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Innovative Strategies for the Removal of Organic Compounds in
Nanoparticle ITO Layers

Elorian Mikschll, Marculls Baum and Michaeli Schamidt

Poly-propylene and polyimide were used as substrates for the deposition of layers of indium-tin-
oxide (ITO) nanoparticles in air. Precipitated organic compounds of the nanoink must be eliminated
to lower the electrical resistance of the deposited nano- particle ITO layer. Substrates that can
withstand high temperatures may be baked to remove organic compounds. However, organic
substrates can't be baked on a hotplate. Laser-based removal techniques were studied using UV and
infrared laser irradiation to prevent heat damage to the polymer substrate. Finally, a laser
consolidation process using ultraviolet laser light from a KrF excimer laser is required to maximize
the electrical conductivity of the ITO nanoparticle layer.
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1. Introduction

ITO provides functionality in many optoelectronic ap-
plications such as displays and solar cells because it com-
bines optical transparency in the visible light spectrum with
high electrical conductivity. Commonly ITO layers are
generated by vacuum deposition techniques, like sputtering
and chemical vapor deposition [1-3]. Vacuum based depo-
sition techniques are cost intensive and lack from the flexi-
bility required for modern production techniques, like roll-
to-roll processing. The upcoming nanotechnology gave rise
to a myriad of novel approaches of ITO layer generation in
ambient air. Thereby nanoinks with ITO nanoparticles are
used, which enable inexpensive production techniques in
ambient air, like gravure printing or inkjet printing. Here
structures of ITO are generated by precipitation of nanopar-
ticles from the liquid phase [4, 5]. However, the electrical
resistance of layers, generated by deposition techniques in
ambient air, is much higher than the electrical resistance of
layers, generated by vacuum deposition techniques [6, 7].
Layers of ITO with a sheet resistance of 20 Q or less can be
realized by vacuum deposition, whereas the sheet re-

sistance of ITO layers deposited in ambient air is at least one
order of magnitude greater than the sheet resistance of ITO
layers generated by vacuum deposition [8, 9]. Espe- cially
for power electronics a low sheet resistances are es- sential,
for instance 4 Q for a planar microwave antenna or 10 Q for
a solar cell [10, 11]. To overcome this limitation we
developed a novel consolidation approach utilizing sin- gle
pulse ultraviolet laser irradiation in ambient air. The laser
pulse (248 nm) is strongly absorbed by the ITO parti- cles
due to interband interaction which leads to significant
heating of the ITO layer surface. Particle melting and diffu-
sion effects then cause a significant densification of the
particle layer [6, 12, 13]. This laser consolidation proce-
dure has proven valid for glass substrates. But this ap-
proach requires a preliminary hotplate treatment (450 °C,
30 min) to eliminate organic agents covering the surface of
the deposited ITO nanoparticles. Otherwise the organic
components in the deposited ITO layer are decomposed by
the UV irradiation.
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Layer generation

In our experiments we used ITO nanoparticles com-
mercially available by Evonik Industries AG. The size dis-
tribution of the particles was ranging from 20 nm to
120 nm. The particles were dispersed in absolute alcohol at
a weight loading of 20 %. Agglomerations of the ITO na-
noparticles were prevented by addition of the organic agent
2-[2-(2-methoxy-ethoxy)ethoxy]acetic acid which prohibits
agglomeration of the particles due to steric hindrance [14].

The nanoparticle layers were deposited on three differ-
ent substrate materials via spin coating at 3000 rpm for
20 s. The first two substrates were organic polymer foils.
Polyimide (P1) (Du Pont), with a thickness of 127 um and a
polypropylene (PP) substrate (Esselte 54820) with a thick-
ness of 110 um was used. The Pl substrate was chosen be-
cause Pl is used in a wide range of electronic applications,
such as in motor and drive technology or aerospace. PlI
offers superior thermal properties and was chosen in re-
spect of the class of high-temperature polymers. In contrast
the thermoplastic PP substrate provides inferior thermal
characteristics and represents the majority of polymers
which are temperature-sensitive. The glass transition tem-
perature of PI is at approximately 360 °C, whereas the
melting range of PP is at approximately 160 °C. These pol-
ymers were chosen to evaluate the laser based removal
processes for the groups of inexpensive temperature-
sensitive substrates and temperature resistant substrates.
For handling issues the organic substrates were glued on a
soda lime glass substrate (25 mm x 25 mm x 1 mm) utiliz-
ing a two component adhesive (UHU plus endfest 300). As
a reference we used soda lime glass substrate. ITO layers
were generated on soda lime glass to be able to compare
the novel laser based removal techniques with the state of
the art hotplate removal.

To determine the thickness of the deposited nanoparti-
cle ITO layer scratches were introduced on the ITO layer
and the heights profile was measured by a laser scanning
microscope (LSM) (Olympus Lext OLS4000). ITO layer
thicknesses of approximately 465 nm were achieved on the
glass substrate and thicknesses of approximately 475 nm on
the PI substrate. We were not able to determine the layer
thickness for the PP substrate, because the scratching pro-
cess deformed the nanoparticle layer and the PP substrate
beneath.

Removal of organic compounds

The organic agent TODA generates a micelle around
the ITO nanoparticle and therefore prohibits the nanoparti-
cles from agglomeration due to steric hindrance. Conse-
quently the organic shells of the nanoparticles are also de-
posited generating the nanoparticle ITO layer. To decrease
the electrical resistance of the deposited ITO layer the or-
ganic compounds have to be removed in order to enhance
the particle-particle-contact. To achieve this goal a baking
of the deposited nanoparticle ITO layers is required utiliz-
ing a hotplate.
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Fig. 1 Sheet resistance of post-baked nanoparticle ITO
layers (hotplate) and sheet resistance of laser con-
solidated nanoparticle ITO layers (consolidated)
deposited on soda lime glass substrates. The bak-

ing time was 30 min.

Figure 1 shows the sheet resistance of a post-baked nano-
particle ITO layer depending on the temperature of the hot-
plate. For the measurements of the sheet resistance a
34410A digital multimeter (Agilent) was used in four probe
configuration. ITO layers were deposited on soda lime
glass. Then the layers were heated up and after the baking
the sheet resistance of the layer was characterized. These
values are named “hotplate” in figure 1 and figure 2. The
sheet resistance of layers, which were consolidated after
the baking are named “consolidated” in figure 1 and fig-
ure 2. It is shown that a temperature of 300 °C is sufficient
for the total removal of organic compounds. The sheet re-
sistance of the ITO layer after the baking step (post-baked)
is decreasing till a hotplate temperature of 300 °C, because
the organic compounds are removed from the deposited
layer. From 300 °C to 400 °C the sheet resistance is ap-
proximately constant. We assume all organic compounds
are removed at this temperature range. Removal tempera-
tures over 400 °C induce a further decrease of the sheet
resistance due to thermal annealing, diffusion processes or
probably by crystallization. The dependency of the baking
duration on the sheet resistance of post-baked ITO layers is
shown in figure 2. The duration of the hotplate process has
a less significant effect on the sheet resistance of post-
baked nanoparticle ITO layers. As a tendency higher bak-
ing durations decrease the sheet resistance of the ITO lay-
ers due to diffusion and annealing except for the sheet re-
sistance measured after a removal duration of 10 min
which is most likely an outlier indicated by a vast standard
deviation. Consequently hotplate removal is not suitable for
organic substrates, because a temperature of at least 300°C
has to be applied for at least several minutes. But the high
thermal capacity of organic substrates would allow a tem-
porary heating of the ITO layer above of the substrate
without damaging it.
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Fig. 2 Sheet resistance of post-baked nanoparticle ITO

layers (hotplate) and laser consolidated ITO layers
(consolidated) on soda lime glass substrates. The
baking temperature was 450 °C.

For the removal of organic agents in the deposited ITO
layers two laser based removal treatments were investigat-
ed. First a CO, laser (Diamond K 150, Coherent) was used
with a wavelength of 10.6 um, a maximal average power of
150 W, a maximal pulse frequency of 100 kHz and a max-
imal pulse length of 1 ms. The laser beam was deflected by
a galvanometer scanner (Scangine 10, SCANLAB AG)
with a working distance of 137 mm. The focal length of the
f-theta lens was 150 mm. In the focus the beam diameter is
approximately 800 pum. Second a KrF eximer laser (LPX
315i, Lambda Physik) was utilized with a wavelength of
248 nm, a maximal pulse energy of 0.8 J, pulse length of
30 ns and a raw beam diameter of 30 mm x 15 mm. To ad-
just the fluence we used a lens with a focal length of
200 mm. An aperture (30 mm x 5 mm) was placed at a
distance of 200 mm before the sample to cut off the inho-
mogeneous borders of the laser beam. For referencing or-
ganic compounds were removed from coated soda lime
glass substrates by thermal removal. For this approach a
hotplate was used and the layers were annealed at a tem-
perature of 450 °C for 30 min.

Consolidation of the nanoparticle ITO layers

1)
.

a

b -

Fig. 3 a) Top view of a SEM image of a consolidated ITO
layer (consolidation fluence of 54.1 mJ/cm?); b)
top view of a SEM image of a spin coated layer.

For the consolidation of the nanoparticle ITO layers
single pulse ultraviolet laser irradiation was used utilizing a
KrF excimer laser (LPX 315i, Lambda Physik) with a
wavelength of 248 nm, a maximal pulse energy of 0.8 J,
pulse length of 30 ns, a repetition rate of 100 Hz and a raw
beam diameter of 30 mm x 15 mm. The raw beam was lim-
ited to 30 mm x 5 mm by an aperture to cut of the inhomo-
geneous regions at the borders of the raw beam.
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The surface of a consolidated and a deposited nanopar-
ticle ITO layer is shown in figure 3. The laser consolidation
densifies approximately 100 nm of nanoparticle layer start-
ing from the top of the layer and reduces the sheet re-
sistance of from the MQ-range for the deposited layer to
approximately 600 Q with ideal conditions due to the den-
sification of layer surface [6]. For the laser consolidation
approach the preceding and complete removal of organic
compounds in the nanoparticle 1TO layer is essential. Oth-
erwise the organic compounds are decomposed instantane-
ously by the laser irradiation of the KrF excimer laser and
the reaction products impair the surrounding ITO layer.
This trend can be seen in figure 1 and figure 2. Figure 1
and figure 2 also show that the resistance of the ITO after
laser consolidation is also depending on the electrical re-
sistance of the particle layer. After consolidating the sheet
resistance of the consolidated nanoparticle ITO layer equals
a parallel connection of two resistors. The first resistor is
the densified part of the nanoparticle ITO layer and the
remaining particle layer (after the laser consolidation ap-
proach) equals the second resistor. Consequently, thermal
annealing also has an effect on the sheet resistance of the
consolidated layer due to the parallel connection of re-
sistances. This behavior is shown in fig. 1. In this case elec-
trical conductivity of the particle layer beneath the consoli-
dated layer is also increased and therefore the electrical
conductivity of the total layer is increased. Figure 4 illus-
trates the optical transparency of consolidated ITO layers
on soda lime glass substrates. In the visual wavelength
range (400 nm to 800 nm) ITO shows an average transmis-
sion of approximately 85 %. However, utilizing higher flu-
ences for the consolidation of nanoparticle 1TO layers de-
creases the optical transmission of the ITO layer. Increas-
ing consolidation fluences lead to a rising amount of cracks
and ablations which act as scattering centers and therefore
reduce the optical transmission [6].
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Fig. 4 Optical transmission of ITO nanoparticle layers consol-
idated (fluence: 75.1 mJ/cm? and 122.9 mJ/cm?) on so-
da lime glass. The ITO layer thickness was approxi-
mately 530 nm.
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2. Results and discussion
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Fig. 5 Sheet resistance of consolidated ITO layers on Pl
substrate (fluence of approximately 46.7 md/cm?).

For the CO, laser based removal a pulse frequency of
1 kHz and a pulse period of 50 ps was applied. The feed
rate was adjusted to 25 mm/s. The pulse period and the
feed rate enable a high selective heat input into the ITO
layer, whereas the relatively low pulse frequency was cho-
sen to ensure a thermal relaxation of the ITO layer between
the pulses. At first the optimal spot diameter and thereby
the optimal energy density was identified. For ITO layers
on a glass substrate a working distance of 170 mm has
shown the best results. The working distance is defined as
the distance from the exit aperture of the galvanometer
scanner to the workpiece. At this point the electrical prop-
erties of these ITO layers are comparable to the electrical
properties of layers treated by hotplate baking. Together
with the laser conditions the hatch and the distance control
the heat input and the peak temperature in the ITO compo-
site structure. The hatch is the center-to-center distance of
two following passes of the laser beam. Distances less than
170 mm led to ablations of the ITO particle layer or to
thermal impairment of the glass substrate. The thermal re-
moval of the organic compounds at a distance greater than
170 mm was not complete. The optimal hatch at the dis-
tance of 170 mm was 0.1 mm. The 1/e beam diameter was
8.4 mm at this distance.
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Fig. 6 Experimental setup of the removal of organic agents
in nanoparticle ITO layers utilizing CO, laser irra-
diation.
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The experimental setup is shown in figure 6. The hatch was
varied to optimize the temperature distribution during the
laser treatment. The optimal working distance of 170 mm
was confirmed for PI substrates. Figure 5 shows the sheet
resistances of consolidated ITO layers after CO, laser
based removal of the organic compounds. It is shown that
an average laser power of 3.7 W and a hatch distance of
0.1 mm. With these parameters a total removal of the or-
ganic agents is possible. Consequently, the total ITO nano-
particle layer has to be exposed to a temperature of at least
300 °C. A thermal impairment of the organic substrate
could be avoided due to the fast heating and cooling rates
laser irradiation supplies. With this parameters sheet re-
sistances of consolidated ITO layers were realized which
are only 1.4 times of the mean sheet resistance of the glass
reference substrates.

Fig. 7 Top view of a SEM image of a consolidated ITO layer
(consolidation fluence of approximately 46.7 mJ/cm?)
on a) a soda lime glass substrate and
b) a Pl substrate.

The major influence to the electrical resistance of consoli-
dated ITO layers is the homogeneity of the densified nano-
particle layer [6]. In other words consolidated ITO layers
with a homogeneous surface show higher electrical con-
ductivity than layers with distinct surface defects. Figure 7
shows the surfaces of consolidated ITO layers deposited on
a glass and on a PI substrate. The surface of the consolidat-
ed ITO layer deposited on the Pl substrate shows a distinct
defect structure, compared to the consolidated ITO layer
deposited on the glass substrate. This damage is most likely
caused by mechanical deformation, introduced by thermal
expansion of the multilayer system during the CO, or KrF
laser irradiation [15, 16]. Figure 8 shows the top view of an
ITO layer deposited on PI before laser irradiation and two
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ITO layer after excimer laser consolidation. Figure 8b
shows the top view of a consolidated ITO layer after CO,
laser irradiation with ideal parameters, whereas figure 8a
shows the top view of a consolidated ITO layer after in-
complete CO, laser based removal of organic agents. The
infrared CO, laser irradiation was not applicable for the PP
substrate. CO, laser irradiation leads to impairment of the
PP substrate and due to the fact to an ablation of the ITO
layer. The laser induced damage of the PP surface after
CO;, laser irradiation can be seen in figure 8c. The trans-
mission of the nanoparticle 1TO layer with a thickness of
circa 416 nm is approximately 70 % at the wavelength of
10.6 um. Consequently a substantial amount of laser ener-
gy is deposited in the multilayer system below and heats up
the system. For a sufficient removal of organic compounds
from the deposited ITO layer a temperature of approxi-
mately 300 °C is required. Consequently the thermal heat
load deposited in the multilayer system damages the PP
substrate severely and as a result the 1TO particle layer is
removed from the PP substrate.

b)

Fig. 8 Top views of various ITO layers deposited on polymer
substrates: a) impairments on surface of a consolidated

ITO layer on Pl substrate due to incomplete removal of

organic agents (consolidation fluence approximately

40 mJ/cm?); b) consolidated ITO layer on Pl substrate

with complete removal of organic agents (consolida-
tion fluence approximately 40 mJ/cm?); ¢) impairments

of ITO coated PP substrate after CO, laser irradiation;

d) ITO coated PP substrate.

To reduce the thermal load of the PP substrates laser ir-
radiation with a shorter optical penetration depth is re-
quired. Utilizing laser irradiation with shorter wavelength
leads to a reduction of the optical penetration depth. The
photon energy of a KrF excimer laser of 5.0 eV exceeds the
band gap of ITO which is between 3.5 eV and 4.0 eV. Due
to interband interaction the optical penetration depth of
ultraviolet laser systems is minimal [17]. For our experi-
ments in the ultraviolet wavelength range we used the KrF
excimer laser mentioned before. In this case the laser pulse
is completely absorbed in the first approximately 50 nm of
the deposited nanoparticle ITO layer.

Simulations of the heat distribution caused by single
pulse nanosecond UV laser irradiation for ZnO nanoparti-
cle layer indicate that the porous nanoparticle ITO layer is
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capable of shielding the underlying organic substrate from
excessive heating due to poor heat conductivity of the po-
rous nanoparticle layer and that the thermal relaxation time
of the ITO layer is less than the repetition rate of the KrF
excimer laser. The results of the thermal simulation for
ZnO nanoparticle layer are applicable to the thermal behav-
ior of ITO nanoparticle layers, because ZnO and ITO na-
noparticle layers have similar thermal properties. The simu-
lated relaxation time of nanoparticle ZnO layer is approxi-
mately 0.5 ps. Consequently it can be expected, that the
thermal relaxation time of nanoparticle ITO layers is also
less than the repetition rate of the KrF laser. As a result the
heating process is independent from the pulse frequency of
the excimer laser [15].

However, experiments have shown that the KrF laser
based removal process is also limited. High fluences signif-
icantly heat up the surface of the nanoparticle ITO layer
which leads to a partial consolidation the particle system.
Arbitrary small fluences could not be realized due to limi-
tations in the experimental setup. Figure 9 shows the
changes of the relative resistance of various ITO nanoparti-
cle layers deposited on PP substrates at different number of
pulses and fluences. The UV laser treatment significantly
decreases the sheet resistance of ITO layers deposited on
PP substrates as shown in figure 10.
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Fig. 9 Top view of a SEM image of a) a ITO layer after re-
moval of organic compounds utilizing excimer laser
irradiation (100 pulses at a fluence of 16.7 mJ/cm?
per pulse) and b) a consolidated ITO layer (consoli-
dation fluence of approximately 84.4 mJ/cm?) after
removal of organic compounds utilizing excimer la-
ser irradiation (100 pulses at a fluence of 16.7 mJ/cm?
per pulse). Both layers were deposited on soda lime
glass substrates.

Best results could be accomplished with 100 laser pulses at
a pulse fluence of 16.7 mJ/cm?. With these parameters the
sheet resistance could be reduced to a value of approxi-
mately 1.5 MQ. The decrease of the sheet resistance after
KrF laser irradiation is affiliated to the generation of sinter
necks. But the energy deposited in the nanoparticle layer
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was not high enough to cause a complete densification of
the surface of the nanoparticle layer. A subsequent consoli-
dation step partly further consolidates and simultaneously
ablates the ITO layer which is shown in figure 9.
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Fig. 10 Sheet resistance of ITO nanoparticle layers depos-
ited on PP substrates (deposited) and after UV irra-
diation (fluence of approximately 28.9 mJ/cm? and

16.7 md/fcm?).

3. Conclusion

In this work we have shown the possibility to remove
organic compounds from nanoparticle ITO layers deposited
on polymer substrates. For high-temperature polymer sub-
strates, like PI, CO, laser irradiation has proven ideal for
the removal of organic compounds. The high thermal ca-
pacity of these polymers prevents them from thermal im-
pairment during the CO, laser irradiation. However the
sheet resistance of layers consolidated on PI substrates is
slightly increased compared to those consolidated on glass
substrates. Consolidated 1TO layers on Pl substrates show a
higher density of defects compared to consolidated 1TO
layers deposited on glass substrates because the composite
structure generates mechanical tension due to a mismatch
in the coefficients of thermal expansion. CO, laser based
removal of organic compounds is not applicable for PP
substrates, because the PP exhibits inferior thermal resistiv-
ity. Consequently, the PP substrate is damaged by the CO,
laser irradiation and the ITO nanoparticle layer is ablated.
Whereas KrF laser irradiation lead to a significant decrease
of the sheet resistance of deposited 1TO layer on PP sub-
strates due to a partial densification of the nanoparticle
layer surface. A subsequent laser consolidation leads to an
inhomogeneous ITO layer structure. Parts of the ITO layer
are further densified while other parts of the ITO layer are
ablated. Our investigations indicate that infrared laser irra-
diation is applicable for the generation of optoelectronic
devices, like solar cells, displays or disposals, on thermal
resistant polymer substrates. The efficiency of the infrared
laser based removal process is highly depending on the
thermal stability of the polymer substrate.
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