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ransparent conducting oxides (TCOs)
Tbased on bixbyite In,03; (Sn-doped

In,03, ITO) and wurtzite ZnO (Al-, In-,
and Ga-doped ZnO) are key materials for
high-efficiency optoelectronic devices, such
as light-emitting diodes, solar cells, and
display panels.'”” Because a nanostruc-
tured three-dimensional (3D) TCO can in-
crease not only the carrier mobility due to
the high crystallinity of nanocrystals but
also the optical path length due to ran-
domly diffused light, many studies have
been attempted to improve the efficiency
of optoelectronic devices® '? ZnO-based
nanorods were grown using a low-cost
and large-area growth technique based on
zinc nitrate hexahydrate (Zn(NOs),-6H,0)
and methenamine (CgH1,N4).2 """ However,
ZnO-based materials have demerits, such as
relatively higher resistivity (~107% Qcm)
than ITO (~107> Qcm)">'* and weakness
in acid-based processes.'> Above all, the low
work function (~4.0 eV) of ZnO is unsuitable
for increasing the inherent low mobility of
the hole in anode applications.'®"”

The ITO nanostructure is certainly the
most important issue for optoelectronic
applications, owing to high conductivity,
relatively stability in acidic atmospheres,
and high work function (4.5—4.8 eV) for
anode applications.'®'” However, there
have been few studies of the ITO nanostruc-
ture due to the complexity of the ternary
composition system.'® Although a few stud-
ies on ITO nanostructures based on a bot-
tom-up approach have been attempted, the
precise growth mechanism is still unclear,
and the high growth temperature and poor
uniformity are unsuitable for large-area ap-
plications in optoelectronic devices.'®~%?
Typically, ITO nanostructures are synthe-
sized by a vapor—liquid—solid (VLS) pro-
cess using vapor phase epitaxy on Au-
coated'®? or catalyst-free (self-catalyst)
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ABSTRACT A nanostructured three-dimensional (3D) electrode using transparent conducting

oxide (TCO) is an effective approach for increasing the efficiency of optoelectronic devices used in

daily life. Tin-doped indium oxide (ITO) is a representative TCO with high conductivity and a high

work function for anode applications. This paper reports the fabrication of a large-area ITO

nanostructure with a branch shape using an electron beam evaporation process at temperatures as

low as 80 °C, which was free of any carrier gas and catalyst. The large surface to volume ratio in the

anode by the ITO nanobranches increases both the hole mobility by a 3D pathway and light

absorbance by scattering, resulting in organic solar cells with a 12% increase in photocurrent and

20% photoconversion efficiency based on the bulk heterojunction of P3HT [region-regular poly(3-
hexylthiophene)] and PCBM [phenyl-C61-butyric acid methyl ester].

KEYWORDS: ITO - nanobranches - self-catalyst - electron beam evaporation - organic

solar cells

substrates by heating a mixture of In,0s,
Sn0,, and graphite powder.?'?? In both
cases, the substrate is heated to more than
800 °C to maintain the liquid Au phase and
the carbo-thermal reaction between gra-
phite powder and In,03; and SnO,. More-
over, the byproduct induced by Au and
graphite, such as Auln, Auln,, and metal
carbonate, can degrade the quality of the
ITO nanostructures.?> Meanwhile, most me-
tal oxides could be decomposed easily by
high-density beam energy, such as electron
beam, and sufficient metal flux for the self-
catalyst of the VLS process can be formed
under a low oxygen partial pressure. In this
case, VLS growth can be achieved easily just
above the melting point of the metallic self-
catalyst.

Here, we first report the large-area ITO
nanostructure growth with a branch shape
using an electron beam evaporation pro-
cess, which is free of any carrier gas and
catalyst (Figure 1a). Organic solar cells (OSCs)
using the ITO nanobranches as a 3D anode
(Figure 1b) exhibited outstanding device
performance due to the enhanced hole
mobility, perfect wetting of the polymers
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P3HT:PCBM

Glass

Figure 1. (a) Camera image of uniformly deposited ITO nanostructures on ITO-coated glass over a large area (15 cm x 15 cm).
Scale bar, 10 cm. The enlarged SEM image clearly shows the ITO nanobranches. Scale bar, 100 nm. The ITO nanostructure was
grown at 300 °C during 6 min at a rate of 0.5 nm/s. (b) Schematic view of 3D ITO nanobranch applied OSC devices. PEDOT:PSS
is coated on the ITO nanobranches and the P3HT:PCBM bulk heterojunction was used as the active layer. The thermally
evaporated Al layer was selected as a cathode.
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Figure 2. (a) TEM image of a single ITO nanorod grown on Si(100) substrate at 300 °C, indicating the existence of a spherical
VLS head. Scale bar, 10 nm. (b) EDS results of the head and body of an ITO nanorod shown in (a). Significant increase in oxygen
Kat in the body area due to ITO formation from the metallic In(Sn) head by the VLS process. (c) High-resolution TEM image at
the initial stage of growth and Fourier transformed diffraction patterns (inset) of the sample grown 10 s at 300 °C on Si(100),
indicating a well-crystallized tetragonal metallic indium phase. Scale bar, 2 nm. (d) In—O phase diagram and growth
mechanism of ITO nanorod by VLS. Over the melting point of an In(Sn) nanodot (157 °C for the pure indium at bulk status), the
continuous supply of oxygen into the nanodot causes the segregation of a supersaturated In,O3; phase according to the lever
rule. (e) HR-TEM image and electron diffraction pattern (inset), indicating a well-crystallized ITO with (100) orientation d =
0.506 nm. Scale bar, 1 nm. (f) HR-TEM image in the junction of the ITO nanobranch with a 90° tilted angle by (100) and (010)

orientations. Scale bar, 2 nm. The inset is the TEM image of the ITO nanobranch transferred carbon film coated Cu grid. Scale
bar, 200 nm.

by Wenzel's contact mode?* and the long path efficiency. This acts as a key step in the development
length of the photon by scattering, resulting in a 12% of high-efficiency optoelectronic devices for future
increase in photocurrent and 20% photoconversion generations.
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Figure 3. (a) Top-view SEM images of the deposited ITO surface grown on Si(100) substrate with respect to the growth
temperature from room temperature to 110 °C. The growth time was set at about 6 min at the rate of 0.5 nm/s. Scale bar,
100 nm. (b) Mean diameter size of In(Sn) nanodot with respect to growth temperature. (c) d(T,,/To)/d(1/r) plot of the In(Sn)

nanodot during the VLS process.
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Figure 4. (a) Cross-section SEM images of bare-ITO film and nanobranched ITO grown on Si(100) substrate at 300 °C during 3,
6, and 10 min (rate = 0.5 nm/s). Scale bar, 100 nm. (b) Transmittance of ITO nanobranches from 380 to 1200 nm at different
growth times grown on soda-lime glass. (c) Photographs of scattered light by the ITO nanobranches using YAG phosphor
conversed conventional GaN white LEDs (injected current was set as constant 1 mA).

RESULTS AND DISCUSSION

A number of metallic microdroplets were produced
at the surface of the electron-beam-irradiated ITO
pellet (Supplementary Figure S1). The growth of self-
assembled ITO nanorods can be achieved by evapor-
ating those metallic droplets and forming a tin-alloyed
indium [In(Sn)] nanodot. The In(Sn) nanodots were
distributed uniformly with several tens of nanometer
size at the initial stages of growth, and the detailed
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composition of the In(Sn) nanodot was confirmed by
Auger spectroscopy (Supplementary Figure S2). Be-
cause In(Sn) alloy is a eutectic system (eutectic point
of atomic concentration: 52% indium and 48% tin),*®
the melting point decreased with increasing tin com-
position in the In(Sn) alloy, resulting in the easy forma-
tion of a liquid phase nanodot. Those dots gradually
transformed to nanorod structures with a spherical
head (Figure 2a). The significant color contrast in the
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Figure 5. (a) Current density versus voltage (J—V) characteristics. The short-circuit current (Js.) was higher for the samples with
ITO nanorods (9.0 mA/cm? for 3 min growth, 9.4 mA/cm? for 6 min growth, and 9.1 mA/cm? for 10 min growth) than the planar
ITO film (8.4 mA/cm?). (b) PCE (solid red squares) and J;. (open black circles) properties of the OSCs. The average PCE increases
from 3.03% for bare-ITO film to 3.20% (ITO nanorods grown 3 min), 3.67% (6 min), and 3.47% (10 min). (c) Dark current
characteristics. The leakage current appeared for the long length of the ITO nanobranch sample (10 min). Detailed device

parameters are summarized in Table 1.

EELS maps (Supplementary Figure S3), the difference
in oxygen composition between the head and body
of the nanorod (Figure 2b), and HR-TEM images
(Figure 2¢) confirm the nucleation of metallic nanodots
at the initial growth stage. After In(Sn) nanodot forma-
tion, oxygen molecules from the electron-beam-irra-
diated ITO pellet dissolved into the head of the In(Sn)
nanodot. The oxygen solubility in In(Sn) is extremely
low (0.5 at. % at 1000 °C),%® leading to the formation of
ITO at the bottom of the nanodot.?’ As a result, the ITO
nanorods were grown through the successive supple-
mentation of oxygen atoms from the surrounding
vacuum chamber (Figure 2d). The fabricated ITO nano-
rods showed a well-aligned bixbyite single crystal
In,O5 (100) orientation (Figure 2e and inset). The
nanorods had a specific branch shape with a 90°
rotation angle. In the junction of the branch, contin-
uous atomic arrangement could be confirmed with the
{100} family plane orientation of cubic based bixbyite
In,05 (Figure 2f and inset). The orientation of the ITO
nanobranch was clearly confirmed using a Fourier
filtering process by masking the {100} Fourier trans-
formed diffraction patterns (Supplementary Figure
S4a). The bright region in the Fourier filtered image
shows the orientation of the {100} family plane in the
ITO nanobranch structure. The In,O; {100} family
planes, such as (100), (010), and (001), have metallic
indium termination. Therefore, the In(Sn) self-catalyst
could be formed easily at those planes, resulting in a
nanobranch structure with a 90° rotation angle, as
shown in Supplementary Figure S4b.

Figure 3a shows the top-view SEM images of the ITO
surface with respect to the growth temperature. The
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ITO nanorod structure was formed spontaneously
above 80 °C. The melting point of pure indium metal
is about 157 °C. Although the eutectic alloy of indium
and tin could reduce the melting point of indium by up
to 120 °C, a liquid phase could not exist in the bulk
status near 80 °C. However, the melting point of the
nanodot is lower than the bulk, resulting in a VLS
process, even at 80 °C*%*° The size of the In(Sn)
nanodot increased with increasing growth tempera-
ture because the melting point is proportional to the
size of the nanodot on the nanoscale (Figure 3b). In
classical thermodynamics, the melting point of nano-
particles (T,,,) is defined as*®

Tm

Tm _3os/ps —a1/p)
To

=1
lor

where Ty is the bulk melting temperature, r is the
particle radius, Iy is the latent heat per unit mass, o
and o are the specific surface energies of the solid and
liquid, respectively, and ps and p, are the densities of
the solid and liquid, respectively. Generally the pure
indium has a slope defined as d(T,,/To)/d(1/r) in the
range of about —0.29 to —1.05.2% However, the slope
was calculated to be about —6.71 in our experimental
results due to the tin alloying and high-vacuum con-
ditions during growth (Figure 3c). Although the change
in In(Sn) nanodot size had an effect on the diameter of
the ITO nanorod, the length of the ITO nanorod was
more critically affected by the growth temperature due
to the change in solubility of oxygen in the In(Sn)
nanodot. Because the solubility of oxygen in the In(Sn)
nanodot increases with growth temperature, the long
length of the ITO nanorod appeared as the growth
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temperature increased. So, we used the growth tem-
perature of about 300 °C for the well-developed ITO
nanostructure application in OSCs (Supplementary
Figure S5).

As the ITO nanorods continued to grow, they
showed a more linked and branched structure with a
pine-tree-like appearance due to additional In(Sn)
nanodot nucleation on the {100} family plane of the
bixbyite crystal (Figure 4a). Although the transmittance
of the ITO nanobranch was slightly lower than the
bare-ITO film (Figure 4b), there was no severe loss in
spectral irradiance in the 450—600 nm region, where
the absorbance of the P3HT:PCBM active layer appears
(Supplementary Figure $6).3° Moreover, a light-scatter-
ing effect was not observed in the bare-ITO film,
whereas samples with the ITO nanobranches showed
a clear ring pattern, indicating the scattering of light.
As the growth time of the ITO nanorods increased, the
scattered ring pattern became larger and clearer due to
the high density and developed nanobranch struc-
tures, as shown in Figure 4c. The scattering character-
istics of the ITO nanobranch could increase the photon
path length in the active layer of the OSCs, resulting in
a high-performance device.

The current density—voltage (J—V) curves indicate
the increase in short-circuit current (Jso) for the samples
with ITO nanobranches compared to the planar ITO
film (Figure 5a). The increase in J,. can be explained by
three reasons. First, the single-crystalline ITO nano-
branches act as direct conducting pathways for hole
transport, resulting in a charge balance between
the hole and electron. This charge balance prevents
charge recombination losses and increases the photo-
current.3'32 Second, enhanced absorption in the P3HT:
PCBM active layer was achieved using these ITO na-
nostructures. The ITO nanostructures diffused the in-
cident light and inclined the injection angle of the
photons, resulting in an increase in the distance of the
photon passing through the active layer. Third, the
nanobranch structures improved the coverage of poly-
(3,4-ethylenedioxythiophene) poly(styrenesulfonate),
PEDOT:PSS, on ITO (Supplementary Figure S7). In Wen-
zel's equation, the contact angle decreases with in-
creasing surface roughness, resulting in a superhy-
drophilic surface.>* The conformal wetting of PEDOT:
PSS on ITO nanorods increases the hole extraction to
the ITO anode. The average photoconversion effi-
ciency (PCE) increased by adapting ITO nanobranch
structures (Figure 5b). The PCE tendency was well
matched with the J;. characteristics, which confirmed
that the length of the ITO nanobranches affects the
device performance. The decrease in PCE for the
sample with the ITO nanobranches grown for 10 min
could be explained by leakage current. As the growth
time of ITO increased, the ITO nanobranches with an
abnormally long length could be grown, resulting in
the generation of leakage current (Figure 5c). The
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TABLE 1. Device Parameters with Respect to Growth Time

Jsc (mA/em?) Voc (V) FF (%) PCE (%)
bare IT0 8.4 0.633 57 3.03
3 min 9 0.633 56.2 32
6 min 9.4 0.633 617 3.67
10 min 9.1 0.633 60.2 347

leakage current degraded the device performance
and decreased the PCE.

Compared with the conventional method of ITO
nanorod fabrication, the electron beam evaporation
method has several merits. First, the simple and large-
area growth process of ITO nanorods has a great
advantage for large-area applications at a low cost.
Second, the growth temperature of the VLS process
using a self-catalyst In(Sn) nanodot could be reduced
to as low as the melting point of the In(Sn) nanodot.
Experimentally, the minimum growth temperature was
as low as 80 °C. However, the additional sufficient
growth temperature over 200 °C was needed for the
highly efficient OSCs device due to low transparency
and the short length of the ITO nanostructures
(Supplementary Figure S8). Third, ITO nanorods could
be grown independent of the substrate type, even
though the surface energy of the substrate affected the
density of the In(Sn) nanodots at the initial growth
stage (Supplementary Figure S9). In conclusion, this
paper reports the growth of ITO nanorods with a
branch structure by electron beam evaporation, open-
ing the possibility of large-area optical device applica-
tions, particularly PSCs based on the bulk heterojunc-
tion of P3HT and PCBM. The large surface to volume
ratio in the anode by the ITO nanobranches increases
the hole mobility via a 3D pathway as well as the light
absorbance by light scattering at any time, resulting
in an increase in photoconversion efficiency from
3.03% to 3.67%. The ITO nanostructure fabricated in
this study could be used in other optical devices, such
as inorganic solar cells, light-emitting diodes, and laser
diodes due to the large-area growth characteristics
and easy fabrication method.

CONCLUSION

In conclusion, an ITO nanostructure with a branch
shape has been successfully fabricated using the elec-
tron beam evaporation method at temperatures as low
as 80 °C, which was free of any carrier gas and catalyst.
By using these experimental results, we could over-
come the demerits of the conventional method for
producing ITO nanostructures such as small area, high
temperatures, over 800 °C, and contamination by
catalyst. The self-catalytic In(Sn) nanodot was sponta-
neously formed by an electron beam irradiated ITO
pellet, resulting in a VLS process for ITO nanobranch
growth just over the melting point of the In(Sn)
nanodot. The large surface to volume ratio in the
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anode by the ITO nanobranches increases both the
hole mobility by a 3D conducting pathway and light
absorbance by scattering, resulting in organic solar

METHODS

Self-assembled ITO nanobranches were fabricated by an
electron beam evaporation method. A tin-doped (10%) indium
oxide pellet (99.99%) was used as the source material. ITO
nanobranches were grown at a rate of 0.5 nm s~'. However,
the growth rate was not linear due to the development of
branch structure with growth time. The chamber pressure was
maintained at approximately 10~ Torr during deposition, and
the substrate temperature was held at 300 °C for the well-
developed ITO nanobranches. SEM was done using a PHILIPS
XL30S with an accelerating voltage of 10 kV and a working
distance of 5 mm. The HR-TEM images were collected using a
Cs-corrected JEM 2200FS operated at 200 kV. AES was measured
by a VG Scientific MICROLAB310F with a minimum beam size of
15 nm and a 0.05% energy resolution. High-resolution spectro-
microscopy using synchrotron radiation was carried out at the
8A1 beamlines at Pohang Accelerator Laboratory, and the space
resolution was 0.5 um. Atomic force microscopy images were
recorded using a Digital Instruments Nanoscope IIl in tapping
mode using silicon cantilevers. The transmittance was mea-
sured using a tungsten-halogen lamp and a monochromator.

The OSC devices were fabricated as below. Glass coated with
ITO (160 nm thick, ~15 €2/sq) was used as the starting substrate.
After the growth of ITO nanobranches, the substrates were
cleaned using a UV—O0 treatment for 15 min with a power of 30
mW/cm?. Subsequently, PEDOT:PSS was spin-coated and dried
at 200 °C for 10 min. After the PEDOT:PSS coating, the substrates
were transferred to a N,-filled glovebox (<0.1 ppm O, and H,0).
Regioregular poly(3-hexylthiophene) (P3HT, purchased from
Rieke Metals and used as received) was first dissolved in 1,
2-dichlorobenzene to make a 20 mg/mL solution, followed by
blending with phenyl-C61-butyric acid methyl ester (PCBM,
Nano-C, used as received) in a 1:1 weight ratio. The blend was
stirred for ~14 h in a glovebox before being spin-coated
(700 rpm, 30 s) on the top of the PEDOT:PSS layer. The active
layer thickness was measured to be ~200 nm using a surface
profiler. The devices were annealed on a hot plate in a glovebox
at 130 °C for 10 min. The cathode consisted of LiF (ca. 1 nm)
coated with Al (ca. 100 nm), which was deposited at a base
pressure of 2 x 107° Torr by thermal evaporation method.
The active device area was ca. 0.04 cm?. The J—V curves were
measured under ambient air with glass encapsulation using a
Keithley 2400 source measurement unit. The photocurrent was
measured under AM1.5G 100 mW cm ™2 illumination using an
Oriel 150 W solar simulator. The light intensity was determined
using a monosilicon detector calibrated by the National Renew-
able Energy Laboratory. For accurate measurements of the device
performance, only the active area of the samples was exposed.
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