflectance technique used
in our experiments supplies the DUT with a bi-polar, sinusoi-
dal voltage signal with frequency f. As a consequence, within
the reflective field, the Joule heating term becomes evident
in the second harmonic producing an oscillating field with
frequency 2f while Peltier effects are evident in the first har-
monic at f. We can then write the surface reflectivity of the
DUT as23

Rðx; y; tÞ ¼ R0ðx; yÞ þ R1 cosð2pftþ uðx; yÞÞ

þ R2 cosð4pftþ cðx; yÞÞ; (2)

where R0 corresponds to the DC reflectivity while R1 and
R2 are proportional to the Peltier and Joule effects, respec-
tively. The phase shifts u and c correspond to the observed
thermal inertias associated with Peltier and Joule effects,
respectively. It is shown in detail in Ref. 23 that when the
reflectivity R(x,y,t) in the form of an optical signal is over-
sampled by a factor of 8 at 8f, R0 and R2 can be extracted
from the 8 camera frames solving Eq. (1) for DT by replac-
ing DR with R2.

In order to study the electrical properties in parallel with
the thermal response to see if current paths are modified by
an ambient induced resistivity change, 4-wire resistance
measurements were incorporated to the thermoreflectance
LabView interface in order to monitor the resistance
throughout the image acquisition process. This makes it pos-
sible to see the effect that a change in conductivity has on
current conduction patterns in the nanoparticle based thin
films.

FIG. 1. SEM images show (a) the geometry
used in the experiments and (b) the nanoparticle
nature of the thin layer.
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Simulation details

We have simulated a two-dimensional resistor network
on a square lattice well above the percolation threshold. The
lattice sites are occupied up to a given density 1-p, where p is
the porosity. Occupied sites account for ITO particles and
each bond represents a resistor, which includes the particles
resistance as well as the interface resistance. For the current
purpose, it is sufficient to choose all resistances to be equal.
Besides Joule heating, heat conductance according to Four-
ier’s law is also taken into account. On each node, two dy-
namical variables are calculated, an electrostatic potential /i

and a temperature Ti. The calculation depends on the follow-
ing material parameters assumed to be constant: each node
carries a specific heat, which is chosen to be equal for each
particle, all bonds ij carry the same electrical conductance G
and heat conductance K. The local potentials are calculated
from Kirchhoff’s laws, and the temperature at node i evolves
in time according to

_Ti¼
1

Ci
K
X

j

ðTj"TiÞþ0:5 _Q
J

ij

h i
þKsubðTsub"TiÞ

 !

; (3)

where the summation extends over the nearest neighbor nodes
of i. Equation (3) includes a coupling of each particle i to the
substrate, which acts as a heat bath with fixed temperature
Tsub equal to the initial temperature. The heat _Qij ¼ G"1I2

ij
produced at a contact is assumed to be delivered in equal parts
to both particles. All material parameters are set to 1, except
of the coupling to the substrate, which is Ksub ¼ 0:01.

RESULTS AND DISCUSSION

Percolation effects, hot spots, and Joule heating

From the applications standpoint, it is of great value to
know the degree of percolation within the granular layer

because Joule heating will be deposited along the current
paths. If an ITO nanoparticles electrode is to be combined
with organic electronics, non uniform heat loads due to perco-
lation effects of the current within the electrode will be pres-
ent at the surface interface layer and may induce fatigue of
the organic component and thus have fatal consequences for
the device. The experimental, two-dimensional thermoreflec-
tance images in Figures 2(b)–2(d) show the expected granu-
lated Joule heating consequent from the inhomogeneous
current densities. The granular heating is in the range of
5–8 lm in diameter, which would correspond to 500–800
nanoparticles and the highly porous system contributes to per-
colation and heat loads. The simulation of a two-dimensional
resistor network with porosity p¼ 0.39 consisting of
250( 50 lattice sites produces the steady state temperature
distribution shown in Figure 2(e). While the spatial scale of
the network is not arbitrary, is not necessarily in the same
order as the experiment. Though the heat flow to the substrate
as well as colder areas in the layer counteracts the strong local
heating, a highly inhomogeneous temperature distribution is
found in the steady state. The experimental temperatures are
quantified in Figure 3 where temperature profiles are shown.
The steady state local temperatures vary by about 20%
around the average temperature in the channel. For some
applications, a local temperature rise of this amount can al-
ready be considered as a hotspot. The reason for these tem-
perature variations is illustrated by the network simulation,
Figures 2(e) and 2(f). The current distribution within the
nanoporous particle network is very inhomogeneous, but time
independent, as the particle arrangement does not change.
Therefore, there is an inhomogeneous, time independent pat-
tern of Joule heat delivery. Heat conduction smears this pat-
tern out, but not to the extent that the resulting temperature
would be uniform throughout the sample. In the steady state,
a pattern of temperature variations results, reflecting the spa-
tial inhomogeneity of the current distribution. Of course, the

FIG. 2. (a) Optical image of the channel under investigation, (b) thermoreflectance image at 1.5 mA showing the granulated Joule heating. (c) Thermoreflec-
tance image at 2.0 mA with the indicated profile and area used for temperature analysis. (d) Magnification from (c) shows the “enhanced hotspots.” (e) A two
dimensional simulated percolating network with arbitrary temperature units shows the inhomogeneous deposition of Joule heating, and (f) its respective current
distribution.
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amplitude of these temperature variations depends on the spa-
tial resolution of the thermoreflectance measurement: averag-
ing over the correlation length of the percolating network will
essentially mask the temperature variation.

In contrast to the percolation-induced temperature varia-
tions, two major hotspots stand out in Figure 2(c), which are
independent of the correlation length of the percolating net-
work. At a total current Itot¼ 2 mA, these hotspots reach a
maximum DT of nearly 55 K, which is 140% above the aver-
age temperature in the channel as Figure 3 illustrates. In
order to distinguish them from the percolation-induced hot-
spots, we call them “enhanced hotspots.” This is justified by
the following observation: the integrity of the thermal data
has been checked by biasing the sample at different currents.
One expects a quadratic response of Joule heating (DT) as a
function of current

DT a P a IN; (4)

with N¼ 2 under ideal resistive circumstances, P is the dissi-
pated power, and I is the current.

In Figure 4(a), the exponent N is extracted for both the
channel and the enhanced hotspots (dashed area in Figure
2(c) and hotspots labeled in Figure 2(d)). For the portion of
the channel used for verification, N¼ 2.03. This is suffi-
ciently close to 2 to confirm that the thermal images show

Joule heating. This becomes crucial in validating the hot-
spots, for which N¼ 2.38. As seen from the optical image,
there are no visible artifacts that could induce false tempera-
ture readings since the thermal image is a function of the op-
tical image, this is important because surface features can
induce false temperature readings. Even if the oxide surface
had localized regions with different CTR at the locations of
the hotspots, the response should be nonetheless quadratic
with current, yielding N) 2. Noise can also be ruled out, as
the hotspots’ temperature is calculated with a matrix’s size
that is 2 orders of magnitude smaller than the matrix used in
the channel, yet the temperature response between the hot-
spots yields N¼ 2.38 for both hotspots. For a DT greater
than 50 K, a temperature-dependent CTR is a possibility and
this could be the cause for the higher exponent N¼ 2.38.
However as seen in Figure 4(a), in the extraction of the expo-
nent N, only one point is in the range of DT) 50 K. If this
point were eliminated, the exponent of the hotspots would
still be larger than that of the channel; therefore a
temperature-dependent coefficient is not a concern.

Using the simulation ushered above, a Joule-like (N¼ 2)
behavior for hotspots and colder particles is seen since the
local current Iij, which determines the temperature at sites i
and j depends linearly on the total current flowing through
the sample. However, taking into account temperature de-
pendent resistance,

qðDTÞ ¼ aDT þ q0; (5)

where a is the coefficient of temperature dependent resistiv-
ity and q0 the resistance at an initial temperature, the depend-
ency of DT as a function of current changes dramatically.
Let us consider a resistor q(DT) coupled to heat bath of con-
stant temperature. In steady state, the Joule heating qðDTÞI2

of the resistor is balanced by a heat flux KDT to the heat
bath; and using Eq. (5), this results in

DT ¼ I2q0

K" aI2
: (6)

For I *
ffiffiffiffiffiffiffiffiffi
K=a

p
, Joule-like behavior DT / I2 occurs, but

for I +
ffiffiffiffiffiffiffiffiffi
K=a

p
, the temperature increases much stronger and

diverges from Joule-like behavior (see Figure 4(b)). We

FIG. 3. Temperature profile along the path depicted in Figure 2(c) quantifies
the variation in temperature along the sample. In blue, the average tempera-
ture of the channel (calculated from the enclosed area in Figure 2(c)) is used
for reference. The hotspot is not used in the calculations.

FIG. 4. (a) The experimental temperature response of the hotspots increases faster than the square of the current, with an exponent of 2.38. (b) The unexpected
exponent can be explained by taking into account the temperature dependence resistivity of a percolating network where for low currents the effective expo-
nent N¼ 2 and it diverges as a positive feedback loop is formed.
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propose that the current flowing through an enhanced hotspot
in the experimental sample is high enough to reach the re-
gime characterized by non Joule behavior yielding an effec-
tive exponent Neff> 2. From Eq. (5) and Figure 4(b), above a
certain current, the current induced heating diverges from
Joule like behavior and positive feedback is formed from the
coupling of the temperature dependent resistivity and the dis-
sipated power yielding exponents N greater than two. For
non-Joule hotspots to appear in percolative networks, it is
necessary that the positive feedback mechanism just men-
tioned is dominant over the negative feedback that would
drive the current to find alternative pathways as the resist-
ance increases at a given node. Moreover, if we take the dif-
fusivity of polycrystalline ITO26 and the frequency of the
thermoreflectance measurement (0.625 Hz), the thermal dif-
fusion length for the applied frequency on polycrystalline,
non percolating ITO would be lp) 1 * 10"3 m2, which is
much larger than the enhanced hotspots’ areas which are in
the order of 5 * 10"12 m2. This means that if we had a non
percolating material, the enhanced hotspots would diffuse to
a larger area. Therefore, the appearance of such enhanced
hotspots seems to be only feasible in percolating networks.

The strongly inhomogeneous heating of the granular
film, and furthermore the appearance of hotspots under elec-
tric load could have direct consequences on applications of
printed ITO electrodes. This is of particular interest because
the inhomogeneous heat load is a consequence of percola-
tion effects, and as shown in Ref. 17 highly transparent films
tend to be in the percolative regime, and hence subject to
broad heat loads due to percolation effects. While difficult
to extrapolate further, printing of nanoparticulate electrodes
seems to be feasible only for electronic devices, which are
highly tolerant to broad temperature regimes within the
device.

Conduction patterns over time

It is known that ambient conditions can significantly
modify conductivity when molecules in the air bind to the
surface of the thin film removing electrons from the conduc-
tion band,16 but until now, it had not been shown to what
extent conduction patterns near the surface are modified by
the chemical reactions since the reactions occur on the sur-
face. To confirm the influence of ambient molecules on the
macroscopic resistance, the sample chamber was evacuated
and the resistance of the ITO nanoparticle layer measured
over a period of 4 weeks and the results presented in Figure
5. Besides an increase of the resistance in the first 3 h, a mo-
notonous decrease of the resistance can be seen and satura-
tion is reached in the last 50 h of the experiment. The
decreasing resistance can be explained by desorption of oxy-
gen.24 Comparable results have not been seen on compact
ITO layers. The reason behind this is that TCO (transparent
conducting oxides) layers usually have a thickness of above
100 nm to guarantee a reasonable conductance. Miyata et al.
did some experiments on this field; they investigated the
long term stability of several (TCOs) exposed to air with a
high humidity. They found that if the film thickness is below
100 nm, the influence of ambient molecules becomes stron-

ger with smaller scales.25 Due to the porous structure of the
nanoparticle layers, air can react with the ITO in the whole
film. That is the reason why such a strong effect is noted
even though our thin film is in the order of 1 lm.

To study how conduction patterns near the surface are
modified by such chemical reactions in ambient conditions,
8 high resolution thermal images were taken in a period of
8.7 h and then mutually compared to see if the two dimen-
sional Joule heating map is time variant. Since the goal is to
monitor Joule heating for a period of more than 8 h, small
shifts in the CCD image occur when imaging for such long
periods of time at high magnification. Therefore, image shift-
ing was corrected by reorienting the images with respect to
surface features, this correction is necessary to make direct
comparisons between images. Having verified that there is
no shifting in the visual images, makes it possible to decou-
ple variations in the thermal profiles from variations in the
visual images. This means that a thermal profile pertains to
the same physical region in all the images.

During the 8.7 h, eight thermal images were obtained.
After the acquisition of each image, the sample was left in
ambient conditions while resistance was recorded as illus-
trated in the time diagram in Figure 6(a). During the image
acquisition time, the electrical measurements were halted. It
can also be seen in Figure 6(a) that during the nearly 9 h
experiment, the resistance increased by 24.8%, resulting in a
power decrease of 19.9% because the voltage was held con-
stant. Such a significant change in the dissipated power
becomes evident in the thermal images and it makes it diffi-
cult to make direct, quantitative, and mutual comparisons of
the thermal images, because the amplitude in the dissipated
power varies from image to image. Since power is not a lin-
ear function of current, it is not possible to normalize the
images and we are left to see if Joule heating changes monot-
onically. It must be mentioned that under white light illumi-
nation, a photoconductivity effect is observed, increasing the
electrical conductivity by 3.6% in 40 min. However, under
experimental conditions, red light (k¼ 780 nm) was used
and no photoconductivity was noted, as the electrical con-
ductivity always decreased.

FIG. 5. Time development of the ITO nanoparticle layer in vacuum condi-
tions. Saturation is reached in the last 50 h of the experiment.
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In Figure 6(b), a sample profile shows that in small
domains in the range of a few micrometers, the temperature
or dissipated power does not decrease monotonically while
in other regions it does. We can attribute the non-monotonic
effects circled in Figure 6(b) to external agents that in this
case correspond to the chemical reactions that occur on the
surface of the oxide removing electrons from the conduction
band. Figures 6(c) and 6(d) show the first and the last ther-
mal images with adjusted color scales showing that the
chemical reactions occur rather evenly on the surface and
they do not considerably or visibly modify conduction paths
near the surface thin film. However, we show that while the
chemical reactions on the oxide surface do not considerably
modify conduction patterns, at the smaller scale, they affect
some domains more than others and it is possible to detect
this phenomenon with thermoreflectance imaging.

CONCLUSION

We have successfully applied thermoreflectance on a
highly transparent layer, and obtained the two dimensional
Joule heating response in the nanoparticle thin film, showing
that percolation in current paths induces strongly inhomoge-
neous heat loads that create thousands of “micro-hotspots”
throughout the thin film. The experimental measurement is
then compared to a simulation corroborating that the inho-
mogeneous heat loads match that of a percolative network.
While percolation induced hotspots are 20% hotter than the
average temperature for the given spacial resolution, we

report non-Joule enhanced hotspots of a few microns that
heat faster than the square of the current and show that if
temperature dependent resistance is taken into account, a
feedback loop between heating and resistance is formed
leading to non-Joule behavior. Finally, it is shown that chem-
ical reactions that modify the conductivity of the thin film
can be detected using thermoreflectance. The resulting
strongly inhomogeneous heat loads due to percolation effects
could be of great interest for technologies that employ nano-
structured transparent conductors since high performance
TCs will most likely fall in the percolative regime,17 and
while every material may respond differently, inhomogene-
ous heat loads should be expected.
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