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ABSTRACT: Recent developments in nanophotonics have sws
provided a clear roadmap for improving the efficiency of
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photonic devices through control over absorption and g R Ll =R LS g_
emission of devices. These advances could prove trans- P g w" S 1in %‘
formative for a wide variety of devices, such as photovoltaics, A":‘Z) g o'k 'dz'l’ n»" J1os é
photoelectrochemical devices, photodetectors, and light- N |- - £ ‘%
emitting diodes. However, it is often challenging to physically £ i Joes 2
create the nanophotonic designs required to engineer the o lf/' E I %
optical properties of devices. Here, we present a platform ‘0'"‘;;“%3 =
based on crystalline indium phosphide that enables thin-film Photons In (cm”)

nanophotonic structures with physical morphologies that are

impossible to achieve through conventional state-of-the-art material growth techniques. Here, nanostructured InP thin
films have been demonstrated on non-epitaxial alumina inverted nanocone (i-cone) substrates via a low-cost and scalable
thin-film vapor—liquid—solid growth technique. In this process, indium films are first evaporated onto the i-cone structures
in the desired morphology, followed by a high-temperature step that causes a phase transformation of the indium into
indium phosphide, preserving the original morphology of the deposited indium. Through this approach, a wide variety of
nanostructured film morphologies are accessible using only control over evaporation process variables. Critically, the as-
grown nanotextured InP thin films demonstrate excellent optoelectronic properties, suggesting this platform is promising
for future high-performance nanophotonic devices.
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ngineering the absorption and emission characteristics limit the control over the film geometry on non-epitaxial
E of photovoltaic and photoelectrochemical devices is substrates,”” ™" preventing device designers from engineering
],ffitical for ma)drr{izing so‘lar héwesting device perforfn- the films into the desired structures. Here, we introduce a
ance. Presently, optical engineering approaches for  thin- general platform that works around the fundamental kinetic

film devices rely on amorphous thin films deposited on
nanopatterned substrates.””'* Whereas this approach has
demonstrated excellent performance enhancements of solar

constraint of vapor—solid growth by using a 3-D liquid
template to grow high-quality crystalline indium phosphide in

user-tunable geometries on non-epitaxial substrates. InP is
cells and is low-cost, the use of amorphous or nanocrystalline & P

semiconductors severely limits the ultimate performance of
these devices when compared to those made from large-grain
polycrystalline and single-crystalline materials.”*~** Combining

chosen here as it plays a critical role in both optoelectronic and
electronic systems and possesses electronic properties that
make it ideal for solar energy harvesting.m_35 Furthermore,

the performance enhancements enabled by nanophotonic anodized aluminum oxide is chosen here as a substrate due to
engineering with low-cost crystalline semiconductors would
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Figure 1. Schematic synthesis process of nanostructured InP thin films. (a) AAO i-cone substrate. (b) AAO i-cone substrate with Mo, indium,
SiO, films. (c) The i-cone InP thin films grown on AAO i-cone substrate.

its scalability and ability to generate nanostructures through
low-cost electrochemical processing.**™*'

The approach used is analogous to the recently developed
thin-film vapor—liquid—solid (TF-VLS) growth technique,
which has been demonstrated to produce high-quality, large-
grain-size (>100 pm) III-V films on non-epitaxial sub-
strates.”>*>* In detail, nanostructured InP films with a variety
of morphologies have been demonstrated on alumina inverted
nanocone (i-cone) substrates. The as-grown nanostructured
InP thin films also showed promising optoelectronic properties.
Critically, the TF-VLS growth is scalable as it uses processes
identical to those used for large-area CIGS cells, and large-scale
AAO processing is widely used for many applications. Here, we
are merging two approaches that have both independently been
demonstrated to be scalable. Thus, the approach here
demonstrates a low-cost III-V thin-film nanophotonics
platform for electronic, photonic, and energy applications.

RESULTS AND DISCUSSION

The synthesis process for the InP nanostructured thin films is
schematically illustrated in Figure 1. Briefly, the patterned
alumina i-cone arrays (Figure la) were fabricated on the
imprinted Al foil via a low-cost and scalable multistep
anodization and wet etching process in an acidic solution
with a proper direct current voltage.'”””*" The detailed
fabrication process of the anodic aluminum oxide (AAO) i-
cone array is described in the Methods section. Thereafter, 100
nm thick molybdenum (Mo) was sputtered onto the AAO i-
cone substrate followed by thermal evaporation of indium (In)
films of varying thicknesses, which was subsequently encapsu-
lated by 30 nm thick SiO, film via electron-beam (e-beam)
evaporation, as shown in Figure 1b. Note that the Mo layer
serves multiple purposes here. First, it has been previously
established that indium thin films between Mo substrates and
SiO, capping layers do not dewet when heated above the
indium melting point (167 °C), enabling the liquid indium to
maintain the as-deposited shape.”” Second, the Mo film can
work as a nucleation substrate for the growth of InP. Third, the
Mo solubility in liquid indium at the growth temperatures is
low minimizing contamination. Growth of the nanostructured
InP thin films was performed in a chemical vapor deposition
(CVD) furnace in the presence of 0.2% phosphine (PH,) in
hydrogen (H,) at 600 °C under 100 Torr pressure.

At the growth temperature, the indium is in the liquid phase,
but the Mo and SiO, layers enable it to remain in the as-
deposited shape, which is the key feature that enables this
growth. Therefore, control over the final InP geometry is
carried out by tuning the geometry of the deposited indium.
The phosphorus enters the liquid indium through pinholes in
the evaporated SiO, layer, causing supersaturation of the liquid
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indium, leading to the precipitation of solid InP crystals. This
process resembles the self-catalyzed vapor—liquid—solid (VLS)
growth of nanowires closely but has been previously shown to
result in continuous polycrystalline thin films (Figure 1c)
instead of nanowires.””** The as-grown InP thin films via this
technique have been previously shown to have ultralarge grain
sizes on the order of hundreds of micrometers.”>*’
Furthermore, since the geometry of the InP thin films is
controlled by the geometry of the initial indium, this approach
offers the ability to tune the geometry of the grown
nanostructured InP thin films.

As the resulting morphology of the InP thin films is dictated
by the deposited indium, it is critical to investigate the range of
film morphologies possible to achieve. In this work, the indium
thin films were thermally evaporated on the Mo coated i-cone
substrates. The varied morphologies were then achieved by
tuning the (i) substrate temperature during evaporation and
(ii) the evaporation rate. Specifically, when conformal films
were desired, the substrate was held at low temperature (~120
K) because indium tended to dewet if it was evaporated on the
substrate at room temperature (Figure Slab). Next, a SiO,
layer was evaporated on the indium films by e-beam
evaporation as a capping layer to enable templating of the
liquid indium at the growth temperature. Figure 2 shows 45°-
tilted-view (Figure 2a,c,e) and cross-sectional (Figure 2b,d,f)
scanning electron microscope (SEM) images of indium thin
films with different morphologies on various i-cone substrates.
Note that all the AAO i-cone arrays presented in this work have
a periodicity of 1 um. Conformal i-cone thin films (Figure 2a,b)
with a thickness of 200 nm were achieved on 250 nm deep i-
cone substrates via an evaporation rate of S A/s. It is worth
noting that a high evaporation rate would lead to indium
nanostructures with sharp edges (Figure Slc,d), as numerous
indium particles nucleated vertically in a short time. Split
resonant structures (Figure 2c,d) were obtained on S00 nm
deep i-cone substrates with the same evaporation condition for
conformal films, due to the steep surface of the 500 nm deep
AAO i-cone arrays. Moreover, independent top and bottom
surfaces (Figure 2e,f) were demonstrated when a 500 nm thick
indium layer and 100 nm thick SiO, layer were evaporated on 1
um deep i-cone substrates. These diverse indium morphologies
were created with only one basic shape—the i-cone. However,
with the recent advances in nanopatterning and nano-
fabrication, it is likely that future work using this approach
can lead to a significant variety of indium films morphologies
suitable for a wide range of applications.

Using the nanotextured indium thin films, nanotextured InP
thin films have been demonstrated in Figure 3. Uniform
ultrathin InP nanostructured films have been grown on the i-
cone substrates conformally, as shown in Figure 3a—d. This
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Figure 2. SEM images of indium thin films with different
morphologies on various i-cone substrates: (a) 45°-tilted-view
and (b) cross-sectional SEM images of conformal i-cone thin films
on 250 nm deep i-cone substrates; (c) 45°-tilted-view and (d)
cross-sectional SEM images of split resonant structures on 500 nm
deep i-cone substrates; (e) 45°-tilted-view and (f) cross-sectional
SEM images of independent top and bottom surfaces on 1 gm deep
i-cone substrates.

clearly demonstrates that the indium retains the shape of the
template even when in liquid form, enabling engineering of the
final InP geometry simply by tuning the as-deposited geometry
of the indium. Figure 3b—d shows cross-sectional SEM images
of nanostructured InP thin films with varying thicknesses (75,
150, and 500 nm, respectively) on the i-cone substrates.
Critically, we see that the grown films indeed follow shape of
the template, with thicknesses tunable in the <1 ym range.
While thicker films are possible,””** they were not explored
here. These conformal structures have been previously shown
to be significant in light trapping for ultrathin photovoltaics but
alwa}rs used amorphous or nanocrystalline semiconduc-
tors. *~'®** Thus, this work demonstrates a potentially high-
performance semiconductor directly grown in this morphology,
which will contribute to the development of low-cost high-
performance devices.

Additionally, we demonstrate that other geometry structures
can also be grown using this approach. Figure 3e,f demonstrates
adjacent cone-shaped structures, again clearly demonstrating
that the resulting structures follow the geometry of the as-
deposited indium. Interestingly, this approach also enables InP
hybrid nanostructures consisting of nanostructured thin films
and vapor—solid nanocrystals, as illustrated in Figure 3gh. To
achieve this, the evaporation conditions of the SiO, were
adjusted so that the shadowing effect caused holes in the layer.
It is hypothesized that the indium vapor from the sample itself
enables this vapor—solid growth mode, even though no indium
precursor was introduced into the chamber. These crystals
nucleate from the underlying vapor—liquid—solid InP through
the holes in the SiO, capping layer and thus are expected to be
of the same crystal orientation as the substrate. Furthermore, as
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Figure 3. SEM images of nanostructured InP thin films: (a) 45°-
tilted-view and (b—d) cross-sectional SEM images of uniform
ultrathin InP nanostructured films with varying thicknesses; (e)
45°-tilted-view and (f) cross-sectional SEM images of touching
cone-shaped InP nanostructures; (g) 45°-tilted-view and (h) cross-
sectional SEM images of InP hybrid nanostructures.

visible from Figure 3h, all the vapor—solid InP crystals grown
from the below InP thin films appear to all be pointed in the
same direction, suggesting that the slow growth planes of the
crystals are aligned and they have a similar crystal orientation.
This would be expected given the prior results on the
nucleation density and grain size of TF-VLS films grown on
Mo under similar conditions.

In order to characterize the material quality of the grown
nanostructured InP thin films, X-ray diffraction (XRD) and
steady-state photoluminescence (SSPL) spectra were carried
out on the nanostructured InP thin films. Note that we
performed the characterizations on the 500 nm thick i-cone InP
films as shown in Figure 3d. The XRD spectrum (Figure 4a)
demonstrates several structural properties of the grown InP
thin films. First, the as-grown InP is zinc blende structure.
Second, the lack of indium peaks indicates that the indium film
has fully transformed into InP. Third, the InP thin films are
slightly textured as evident by the relatively stronger 111 peak
compared to other peaks, when compared to the standard
reference patterns.” As the diffraction measurements were
performed on InP samples supported on AAO membranes, we
see an amorphous background with a broad peak around 25°.
We confirmed that this peak was present in AAO membranes
before the growth, too. These results provide the structural
evidence for presence of zinc blende InP. To determine the
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Figure 4. Material quality characterization of nanostructured InP
thin films. (a) XRD spectrum of 500 nm thick i-cone InP films. (b)
SSPL curves of i-cone TF-VLS InP films, planar TE-VLS InP films,
and a single-crystalline n-type InP wafer. (c) Relative density of
states of i-cone TF-VLS InP films, planar TF-VLS InP films, and a
single-crystalline n-type InP wafer.

optoelectronic properties of the grown films, SSPL was
performed to determine the energy position of the peak
photoluminescence intensity. A representative SSPL curve of
the nanostructured InP is shown in Figure 4b, together with
that of planar TF-VLS InP films and a single-crystalline n-type
InP wafer as the references. The measurements were carried
out at ambient temperature with a 532 nm laser as the
excitation source. The nanostructured InP thin film exhibits an
SSPL peak position of 1.347 eV and fwhm of 0.056 eV. These
results are similar to the single-crystalline reference, which
exhibits a peak position of 1.345 eV and a fwhm of 0.049 eV.
From the SSPL spectra, we extracted the relative density of
states at the band edge, as shown in Figure 4c. The semilog
inverse slope of the density of states is related to the Urbach tail
parameter (see Methods section), which is an important figure
of merit regarding the band edge sharpness arising from crystal
defects, thermal vibrations, and charged impurities.%’47 The
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Urbach tail parameter of the nanostructured InP is 21.9 mV,
which is close to the values of the InP single crystal wafers (17.5
mV) and the planar TF-VLS InP films (21.3 mV). All these
results demonstrate the high quality of the nanostructured InP
explored here.

As mentioned above, the nanostructured InP is an excellent
candidate for high efficiency thin-film solar cells, of which an
essential parameter is the open-circuit voltage (V,.).*” The V,,
of a semiconductor solar cell under illumination is limited by
the difference of the chemical potential between the electron
and hole population, defined as the quasi-Fermi level splitting
(AEg). Therefore, extraction of AEp allows a quantitative
prediction of the upper limit of PV performance of a
semiconductor material. AE; can be calculated as™**

AE; = kT In(R,,
/( /0 ” /0 i /_ : a(E, 0)b(E)cos(0)dEdOds))

+ kT ln(next) (1)

which is determined by the optical properties of the
semiconductor and the measured external luminescence
efficiency, 7. = (number of emitted photons)/(number of
absorbed photons). The dependence can be qualitatively
explained where the only loss mechanism for PV devices to
reach the Shockley—Queisser (SQ) limits should be radiative
recombination.”” Hence one photon must be emitted for each
photon absorbed (77, = 100%) at the SQ limits under open-
circuit conditions.”” The external luminescence efficiency and
quasi-Fermi level splitting were extracted from the obtained
output photoluminescence (PL) intensity under varied incident
photon illumination. Details of the measurements and analyses
can be found in the Methods section. Figure S plots power-
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Figure 5. Power-dependent PL emission intensities and quasi-
Fermi level splitting of comparable TF-VLS planar and nano-
structured InP thin films.

dependent PL emission intensities of comparable TF-VLS
planar and nanostructured InP thin films, with the number of
suns corresponding to the incident photon flux labeled on the
top horizontal axis. We find that the grown film here not only is
of comparable quality with the previously demonstrated InP
but also shows an increase of emitted photons at particular
incident illumination intensity compared to TE-VLS planar InP
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thin films. The quasi-Fermi level splitting extracted from the
integrated PL intensity is shown on the right axis of Figure S,
which shows that the i-cone InP thin films exhibit AE; ~ 60
meV greater than planar InP thin films for the measured
excitation intensity range. As high-quality photovoltaic devices
have already been made from planar TE-VLS InP,”*** this
suggests that the platform used here could be used to further
improve the quality of those cells.

CONCLUSION

The features of the thin-film vapor—liquid—solid (TF-VLS)
process enable the growth of nanostructured InP thin films on
nanotextured substrates. It is important to note that the TF-
VLS growth technique has significant advantages on fabrication
costs over traditional epitaxial growth processes, such as metal
organic chemical vapor deposition. Nanostructured InP thin
films with a variety of morphologies have been grown directly
on scalable, low-cost, non-epitaxial alumina i-cone substrates via
this technique. Additionally, we have demonstrated that this
approach is highly controllable and that design of InP
nanostructures is possible, which is of interest for engineering
optoelectronic devices. The XRD and SSPL characterization
demonstrated the structural and optoelectronic properties of
the films. Moreover, the nanostructured InP thin film
demonstrated even greater external luminescence efliciency
and quasi-Fermi level splitting compared to that of the planar
counterpart. These results suggest the platform for nano-
structured InP thin films developed here is an ideal candidate
for future low-cost high-performance energy harvesting and
optoelectronic devices.

METHODS

Fabrication of AAO Inverted Nanocone Arrays. An electro-
chemically polished Al foil was mechanically imprinted using a silicon
stamp with hexagonally ordered nanopillars with 200 nm height and 1
pum pitch to produce nanoindentation arrays on the Al surface. The
imprinted Al substrate was first anodized in “230 mL, 1:1, 4 wt % citric
acid/ethylene glycol + 15 mL of 0.1 wt % phosphoric acid” with 400 V
direct current voltage at 10 °C to form an ordered alumina hole layer,
which was then completely removed in a mixture of 6 wt % phosphoric
acid and 1.8 wt % chromic acid at 100 °C, resulting in a 250 nm deep
Al i-cone substrate. Thereafter, 250 nm, 500 nm, and 1 um deep
alumina i-cone substrates were obtained by more anodization steps, in
conjunction with wet etching using 5 wt % phosphoric acid at 53 °C
between two anodization steps to widen the alumina i-cone pore size,
with their fabrication processes (starting from second anodization)
shown in Supporting Information Table SI.

Growth of InP Nanophotonic Films. The prepared AAO/Mo/
In/SiO, samples were placed in a one-zone CVD furnace with a
phosphorus source of 0.2% PH; (99.9995%) in H, (99.9999%) to
grow InP nanophotonic films. Specifically, the AAO/Mo/In/SiO,
samples were first heated in a hydrogen environment in the furnace,
followed by exposure to the phosphorus source when the furnace
stabilized at the growth temperature of 600 °C. Then, the InP
nanophotonic films were grown from indium films after being exposed
to the phosphorus source for 30 min at the growth temperature under
100 Torr pressure. Finally, the as-obtained AAO/Mo/InP/SiO,
samples were taken out from the furnace after cooling (~10 min) to
room temperature.

Structural Characterization. The powder XRD characterization
was carried out using a Bruker D8 Advance X-ray diffractometer with
Co Ka radiation in Bragg—Brentano symmetric geometry with power
setting of 35 kV and 40 mA. The sample stage was rotated at 15 rpm.
The scan was taken from 15 to 90° with a 0.02° step and 1 s
integration time for each data point.
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Urbach Tail Fitting. The van Roosbroeck—Schockley equation
relates the band-edge absorption coefficient to the photoluminescence
spectrum, and thus the density of states can be represented as*’

I(w)(exp(hv/kT) — 1) (hu - Eg]
b ) X exp
v E,

D(v)
@)

where I(v) is the photoluminescence intensity as a function of
frequency v, h is Planck’s constant, and kT is the thermal energy (25.6
mV at room temperature). E, is the Urbach tail parameter, which
describes the sharpness of the band-edge states.

Luminescence Yield. The samples were excited by a 532 nm laser
with different intensity from ~600 mW/ cm? (6 suns) to ~4 X 10°
mW/cm? (4 X 10* suns) to investigate the response of the as-grown
InP films under various photon illumination. The external
luminescence efficiency was calculated as

rlext = (qslnP/’7 )/(¢ch)

sys

©)

where ¢, and ¢y,p are the incident photon flux and the measured InP
photon flux, respectively, T is the transmission coeflicient at the air/
InP boundary as measured via absorption measurements, and 7, is
the collection efficiency of the system for a Lambertian reference,
which was a thick (>3 mm) Spectralon layer here.

Thereafter, the guasi-Fermi level splitting (AEg) is calculated
according to eq 17** where R, is the absorbed photon flux per unit
area in the InP film, a(E,0) is the absorbance of InP, and b(E) is the
blackbody spectrum at temperature T. The absorbance of InP was
taken as a(E,0) = a(E) X T(6), where a(E) = 1 — exp(—2a(E)L), with
the absorption coefficient a(E) = 10* ecm™ for E > 1344 eV,

E—-E
a(E) = 10* x exp(Tg) em™! for E < 1344 eV, L is the InP
0

thickness, E, = 1.344 eV is the band gap energy, E, is the Urbach
parameter, and the angular-dependent T(6) is the transmission
coefficient as determined by the Fresnel equations. The blackbody

2m? 1

B

h’c e[ £) =1
P kT

index of air, h is Planck’s constant, ¢ is the light speed, k is the
Boltzmann constant, and T = 300 K is the temperature.

spectrum was b(E) = ] Here, n is the refractive
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SEM images of indium evaporated on i-cone substrates
with various evaporation conditions are shown in Figure
S1; fabrication processes for i-cones with different depths
are listed in Table S1 (PDF)
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