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ndium(lll) sulfide (In,Ss) (hereby re-

ferred to simply as indium sulfide) has

promising properties for photovoltaic
and optoelectronic device applications due
to its relatively wide band gap, large photo-
sensitivity and photoconductivity,'* and
stable chemical composition and physical
characteristics at ambient conditions.?> In-
dium sulfide exists in a defect spinel B-In,S;
form at room temperature.*® It is intrinsi-
cally an n-type®’ semiconductor. Its band
gap is reported to be between 1.9 and 3.3
eV, with most reported values in the vicin-
ity of 2.0 eV,"'2' but there is still contro-
versy on whether it is a direct®® or
indirect'®'" band gap material. Besides its
promising optoelectronic characteristics,
from an environmental point of view, it is
free of highly toxic heavy metals, unlike
CdS, CdSe, and CdTe, which are popular in
solar cell applications.”>~'® Furthermore, the
solar conversion efficiencies in solar cells
with indium sulfide layers have recently
been reported as high as 18.1%.'92°

Various synthesis methods for indium
sulfide, for example, chemical vapor deposi-
tion (CVD)," chemical bath deposition,
chemical transport reaction,’ sputtering,'
spray pyrolysis,’>'* and thermal
evaporation,'>'* were adopted by different
groups. Most of the previous studies on in-
dium sulfide have focused on the effects of
crystal structure, effects of doping, anneal-
ing, and stoichiometry,?">12151620 hyt there
have been limited studies on the effects of
nanostructuring on optical and electrical
characteristics of indium sulfide.?’ 2

Nanorod arrays have recently attracted
much attention due to their unusually high
levels of optical absorption?*?® and superior
electrical®® and magnetic?” properties. One
critical issue is creating high optical absor-
bance materials,?® which is a vital factor in
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ABSTRACT Indium(lll) sulfide has recently attracted much attention due to its potential in optical sensors as

a photoconducting material and in photovoltaic applications as a wide band gap material. On the other hand,

optical absorption properties are key parameters in developing photosensitive photodetectors and efficient solar

cells. In this work, we show that indium sulfide nanorod arrays produced by the glancing angle deposition
technique have superior absorption and low reflectance properties compared to conventional flat thin film

counterparts. We observed an optical absorption value of approximately 96% for nanorods at wavelengths <500

nm in contrast to 79% for conventional thin films of indium sulfide. A superior photoconductivity (PC) response

as high as about 40% (change in resistance upon illumination) was also observed in nanorod samples. This is

mainly believed to be due to their high optical absorption, whereas only less than 1% PC change was detected in

conventional thin films. We give a preliminary description of the enhanced light absorption properties of the

nanorods by using the Shirley— George model, which predicts diffusion of light as a function of the roughness of

the surface.

KEYWORDS: indium sulfide - nanorods - glancing angle
deposition - GLAD - oblique angle deposition - light absorption - optical

absorption - photoconductivity

photonic applications such as photovolta-
ics and optical sensors. Previously, various
groups utilized surface textured morpholo-
gies in order to decrease the index of refrac-
tion and enhance the antireflection, thus in-
creasing trapping of light within the thin
film layer, using methods such as anisotro-
pic etching, lithography techniques,?®~3'
and glancing angle deposition (GLAD).333
In this study, we mainly focused on the
effect of nanorod morphology on the light
absorbance, transmittance, and reflectance
characteristics of In,S; materials. We show
that, by utilizing a nanorod morphology
produced by GLAD, it is possible to achieve
a significant increase in the absorbance
compared to conventional flat thin films.
We explain this through an enhanced ran-
dom multiple scattering caused by strong
diffusion of light. In addition, the significant
enhancement in the photoconductivity of
nanorods is also believed to be due, in part,
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The nanorod diameter
was measured to be ap-
proximately 125 nm.
EDAX analysis indicated
that atomic percentages
of In and S were approxi-
mately 41.1% and 58.7%,
respectively, and are
close to the ideal 2/3 sto-
ichiometric ratio in In,Ss.
Optical measure-
ments included total
(specular plus diffuse)
reflectance (R), trans-
mittance (7), and per-
centage absorption (A)
spectra of indium sul-
fide samples deposited
on glass. Reflectance
and transmittance data
are given as the per-
centage ratios of re-
flected and transmitted
light to the incident
light, respectively, and
percentage absorption
is calculatedas A =1 —
T — R. The results are
plotted in Figure 2a—c
for T, R, and A, respec-
tively. All of these fig-
ures display significant
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Figure 1. (a) Cross section and (b) top view SEM images of the normal incidence-deposited indium sulfide thin
film with a thickness of 730 nm grown on a glass substrate, (c) cross section and (d) top view SEM images of 550
nm indium sulfide nanorod arrays grown by glancing angle deposition (GLAD) on a glass substrate are shown.
The scale bars are 1 um for the thin film and 100 nm for the 550 nm long nanorods.

.

to the larger optical absorption of the nanostructured
material.

RESULTS AND DISCUSSION

In Figure 1a,b, are shown the cross section and top
views of SEM images of the 730 nm thick thin film of in-
dium sulfide, respectively. The sample was deposited
using conventional normal incidence evaporation. A
continuous and slightly rough surface morphology is
observable on the film surface. The cracks observed on
the cross-section image are due to mechanical cleaving
during the sample preparation.

Cross section and top view SEM images of GLAD-
deposited indium sulfide nanorod sample with a length
of 550 nm are shown in Figure 1¢,d. As can be seen in
the SEM images, nanorod arrays are vertically aligned
on the substrate. The helical structure observed on the
cross section nanorod image (Figure 1c) is due to the
slow axial rotation speed during deposition. The poros-
ity of the 550 nm long nanorods (defined as the ratio
of the volume of the gaps between the rods to the to-
tal volume of gaps plus rods) was calculated to be ap-
proximately 31.1% by image analysis on SEM pictures
using a commercial computer software package (SPIP).

f\\&) VOL.4 = NO.2 = CANSIZOGLU ET AL.

differences in their op-
tical response between thin film and nanorod mor-
phologies. In Figure 2a, nanorods exhibit a consider-
ably smaller reflectance compared to the thin film.
Within the window of 300 to 800 nm, the reflectance
of a thin film with a thickness of 730 nm was mea-
sured to be approximately 20%. Between 600 and
800 nm, reflectance fluctuates around 20% due to in-
terference effects from the surface.'??* In the range
of wavelengths larger than 800 nm, the interference
effect and, thus, fluctuation become more signifi-
cant. On the other hand, for nanorod samples, the
reflectance decreases down to as little as 3%, espe-
cially for longer nanorods (550 nm). The reflectance
is inversely proportional to the length of the
samples: approximately 5% for 495 nm and 7% for
220 nm. The sharp oscillations between 800 to 900
nm are due to a detector shift by the instrument at
this point.

As can be seen in Figure 2b, the transmittance for
220 nm long nanorods at the 400 nm wavelength is
less than 20%, where it is below 3% for 550 nm long
nanorods. This can be partly attributed to the increased
material volume and, therefore, increased penetration
path for longer nanorods. The decrease in transmit-
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Figure 2. Results of (a) reflectance (R), (b) transmittance (7),
and (c) percentage absorption (A = 1 — R — T) measure-
ments for In,S; thin film (thickness t = 730 nm) and nano-
rod (NR) samples (length | = 220, 495, 550 nm) over a wave-
length of A = 0.3—1.5 pm.

tance (at a given wavelength) is not linearly propor-
tional to the nanorod length and suggests that there is
a possibility of enhanced absorption due to the other
effects. In fact, the very low reflectance values of nano-
rods (Figure 2a) indicate that a nanostructured layer
leads to a noticeable gain in the absorption (Figure 2c).
The absorption values increase to approximately 96%
for 550 nm long nanorods at wavelengths shorter than
500 nm. The absorption of shorter nanorod samples is
also in the vicinity of the relatively high value of 90% at
wavelengths shorter than 400 nm. Despite its much
larger thickness (730 nm) and high mass density as op-
posed to the porous (~31%) and shorter nanorod
samples, the absorption of the conventional thin film in-
dium sulfide was only approximately 79%. This is a sig-
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nificant enhancement in the optical absorption, which
can lead to superior photovoltaic and photoconductive
properties.

In previously reported studies for columnar thin films,
high absorption values were observed and were attrib-
uted to possible oxidation on the surface.® In comparable
studies on indium sulfide and copper indium sulfide,
high optical absorption was also correlated with oxida-
tion effects.2°?3 However, EDAX analysis performed on our
samples showed the amount of oxygen on the surface
of indium sulfide nanorods was about 0.20 = 0.05%.
Other possible effects responsible for enhanced absorp-
tion are grain size, quantum size effects, and high density
of dislocations in the film structure.3® Our X-ray diffrac-
tion (XRD) analysis showed no diffraction peaks, indicat-
ing an amorphous structure, which eliminates possible
crystal-structure-related effects.' Partial quantum size ef-
fects might take place since the SEM results indicate a
highly rough and cauliflower-like formation on individual
rods, which may introduce finer nanostructures with sizes
smaller than 5—10 nm and thus bring about quantum
effects.

We believe that the significant increase observed in
the optical absorption of nanorods is mainly due to “ran-
dom light scattering” taking place within the nanorod
layer, the increased pathway of light, and thus maximized
chance for the absorption of light. The contribution of
random scattering effects in low reflectance materials was
previously studied in the literature.?#3” Contrary to the
thin film (see Figure 1a,b), SEM images of nanorod
samples (see Figure 1c,d) indicate extremely rough and
random surface patterns, thus leading to a significant “dif-
fuse light scattering” process taking place within the
nanorod morphology. The reflectance (Figure 3a), trans-
mission (Figure 2b), and absorption (Figure 2¢) profiles
show a trend following the nanorod length; yet, even for
the shortest 220 nm long nanorods, absorption is drasti-
cally higher than for the much thicker and denser thin
films, despite the 31% porosity of the nanorod layers.

In order to investigate the scattering phenomena in
the nanorods in more detail, we performed measure-
ments of diffuse and specular components of the trans-
mitted and reflected light (Figure 3a,b, respectively)
from the 495 nm long nanorod samples. In Figure 3a,
the diffuse transmittance component values at shorter
wavelengths (<500 nm), where high absorption is ob-
served (~96%, see Figure 2c), are comparable to the
specular component and constitutes about 50% or
more of the transmittance. It reduces to a fraction of
the specular component at longer wavelengths. For re-
flectance, the diffuse component becomes a much
larger contributor than the specular component at
wavelengths shorter than 500 nm. Almost 90% of the
total reflected light belongs to diffuse components at
the region where we also observed high absorption.
The significant contribution of the diffuse components
of reflected and transmitted light from the nanorods is
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indicative of strong random scattering within and on
the surface of the nanorod morphology. The overlap of
enhanced scattering and absorption spectra is support-
ive of the random scattering effect in the increased ab-
sorption that we observe. The angular dependence of
reflectance on both incidence and radiation patterns, as
well as the polarization dependence, has not been per-
formed for our samples, but a theoretical analysis in re-
lation to the light scattering on highly rough nanorod
surfaces together with further detailed analysis is cur-
rently being performed.

For a preliminary theoretical concept, we have ap-
plied the Shirley—George (SG) model® for strong diffus-
ers on our nanorod array geometry. In this model, two
types of surfaces, conical and paraboloidal depending
on the shape of the autocorrelation function near the
origin, are analyzed and their angular radiation patterns
are calculated. For the conical profile, the autocorrela-
tion function is cone-shaped near the origin, and the re-
flectance pattern depends on

w

= E (1)

q
where w is the correlation length of surface roughness,
\ is the wavelength, and S is the rms phase delay. This
pattern is observed in surfaces with high slopes and dis-
continuities, which conceptually fit our nanorod
samples®® (see Figure 1¢,d). For a paraboloidal surface,
the autocorrelation function is paraboloidal near the
origin, and the reflectance pattern is related to g =
w/\S. For g << 1, strong diffuser conditions are ex-
pected for both kinds of surfaces. The SG model is ap-
plicable to both reflecting and transmitting surfaces
that introduce a diffuse scattering of the incident light
beam.?® For the reflectors, a strong diffuser rms phase
delay S satisfies the relation

Op

S=4n}\

cos(0,) > 1 )

where oy, is the rms diffuser height and 6 is the angle
of incidence for incoming light.

In a conical diffuser, the angular distribution of re-
flectance for a normal incidence angle light (8, = 0) is
given by

-3/
= cos62n(%){1 + (—2;?)2(sin2 e)} e
or fromeq 1

I, = cos 0 2mg{1 + (2mq)*(sin” )} > (4)

where 6 is the angle of the scattered light. Since the
SG model can be used to obtain the angular distribu-
tion of scattering, it can provide an insight about the in-
tensity of random scattering taking place on the
surface.

In the case of indium sulfide nanorod arrays, when
the angle of incidence is 8, = 0 (i.e.,, normal incident
light), using egs 1 and 2, g can be written as

WA

= 5)
9 (2mo,)?

Approximating the rms height, oy, by the value of
the GLAD nanorods (i.e., o, = 220, 495, and 550 nm)
and the average correlation length, o, by the value of
average nanorod diameter (i.e., =~ 100 nm), eq 5 gives
a g value well below 1 for the visible spectrum of light,
thus indicating our nanorods are in the strong diffuser
category.

In Figure 4a, the reflectance versus angular distribu-
tion pattern for various g values is plotted using eq 4.
From eq 1, g is proportional to w and inversely related
to o As also can be seen in Figure 4a, by decreasing g
(e.g., for a very rough surface with large rms height o,
and small correlation length ), the integrated reflected
intensity decreases significantly (note the logarithmic
scale in y-axis of Figure 4a) and the angular distribution
approaches a more uniform shape, in this case, a Lam-
bertian diffuser. The SG model is focused on the portion
of the light that is reflected from the surface, by which
it can be assumed that the rest of the light is either
transmitted or absorbed by the material. Therefore, a
reduced integrated reflectance intensity indicates that

the amount of absorbed and/or

transmitted light is enhanced. On
the basis of the SG model, as the
lengths of our GLAD nanorods in-
crease (i.e., larger o) and, therefore,
the g value decreases, a more uni-
form angular distribution in diffuse
component of the reflected light
and reduced integrated reflectance
intensity are predicted, consistent
with our experimental results. Also

Wavelength (um)

Wavelength (um)

based on the SG model, an in-
creased amount of light that was

Figure 3. Specular and diffuse components of (a) transmittance and (b) reflectance profiles mea-
sured for 495 nm long indium sulfide nanorod (NR) sample over a wavelength of A = 300—1500
nm
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not reflected due to the rough mor-
phology of our GLAD nanorods
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further enhancement in light
absorption. In addition, the A
dependence in eq 3 results in a decrease in g values
for shorter wavelengths and, therefore, increased dif-
fuser strength. This is consistent with enhanced diffuse
scattering of light from a rough surface with feature
sizes smaller than the wavelength.> Therefore, accord-
ing to the mechanism explained above in the SG model,
diffuse scattering and absorption of light are expected
to be further enhanced for our GLAD nanorods at
shorter wavelength, also consistent with our experi-
mental results.

From eq 3, we can also analyze the total integrated
intensity of the reflected light for a normally incident
beam. Integrating eq 3 through —90° < § < 90°, the to-
tal reflected power can be calculated as

PG @

Replacing the S value by its original form in eq 2

S R
7o},

which is A dependent. Using eq 6, in Figure 4b, we
plot the total reflected power versus wavelength curves
for samples of different nanorod lengths with the ap-
proximation o1, ~ nanorod length. We note that the to-
tal integrated reflection over the hemisphere of inci-
dence is calculated also including the specular
reflection. In these plots, the correlation length, o, of
nanorods is approximated by the average nanorod di-
ameter, ~100 nm, and the spectrum of \ covers from
50 to 2000 nm. It is clear from Figure 4b that, by de-
creasing \, the total integrated reflected power is also
decreased. This asserts that, by increased diffuser
strength, total reflected power decreases. In turn, the
rest of the incident power (i.e., light) is either transmit-
ted through the media or absorbed by the material. For
the case of GLAD nanorods, this translates into a higher
amount of light trapped inside the nanostructured
layer, which increases the overall absorption rate com-
pared to within a flat thin film. In addition, light that is
passing through the nanorod layer can go through ran-
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(integrated total reflectance from eq 6) for different values of nanorod (NR) length.

dom scattering events, travel a longer pathway inside,
and therefore have a better chance of being absorbed.
In other words, besides the well-known effects of band
gap and thickness of the nanorod layer, light absorption
in GLAD nanorods is expected to be proportional to
the amount of light that is not being reflected. There-
fore, the more diffused the light is, the more likelihood
there is redirection of the light toward the material, and
the more absorption can occur.

The results of Figure 4a,b also agree with our experi-
mental results shown in Figure 2. In Figure 2a, the to-
tal reflectance versus wavelength is decreased by in-
creasing the nanorod length which corresponds with
the plots in Figure 4a, wherein the reflected intensity
envelope is shifted down by increasing the diffuser
strength. Similarly in Figure 2¢, a shift of absorption
thresholds toward longer wavelengths by increasing
nanorod length coincides well with the results shown
in Figure 4b, where the decrease of total reflected
power (higher absorption or transmission) is associ-
ated with increased nanorod length.

For the proof-of-concept photoconductivity (PC)
tests, indium sulfide nanorods were deposited by GLAD
onto commercial ITO-on-glass samples using the same
conditions as described above. Conventional thin film
indium sulfide samples were prepared using normal in-
cidence deposition. Resistance measurements for the
PC tests were performed by an Agilent 34410 digital
sourcemeter unit using two probes. The sample size
was 8 cm? for nanorod and thin film samples. The nano-
rod sample was coated with a silver thin film using a
GLAD capping process through an aluminum mask with
circular openings of 0.3 cm? The GLAD capping was
performed by sputter depositing silver onto indium sul-
fide nanorods starting with an 85° angle and gradually
changing the deposition angle to normal incidence. The
thickness of the silver capping layer was measured to
be approximately 2 um. By this method, a resistor was
formed between the ITO contact layer and the silver
capping layer for PC measurements. The thin film in-
dium sulfide samples and bare ITO samples were also
coated with silver using normal incidence sputter depo-
sition through circular masks. ITO substrates directly

A N W7z
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Figure 5. Resistance and percent change in resistance plots are shown for photoconductive (PC) device samples of indium
sulfide (a) nanorods and (b) thin film structures as a function of time. Light source is turned on and off during PC experi-
ments, and resistance of samples decreases (i.e., PC increases) when the light is switched on.

coated with silver were used to obtain the resistance
of the system excluding the indium sulfide layer (i.e., to-
tal resistance of the ITO layer and contact resistance
due to the probe—silver interface). This background re-
sistance was measured to be about 4.8(). PC measure-
ments were performed by measuring the total resis-
tance of the system including indium sulfide resistance
and background resistance. The PC response of indium
sulfide was calculated by subtracting the background
resistance from the total resistance. The resistance ver-
sus time curves are shown in Figure 5. The light source
(465 nm monochromatic light) was switched on and
off with 20 s intervals. As seen in Figure 5a, PC versus
time curve for the nanorod sample shows up to about
40% decrease in resistance when the light is on. On the
other hand, the resistance change observed in the con-
ventional indium sulfide thin film of Figure 5b, under
identical conditions, is less than 1%. Additionally, the re-
sistance of nanorods stabilizes in a short time, where
the thin film sample shows less stability and drifts over
time. This preliminary photoconductivity result shows
the potentially superior photoconductive response of
our nanorods, which is believed to be due to enhanced
light absorption, as observed in our optical measure-
ments above.

CONCLUSION

In conclusion, we fabricated indium sulfide nano-
rod arrays and thin films of various thicknesses us-
ing GLAD thermal evaporation. Detailed optical mea-

METHODS

We deposited arrays of indium sulfide nanorods in a custom-
designed vacuum thermal evaporation GLAD system on silicon
(100) wafers, glass, and indium tin oxide (ITO) substrates. The
minimum size of the samples was 1 in. X 1 in. as required by our
optical measurements. The source material used was 99.99% pu-
rity In,Ss in powder form from CERAC. Depositions were carried
out at room temperature under 7.5 X 107° Torr base pressure.
We used a carbon crucible with a resistive tungsten basket

surements on the samples were performed for
reflectance, transmittance, and absorption using an
integrating sphere. Results showed that indium sul-
fide nanorod layers have significantly lower reflec-
tance and superior optical absorption values com-
pared to conventional flat indium sulfide thin films.
We observed that, by controlling the length of the
nanorods, it is possible to obtain absorption values
as high as 90—96%, especially at wavelengths
shorter than 500 nm. Our detailed analysis on opti-
cal measurements and a theoretical study based on
the Shirley—George model for strong diffusers indi-
cate that enhanced optical absorption in nanorods
can originate from trapping of light and random
scattering process occurring within the extremely
rough nanorod layer. In addition, enhanced absorp-
tion in nanorods was observed to lead to a superior
photoconductivity response, while the conventional
thin film of indium sulfide showed an insignificantly
low photoconductivity change. These observations
point to the usefulness of nanostructured materials
in developing high efficiency solar cell and photode-
tector applications for a wide range of photosensi-
tive materials. We plan to further expand our study
on detailed photoconductivity and photovoltaic
tests on indium sulfide, as well as for other materi-
als of interest. A more detailed theoretical analysis of
the high optical absorption observed in GLAD-
deposited nanorods is also in process.

heater for evaporation. Since In,Ss is quite challenging to evapo-
rate steadily due to flash explosions because of the large sulfur
vapor pressure, the crucible was heated to the evaporation tem-
perature gradually. Until a stable evaporation rate was reached,
deposition onto substrate surface was avoided by a shutter. The
evaporation rate was monitored using a Sigma Instruments
Q-pod QCM monitor placed at a 45° angle toward the evapora-
tion basket and was kept at a stable value of 2 nm/s. Depositions
were carried out at an 85° incidence angle measured between

>
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the incident flux and the substrate normal. In addition, the
sample was uniformly rotated around the substrate normal axis
at a speed of 1 rpm.

We prepared indium sulfide nanorod samples of three differ-
ent lengths (220, 495, and 550 nm) and thin films with a thick-
ness of 730 nm on Si(100), ITO, and glass substrates. Nanorod
and thin film coatings on glass substrates are used for optical re-
flectance, transmission, and absorption measurements.

The morphology and chemical composition of the samples
were measured by scanning electron microscopy (SEM) (JEOL
7000F) and energy-dispersive X-ray analysis (EDAX), respectively.
Optical absorption, reflectance, and transmittance data were ob-
tained in the laboratories of Surface Optics Corporation (SOC)
by using a UV—vis spectrophotometer incorporating an integrat-
ing hemisphere. During optical measurements, wavelengths of
light ranged from 300 to 1500 nm, and the incident angle of the
beam was 8°.

Photoconductivity (PC) experiments were performed by illu-
minating the thin film and nanorod samples using a 465 nm
LED source at normal incidence with 15 kcd/m? luminosity. The
thickness of the nanorod samples was 495 nm and the thin film
was 730 nm.
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