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Abstract Despite the dramatic progress that has been made in the power-conversion
efficiency (PCE) of perovskite solar cells (PVSCs), there are still many obstacles to be
overcome before these devices can be economically competitive in the photovoltaics
market. One of the major hurdles in the commercialization of PVSCs is low stability,
which severely limits the effective lifetime of the devices. One of the approaches
to achieving higher stability and lifetime of PVSCs is improvement of PVSC film
quality. In this paper, we have employed a PAMAM dendrimer layer to reduce the
surface roughness of sputter-deposited indium-tin oxide (ITO) films, which were
then used in the fabrication of PVSCs. A PAMAM-8 dendrimer layer was deposited
by dip-coating the substrates in 25 mL of a 1 uM PAMAM-8 ethanol solution before
ITO deposition. X-ray refractivity (XRR) was used to verify the PAMAM layer on the
substrate. ITO films of 150 nm thickness were then deposited onto the PAMAM layer
using DC magnetron reactive sputtering. The surface roughness, sheet resistance,
and transmissivity of the ITO films were optimized by varying the parameters of
the sputtering process. Atomic force microscopy (AFM) was used to measure the
surface roughness of the ITO films with and without PAMAM dendrimer layer. A
root-mean-square (RMS) film roughness of 1.6 nm, sheet resistance of 21 /Y,
and transmissivity of > 91% at a wavelength of 400-700 nm were obtained after
optimization.
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Introduction

Perovskite solar cells (PVSCs) have recently garnered significant attention in many
research communities. Current single-junction PVSCs rival the power-conversion
efficiency (PCE) of Si cell designs and are generally cheaper and easier to fabricate
than similarly performing Si cells [1-6]. One of the major roadblocks to further adop-
tion of PVSCs is their low stability compared to Si cells—PVSCs do not perform well
in ambient conditions and quickly deteriorate [7-9]. Since PVSCs are composed of
several layers of different materials that are sequentially deposited, the performance
and stability of these devices are heavily influenced by the quality of these layers and
their interfaces. In this paper, we have developed processes to improve the film quality
of sputter-deposited indium-tin oxide (ITO) for the synthesis of efficient PVSCs.

ITO is a transparent, conductive oxide that is widely used in many different
devices. ITO is commonly used in PVSCs as a transparent transport layer. As a
transport layer, the ITO film must have both high transparency and high conductivity
to reduce parasitic loss in the device. The improved surface roughness of these ITO
thin films will (1) improve the PCE of solar cell devices that utilize this material
and (2) improve the interfacial structure of layered devices, contributing to better
overall stability. In this paper, we have optimized ITO thin films by three metrics:
resistivity, transmissivity, and surface roughness. These film properties were opti-
mized by varying the parameters of the film deposition technique and post-deposition
treatment. The ITO films were deposited by reactive DC magnetron sputtering using
a Sputtered Films, Inc. Planetary Sputtering System. The deposition parameters of
sputter power, sputter time (film thickness), reactive gas flow rate, and post-deposition
annealing time were all varied to produce an optimal ITO thin film for use in PVSCs.
In addition to the deposition parameters, a pre-deposition PAMAM dendrimer layer
was also employed to further reduce the surface roughness of the ITO films [10].
The ITO films were then characterized by several different methods: a 4-point probe
was used to measure the sheet resistance of the films; a profilometer and ellipsometer
were used to measure the film thickness; an atomic force microscope (AFM) was
used to measure the film surface roughness; and an X-ray diffractometer was used
to perform X-ray reflectivity (XRR) measurements in order to detect the presence of
the PAMAM dendrimer layer.

Experimental

Eighth generation (G8) PAMAM amine-terminated dendrimer (Dendritech, Midland,
MI) in a 5% w/w methanol solution was used without any additional processing.
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Ethanol (Purity > 99.99) (Sigma-Aldrich Inc, St. Louis, MO) was used to prepare a
1 wM solution of the G8 amine-terminated dendrimer. 25 mL of the 1 WM dendrimer
solution was used to fabricate a dendrimer layer on glass substrates with the dimen-
sions of 25 x 25 x 1 mm [11]. The glass substrates were fully submersed in an
ethanol (EtOH) and potassium hydroxide (KOH) solution for 1 h to remove organic
and inorganic impurities. The substrates were then rinsed with de-ionized (DI) water
(18 MS2) and isopropanol and dried under a steady stream of nitrogen gas. The
substrates were subsequently cleaned using a UV/Oj3 cleaner (UV/O3-Cleaner model
42, Jelight Company, Irvine, CA) for 1 min to remove any adsorbed hydrocarbon
contaminants. Finally, the substrates were fully submerged in the 1 pM PAMAM
dendrimer ethanol solution for over 15 h. After removing the glass substrates from the
solution, they were thoroughly rinsed in pure ethanol and then dried under a steady
stream of nitrogen gas. The final samples were stored in a desiccator to prevent
decomposition of the dendrimer layer. All the steps described above are shown in
Fig. 1.

Sputter deposition of the ITO films was done using a sputter up SFI Shamrock
Planetary Sputtering System in the Microfabrication Facility at the University of
Alabama. The sputter target used was a 95% dense pressed powder compact of
Iny;03:Sn0; 90:10 wt.%. First, the following ITO sputter deposition conditions were
optimized with respect to resistivity and transmissivity: 200700 W DC sputter power
and 0-2.0 sccm oxygen flow with a total (argon 4 oxygen) flow rate of 50 sccm. The
ITO sputter depositions were all done at a 2.71 mTorr process pressure. Depositions
over a similar range of conditions were carried out on both silicon wafers and glass
substrates in the same batch. The glass substrates and silicon wafers were first rinsed

Basic bath (KOH and EtOH) for 1 hour
Rinse in DI water
Rinse in isopropanol

Dry with N, stream \

0.57 mL of PAMAM dendrimer UV/0, clean for 1 minute to
remove organic impurities

( Glass substrate | -
(25%25x1 mm)

bl )

— |
100ml solution of 1uM PAMAM
) . dendrimer solution |

o

99.43 mL pure ethanol 1. Two substrates submersed in 25mL
PAMAM solution overnight
2. Rinse in ethanol
3. Dry with N, stream

Fig. 1 Flow chart of the PAMAM layer deposition process
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with 100% isopropanol to remove any unbound impurities and then dried in a stream
of nitrogen gas.

Transmission measurements were performed using UV-VIS spectrophotometers
over a range of 400-700 nm wavelength. Baseline corrections were performed using
a blank glass substrate, and the scan rate was 600 nm/min. Sheet resistance measure-
ments were performed using four-point probes at two different facilities. Thick-
ness measurements were done using a Veeco Dektak profilometer. Surface rough-
ness measurements were done using a Digital Instruments Dimension 3100 AFM
in tapping-mode. XRR measurements were done using a Rigaku SmartLab X-ray
diffractometer in parallel-beam mode.

Results and Discussion

Reactive Gas Flow Rate

It has been shown that the sheet resistance and transmittance of ITO films are directly
related to the oxygen flow rate during the sputtering process [12]. ITO thin films
were sputtered at different oxygen flow rate percentages to optimize for resistance
and transmittance. Figure 2 shows the sheet resistance of several 150 nm-thick ITO
films deposited at various oxygen flow rates, at a power of 700 W and a total gas
flow rate of 50 sccm at room temperature. As oxygen flow rate is increased from
0%, the sheet resistance first decreased to 54 /Y at an oxygen flow rate of 1.0%
and then increased with an increasing oxygen flow rate until saturating at around
83-85 /Y near 2.0%. The above supports the fact that, since the conductivity of
ITO films strongly depends on charge carrier concentration such as Sn** and oxygen
vacancies on the substitution sites of In,O3, the conductivity of an ITO film can be
increased by depositing the films in a low oxygen environment [13]. Figure 3 shows
the transmittance of several ITO films over a wavelength range of 400-700 nm. As the
flow of oxygen increases, transmittance of the films also increases. Similar behavior
was observed with other oxygen flow percentages which is not shown in Fig. 3.

Film Thickness

Figure 4 shows how the sheet resistance varies with ITO film thickness. Initially,
the sheet resistance decreases as the film thickness increases. As the film thickness
increases beyond 150 nm, the sheet resistance starts to increase. It is known that the
transmissivity of the ITO films strongly depends on film thickness—thicker films
have lower optical transmission due to increased optical path and optical scattering.
This is demonstrated in Fig. 5, which shows the decrease of optical transmittivity as
thickness increases.
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Fig. 2 ITO film room temperature sheet resistance with increasing oxygen flow rate. Sheet
resistance reaches a minimum value at 1.0% flow rate
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Fig. 3 ITO film optical transmission with increasing oxygen flow rate

Annealing Conditions

Figure 6 shows how the sheet resistance varies with annealing conditions. Three
samples were deposited simultaneously with identical parameters: 700 W deposition
power, 15 min deposition time, and a 1% oxygen flow rate. All anneals were done
for 5 min at 180 °C. The first sample shows a sheet resistance of 54 /Y without
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Fig. 4 ITO film room temperature sheet resistance with increasing film thickness
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Fig. 5 ITO film optical transmission with increasing film thickness

annealing. The second sample went through both pre- and post-deposition annealing,
which reduced the sheet resistance from 54 to 29 /Y. The final sample was only
post-annealed, which showed the lowest sheet resistance of 21 /Y. We postulate
that the increase in temperature immediately before the deposition increased residual
stress due to a mismatch in thermal expansion coefficients between the substrate and
the films.

Figure 7 shows the sheet resistance of the films as the post-annealing time was
changed. The sample that was annealed for 5 min yields the lowest sheet resistance



Development of Indium-Tin Oxide Thin Films on PAMAM Dendrimer ... 33

55 +

50 4

45 4

40

354

30 4

Sheet resistance (Q/ )

25

20

N-A Pre8post-A Post-A
Annealing condition (T-180°C)

Fig. 6 ITO film room temperature sheet resistance of samples that underwent different annealing
conditions

of 21 /Y. As the annealing time is increased beyond 5 min, the sheet resistance of
the film begins to increase. The data suggests that post-annealing times lower than
5 min may not have been sufficient for good crystallinity, hence leading to poor film
quality and increased sheet resistance. In addition, Fig. 8 shows the transmittance
of the ITO films at wavelengths between 400 and 700 nm for films with different
post-annealing durations. The sample annealed for 5 min at 180 °C shows the best
transmittance.

Deposition Power

The DC sputtering power was varied between 200 and 700 Wfor the ITO deposition.
An optimum ITO film thickness of 150 nm was chosen from the results shown above.
The final thickness of the deposited films was kept constant by varying the deposi-
tion time according to the deposition power. The relationship between sheet resis-
tance and sputtering power is shown in Fig. 9, which depicts an overall downward-
sloped trend, with the lowest sheet resistance observed being 21 /Y at a deposition
power of 700 W. This may be attributed to the higher deposition rate and ion-energy
during the deposition process, both of which likely increased the film uniformity and
crystallinity.
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Fig. 7 ITO film room temperature sheet resistance with increasing post-annealing time
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Fig. 8 ITO film optical transmission spectra at different post-annealing times

PAMAM Dendrimer Layer

ITO thin films were deposited on a G§ PAMAM dendrimer layer on a glass substrate.
The successful deposition of the dendrimer layer was verified by XRR, as shown in
Fig. 10. The layer thickness was calculated as follows:
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The critical angle was identified to be at 0.46°, along with three thickness fringes
at 0.68°, 1.11°, and 2.14°. The presence of XRR thickness fringes indicates two
abrupt interfaces, which we attribute to the substrate/dendrimer layer interface and
the layer surface. If this were the case, then the angular spacing between each adjacent
pair of fringes would give the distance between the interfaces, i.e. layer thickness,
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Fig. 10 X-ray reflectivity spectrum of PAMAM layer on glass substrate
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Fig. 11 AFM image of ITO thin film on PAMAM dendrimer layer (left) and without PAMAM
dendrimer layer (right). The film deposited on PAMAM dendrimer layer has an RMS surface
roughness of 1.6 nm, while the film deposited on bare glass substrate has a roughness of 3.2 nm

which is approximately 4 nm. While 3 is a small number of fringes, note that the
number of fringes is not only limited by the film layer interface quality, but also
by the instrument noise level. A thicker dendrimer layer would have shown more
fringes.

Figure 11 shows AFM images of ITO thin films with and without an under-
lying dendrimer layer. These measurements show that both films generally have no
height variations larger than 20 nm [14]. The RMS surface roughness of the ITO
sample deposited on the dendrimer is 1.6 nm, while the surface roughness of the
sample without a dendrimer layer is 3.2 nm. The ITO film deposited on a dendrimer
layer demonstrated marginally lower surface roughness than the ITO film that was
deposited directly onto the glass substrate. This difference may be attributed to the
layer’s ability to facilitate and form nucleation sites for the deposited ITO film.
This leads to finer grains and a smoother film, though the improvement in surface
roughness is not significant.

Figure 12 shows that the sheet resistance of an ITO film is slightly higher when
deposited on a dendrimer layer-coated glass substrate, since the PAMAM dendrimer
is insulative. The sample prepared with a dendrimer layer shows slightly higher
transmission when compared with the film without a dendrimer layer. This enhance-
ment in transmission is attributed to the index-matching provided by the PAMAM
dendrimer layer.

Conclusion

The sputter deposition process of ITO films was optimized for use in the fabrication
of efficient, stable PVSCs. The film qualities of sheet resistance, transmission, and
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Fig. 12 Room temperature sheet resistance (left) and optical transmission (right) comparison of
ITO films with and without PAMAM layer

surface roughness were improved by varying the deposition conditions and intro-
ducing other film and substrate treatments. A G8§ PAMAM dendrimer layer was used
as interfacial layer to improve the surface roughness of the ITO film. The surface
roughness of these films was decreased from 3.2 nm without a dendrimer layer to
1.6 nm with a dendrimer layer. By varying the sputter deposition parameters and
annealing treatments, a sheet resistance of 21 /Y was achieved. In addition to low
resistivity, a high transmissivity above 91% was achieved in the wavelength range
of 400-700 nm.
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