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ABSTRACT: We report on the synthesis of dense and
faceted indium sulfide (f-In,S;) nano-octahedron films on
fluorine-doped tin oxide-coated glass by the hydrothermal
method and their photoresponse properties in a flip chip
device configuration. We have examined the temporal
evolution of the phase constitution, morphology, and
optoelectronic properties for films obtained after growth
interruption at specific intervals. It is noted that, initially, an
In(OH); film forms, which is gradually transformed to the f3-
In,S; phase over time. In the case of the film wherein most, but
not all, of In(OH); is consumed, an exceptionally large
photoresponse (light to dark current ratio) of ~10* and
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response time(s) (rise/fall) of ~88/280 ms are realized. This superior performance is attributed to nearly complete carrier
compensation achievable in the system under high pressure growth leading to dramatic reduction of dark conductivity. It is
argued that the temporally growth-controlled equilibrium between quasi-In interstitials and cation vacancies dictates the

optoelectronic properties.
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1. INTRODUCTION

Shape-controlled growth of semiconductor nanocrystals through
a hierarchical assembly process has attracted significant scientific
attention lately because of the size-, shape-, and morphology-
dependent properties of nanomaterials that are key to various
applications. It is further recognized that such interesting
properties also depend greatly on the synthesis and processing
methods because many atomistic aspects of the constitution of
nanomaterials are influenced by material growth protocols and
conditions.! Therefore, the development of precise architectures
of nanomaterials with well-defined morphologies remains an
important research endeavor.” This includes experimental design
and controlled fabrication of high-index faceted nanocrystal
forms that are chemically and electronically more functional or
active.

Among the different chalcogenide semiconductors, indium
sulfide (In,S;) is an n-type III-VI group chalcogenide
semiconductor that has very promising optoelectronic proper-
ties. Furthermore, its band gap is well within the visible region
(2—2.4S5 eV). There are three different crystalline phases of
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indium sulfide, namely, a (defect cubic),  (defect spinel), and y
(layered form), which stabilize depending on the processing
conditions, especially temperature. Because of its versatile nature,
In,S; is widely explored for many different kinds of applications,
such as photocatalysis, photoconductors, cancer diagnoses, color
televisions, solid state batteries, and so forth."”*>~” It has also been
synthesized in various morphologies, including nanotubes,
nanowires, nanorod arrays, nanosheets, microflowers, nano-
plates, single crystals, and thin films by using several
methods.”™*

In the context of the present work, which deals with the study
of photoresponse in $-In,S;, only a very few nanostructures and
morphologies of this material have been utilized thus far,"' ="'
most likely because achieving a strong attachment of In,S;
nanostructure of well-defined morphology on a conducting
substrate is a formidable challenge.lé’17 To this end, hydro-
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Scheme 1. Energy Band Diagram of FTO, In,S;, and ITO along with the Device Schematic
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thermal synthesis offers a distinct advantage over the other
methods because it not only renders the desired morphologies of
inorganic materials on a substrate in a single step, but in light of
the specific high pressure (superheating) growth character,
adherent films of high crystalline quality can be grown fairly
easily. Thus, in the present work, we have synthesized high index
faceted and adherent $-In,S; nano-octahedron coatings on FTO-
coated glass substrates via a facile hydrothermal route. The effect
of hydrothermal processing duration on the phase evolution of -
In,S; has also been systematically studied. For the optimized
conditions, wherein a small amount of In(OH); coexists with the
major phase component of #-In,S;, a very high photosensitivity
(Light/Lgart) of ~10% is realized in our films under a bias of 1 V. In
other studies, coexistence of these two phases has indeed been
shown to lead to superior photocatalytic activities.”'* We have
also seen that the photoresponse in the optimally hydrothermally
processed sample is far too strong compared to that observed in
the conventionally synthesized film of pure f-In,S, bg ex situ
sulfurization of In(OH);. This sulfurization synthesis”>*' was
adopted in this work specifically to bring out the significance of
the hydrothermal method vis a vis the conventional synthetic
approaches in the context of the specific photosensing
application. As discussed later, the synthesis approach controls
the nature of defect states in the final material in addition to its
crystallinity and morphology, and in the case of semiconductors,
these states play a key role in optoelectronic phenomena.

2. EXPERIMENTAL SECTION

2.1. Synthesis of In,S; Films via Hydrothermal Method. All
chemicals used in the synthesis were of AR grade and used without any
kind of purification. In,S; films are prepared on fluorine-doped tin oxide
(FTO) glass substrates by an in situ hydrothermal synthesis technique.
For this, indium nitrate is used as the indium (In) precursor, and
thiourea is used as the sulfur (S) precursor. In a typical synthesis, indium
nitrate (2 mmol) and double excess (6 mmol) of thiourea are dissolved
under constant stirring in 75 mL of DI water. Then, the solution is
vigorously stirred for 30 min. This solution is then transferred into a
Teflon liner with 100 mL capacity. The FTO-coated glass substrates are
cleaned and dried at 450 °C for 2 h. These are then tied to Teflon tape
and properly hung into the reactor. The autoclave is kept in the oven at
160 °C for different durations of time (from 2 to 24 h), and the samples
are then recovered in each case. The purpose of different hydrothermal
durations (i.e., 2, 6, 10, 16, 24 h, etc.) was to understand details about the
phase formation and morphology evolution.

The sample formed after 2 h was comprised of only the In(OH);
phase, whereas the sample obtained after 10 h primarily contained the f-
In,S; phase with a small residual In(OH);. The sample obtained after 24

h contained only $-In,S;. In all cases, the reactor is naturally cooled to
room temperature. The film obtained after 10 h exhibited a strong
response as discussed later. This case of an orange-colored film
uniformly coated on the FTO substrate is labeled as H)(-In,S; and is the
main material of interest because of its lowest dark conductivity feature.
The other case of the film obtained after 24 h is denoted by H,,-In,S;. All
films are further washed 2—3 times with DI water and ethanol. Finally,
these are dried in a vacuum and used for further characterization. To
elucidate the role of In(OH); in defining the state of the H,y-In,S;
sample on the photoresponse, we compared different results with the
hydrothermally synthesized film for a reaction period of 24 h (H,,-In,S;;
pure f-In,S;) and the $-In,S; film made by ex situ sulfurization of
In(OH);, leading to the sample identified as S-In,S;.

2.2. Synthesis of In,S; Films via Sulfurization (S-In,S;). As
stated above, we also synthesized In,S; films on FTO substrates by ex
situ sulfurization of In(OH); films at higher temperature. For this, first,
In(OH); films are synthesized on FTO substrates using the hydro-
thermal method and are then kept in a tubular furnace. For sulfurization,
argon gas is passed through the trap containing thioacetamide as a sulfur
precursor. The furnace is set at 400 °C at a heating rate of S °C/min. The
film is kept for 30 min at 400 °C and cooled naturally. An orange-colored
film is thus obtained and is labeled S-In,S;.

2.3. Characterization. The samples are characterized by X-ray
diffraction using a Philips X'Pert PRO diffractometer with nickel-filtered
Cu K, radiation for structural phase determination. The morphological
study of the samples is carried out using scanning electron microscopy
(FEI Nova NANOSEM 450), whereas the detailed atomistic structural
quality is determined using high resolution transmission electron
microscopy (IFEL Tecnai F30, FEG system with 300 kV). The chemical
analysis of the as-synthesized In,S; film is carried out using X-ray
photoelectron spectroscopy (VG scientific ESCA-3000 spectrometer
using non-monocromatized Mg K, radiation (1253 V) at a pressure of
~1 X 10~ Torr. The band gap of the material is determined by diffuse
reflectance spectroscopy (DRS). Photoluminescence (PL) studies are
carried out using FLS 980 (Edinburgh Instruments). The attenuated
total reflection-Fourier transform infrared spectroscopy (ATR-FTIR) is
recorded on a JASCO FT/IR-6100 spectrometer. The I—-V character-
istics are recorded with a Keithley 2420 source measuring unit. To
measure the photoresponse, a solar simulator (Newport, AM1.5, 100
mW cm™?) is used.

2.4. Device Fabrication. In the device configuration, the FTO-
coated glass on which the indium sulfide film is grown acts as the bottom
electrode and is connected to the ground. ITO-coated glass is used as the
transparent top electrode and connected to the terminal of the power
supply. The flip chip method is used to make the device. For the
measurement of photoresponse properties, the light is irradiated
through the transparent (ITO) side of the flip chip geometry (as
shown in Scheme 1).
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3. RESULTS AND DISCUSSION

3.1. X-ray Diffraction (XRD). Figure 1 depicts the X-ray
diffraction (XRD) patterns of (a) an FTO substrate, (b and c)

El

s

2

2

o [(b

E ( ) x X % * A*A A A
(a) 1

T T T T T % |A
10 20 30 40 50 60
20

Figure 1. XRD patterns of (a) FTO substrate, (b) In,S; film on FTO
obtained after 10 h and (c) 24 h hydrothermal reactions; d) In,S; film on
FTO obtained by the sulfurization method (S-In,S;).

In,S; films grown on an FTO substrate by 10 h (H,-In,S;), and
24 h hydrothermal reactions (H,4-In,S;). Figure 1d is for the
In,S; film grown on an FTO substrate by the sulfurization
method (S-In,S;). All three XRD patterns (H,(-In,S;, Hy,-In,S;,
and S-In,S;) exhibit a set of well-defined diffraction peaks,
indicating tetragonal f-In,S; phase with lattice constants ofa=b
=7.623 A and c = 32.36 A, in good agreement with the reported
values (JCPDS Card No. 73—1366). Additionally, the diffraction
peaks corresponding to In(OH); phase (JCPDS card No. 85—
1338, marked by *) can be seen only in the XRD of H,-In,S;.

To study the formation and transformation of In(OH),,
hydrothermal reactions for different durations (2, 7, 10, 16, and
24 h) were carried out. After a 2 h reaction, a completely white
film of In(OH)j is obtained (please see Figure SI-1a). Hence, it is
clear that, in the case of hydrothermal synthesis, first indium
hydroxide formation takes place and then it is converted to In,S;.
For 6 h of hydrothermal reaction time (Hg-In,S;), small peaks of
f-In,S; phase are noted in addition to those of the In(OH);
phase (Figure SI-1b). As the reaction proceeds further (10 h
case), the growth of f-In,S; becomes more predominant in
comparison to that of the In(OH); phase (Figure 1b). The
contribution of indium hydroxide is observed to be negligible in
the case of 16 h hydrothermal synthesis (Figure SI-1d). Further
increasing the reaction time up to 24 h leads to the formation of
pure f-In,S; phase (Figure 1c). Also, in the case of the sulfurized
film, In(OH); is completely converted to indium sulfide (Figure
1d) after 30 min of sulfurization at 400 °C. No signatures of
hydroxide are observed in this case either. As shown and
discussed later, the presence of In(OH); in defining the
corresponding state of the sample makes a huge difference in
the photoresponse behavior of the three cases (Hy-In,S;, H,,-
In,S; and S-In,S;). In light of the presence of textures (selected
plane orientations) and changes in grain size-dependent line
widths in the film, it is nontrivial to extract precise information
about phase constitution. A rough estimate based on the heights
of the maximum intensity peaks for the two phases (f-In,S; and
In(OH),) is provided in Figure SI-2.

3.2. UV-DRS Spectroscopy. Figure 2a displays the UV—vis
diffuse reflectance spectra (DRS) for the In(OH); film obtained
after a 2 h hydrothermal reaction. This film, which is white in
appearance due to scattering, shows absorption in the range of
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Figure 2. UV—vis DRS spectra of (a) In(OH)5, (b) H,¢-In,S;, and (c) S-
In,S; film samples. Inset depicts Tauc plots for the three cases.

290—340 nm. Panels b and ¢ in Figure 2 depict the UV—vis DRS
spectra for the In,S; films on an FTO substrate synthesized by
the hydrothermal reaction (H,4-In,S;) and sulfurization method
(S-In,S;), respectively. Both the In,S; samples show broad band
absorption in the visible region (400—600 nm). The H,,-In,S,
film shows an absorption edge at ~600 nm, whereas S-In,S;
shows a relative red shift in the absorption edge (~650 nm). The
contribution of In(OH); (absorption in the range of 290—340
nm) causes the H;o-In,S; sample to appear orange, whereas its
absence in the S-In,S; sample renders it a dark brown color. It is
clearly seen that both the In,S; films show a steep absorption
edge in the visible region, which is attributed to the intrinsic
transition of In,S; (with the possibility of In deficiency shifting
bands vis a vis each other). The optical energy band gap values
for In(OH);, H,¢-In,S;, and S-In,S; films calculated from Tauc’s
plot using UV-DRS data are found to be ~3.6, 2, and 1.78 eV,
respectively.

3.3. Field Emission Scanning Electron Microscopy
(FESEM). To reveal the surface morphology of as-synthesized
films (H;o-In,S; and S-In,S;), FESEM images were recorded,
and the same are displayed in Figure 3. The morphology of H (-
In,S; deposited on the FTO substrate (Figure 3a, b) clearly
shows a distribution of very well-defined and faceted octahedrons
on the substrate. The size of the octahedron is observed to be
~200 nm. It can be seen that the edges of the octahedron-shaped
individual grains in this coating are sharp, and the corresponding
surface facets are smooth on the scale of resolution of the image
(see Figure 3b inset). Conversely, the sulfurized film sample (S-
In,S;) shows irregularly shaped particulate morphology (Figure
3¢, d). Because of the higher sulfurization temperature (400 °C)
and the reactive nature of the transformation process from
In(OH); to In,Ss, the particles are agglomerated in such a way
that they form clusters of In,S;.

It may be noted that this agglomeration or shape evolution is
caused by the reactive aspect of the sulfurization process and not
physical melting or related shape transformation of the sample.
The chemical reactions, especially when large density changes are
involved, involve significant mass flow, yielding opportunities for
fusing of interfaces and shape evolution even at reasonable
temperatures. Moreover, the reaction rates are different along
different crystallographic directions. The temporal growth
evolution (phase and morphology) leading to the final faceted
state in the case of the hydrothermal process was also examined
and is brought out with the help of the XRD and FESEM
characterizations on the samples obtained after different reaction
times. (see Figure SI-3A, B).
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Figure 4. (3, b) TEM and (c, d) HRTEM images of hydrothermally grown In,S; octahedrons in H,,-In,S;. Inset of (c) is the FFT pattern of the
respective image, which is marked.

3.4. Transmission Electron Microscopy (TEM). Trans- Figure 4a displays a typical TEM image of such an octahedron
mission electron microscopy (TEM) was employed to under- morphology. These octahedrons consist of fairly sharp facets,
stand the crystallographic facets and the well-defined morphol- and the contrast variation is observed from the edge to the center
ogy of the In,S; octahedron in the case of the H,y-In,S; sample. due to the thickness effect in imaging due to the pyramid-shaped

17674 DOI: 10.1021/acsami.5b02885

ACS Appl. Mater. Interfaces 2015, 7, 17671-17681


http://dx.doi.org/10.1021/acsami.5b02885

ACS Applied Materials & Interfaces

Research Article

A 3dm In 3d

ry 452.6 eV

3

LA

% 551.8 eV|
c

a

]

£

Intensity (a. u.)

4445eV

In3d

—T T T T T T T T T T T T H . . v . T : T
440 442 444 446 448 450 452 454 456 440 442 444 446 448 450 452 454 456
Binding energy (eV) Binding energy (eV)
Cc S2p D S2p, S2p
161.17
5 3
8 S
2 =
2 @
2 2
£ £
e
T T T T T T T M T v T M T M T . T d T . T v
158 159 160 161 162 163 164 165 166 158 159 160 161 162 163 164 165 166
Binding energy (eV) Binding energy (eV)
E 532.55 O1s F 531.5 eV O1s
S 3
< s
2 2
) (2]
a o
=
[ 2
= £
PR |
e TIHIWYY

—r T T r - r -t r 1T
528 529 530 531 532 533 534 535 536 537

Binding energy (eV)

T T T L} L) T L] T
528 529 530 531 532 533 534 535 536 537

Binding energy (eV)

Figure S. (A, B) Iny, core level spectra, (C, D) S,, spectra, and (E, F) O 1s spectra for the H,y-In,S; and S-In,S; samples, respectively.

morphology. The side edge length of the pyramid is found to be
~120 nm. Panels b—d in Figure 4 show high-resolution TEM
(HRTEM) images obtained from the edge of the f-In,S;
octahedron, which indicate a defect-free single crystalline nature
of the material. The calculated atomic spacing is observed to be
~3.24 A, which corresponds to the highest intensity (109) planes
(JCPDS Card No. 73-1366). The inset of Figure 4c is a typical
FFT pattern, which again indicates that the product is highly
single crystalline in nature.

3.5. X-ray Photoelectron Spectroscopy (XPS). XPS
analysis was carried out to study the electronic states of the In,
S, and O ions in the samples synthesized via hydrothermal and
sulfurization methods. All the spectra are calibrated using the
C(1s) reference of 284.6 €V. The Shirley procedure was used to

17675

define the background of the spectra. The comparison of
deconvoluted In, high resolution core level spectra for Hy-In,S;
and S-In,S; are shown in Figure SA and B, respectively.

It may be noted that no significant asymmetry is seen in either
of these spectra, although the spectral width in the case of the
H,(-In,S; sample is much broader (fwhm ~2.4 eV) than that of
the S-In,S; sample (fwhm ~1.38 eV), signifying the possibility of
multiphase contributions or the presence of defects in the case of
the H,y-In,S; sample. In this H,,-In,S; sample, the deconvoluted
In, 45/, core level spectrum contains a peak at 445.5 eV (Figure
SA), which can be attributed to the indium in the hydroxide
form.”” This may represent the residual In(OH); in the sample
seen in the XRD. Such a peak is absent in the case of the S-In,S;
sample, as expected. The deconvoluted spectrum for H,y-In,S;
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shows another Insys, contribution at 444.5 eV, which
corresponds to the f-In,S; phase, though its fwhm is 1.81 eV
(much higher than the corresponding contribution in S-In,S;,
which has a fwhm of 1.38 eV). The broadening of the peaks can
be the result of surface charging, which could be attributed to the
adsorbed groups™” or the presence of specific defect states (e.g.,
Indium interstitials or quasi-interstitials). Biswas et al.** have also
noted such a contribution in their sol—gel derived films, and this
contribution was seen to vanish after surface cleaning by
sputtering. This made the authors assign this contribution to free
surface hydroxyl groups. Both of these factors (surface groups
and defects) could lead to electronic effects via the introduction
of electronic states or carrier doping effects. Some of these
aspects are reflected in the discussion pertaining to the
photoluminescence data presented and discussed in later
sections.

In addition to this, the spectra of S,, in both of the samples
(Figure SC, D) show broad peak contributions and can be
deconvoluted into two peaks for S 2p;/, and S 2p, /, The binding
energy values in the case of the H;-In,S; sample are shifted to
lower energies (161.9 and 160.78 eV) than the binding energies
for the sulfurized S-In,S; sample (162.3 and 161.17 eV). This
may be due to the adsorbed hydroxide groups in the
hydrothermally synthesized sample.

In the case of the O 1s spectrum for the H;(-In,S; sample, the
binding energy is observed at 532.5 eV (Figure SE). This value is
characteristic of oxygen in the hydroxyl form (—OH).”
Conversely, in the case of the S-In,S; sample, the binding
energy is observed at 531.5 eV (Figure SF), which is attributed to
adsorbed oxygen.”® The difference in binding energy of the O 1s
spectra in In-OH and adsorbed oxygen is due to the change in the
electrostatic interaction. There are on average fewer electrons on
the oxygen atom in In-OH than in the In-adsorbed oxygen case
because of higher electronegativity of hydrogen than indium.
This causes the binding energy of the electrons to increase,
leading to a shift of the binding energy in the O 1s spectra to a
higher value in the H,(-In,S; sample. This supports the presence
of hydroxyl groups on the surface of this sample.”® This conforms
with the inference drawn from the nature of In;y contributions.

From the XPS study, it is observed that all of the In, S, and O
ions are surrounded by hydroxyl groups in the case of the Hy-
In,S; sample, whereas these signatures are absent in XPS spectra
of the S-In,S; sample. This is a further evidence of the presence of
some quantity of In(OH); in the 10 h hydrothermally
synthesized In,S; sample (H;o-In,S;). These results are clearly
in good agreement with the XRD results, and as discussed next,
are also supported by the ATR-FTIR spectroscopy study.

3.6. ATR-FTIR Study. To confirm the contribution of
hydroxyl functional groups in the case of the hydrothermally
synthesized sample, ATR-FTIR studies were carried out on both
the H;o-In,S; and S-In,S; samples (Figure 6a, b).

Itis clearly seen that the strong peaks at 3300 and 1625 cm™" in
the hydrothermally grown sample H,,-In,S; (Figure 6a) are
attributable to the adsorbed hydroxyl groups (—OH bond-
ing).””*® These peaks are almost absent in the case of sulfurized
In,S; film sample S-In,S; (Figure 6b). Additionally, the presence
of a small IR band at 1107 cm™ in H,y-In,S; is due to the
vibrational frequency of (S—0) bond in $O,*~.*’ IR bands are
observed at 778 and 1033 cm™ in both the cases and are
attributable to the (S—O) stretching frequency.’’ In the case of
S-In,S;, the IR bands at 665, 1407, and 1597 cm™" are attributed
to the C=S, C—N, and —CHj; stretching frequencies,

(b)

—_
‘ 1597 cm

0,
%T |71 cm’ 1407 cm”'

J11o7 cm”
1033 cm™ )
2™ 4625 cm”
778 cm

3300 (\:m"

—
500 1000 1500 2000 2500 3000 3500
A
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Figure 6. ATR-FTIR spectra of In,S; films deposited on FTO-coated
glass substrates with (a) Hy¢-In,S; and (b) S-In,S;.

respectively.”’ These bands originate from the thioacetamide
used in the sulfurization process.

Thus, the XRD, XPS, and ATR-FTIR techniques all
collectively confirm the presence of hydroxyl groups in the
hydrothermally deposited H,4-In,S; sample. Conversely, these
groups are absent in the S-In,S; sample synthesized by the
sulfurization method. It is well reported that the presence of
hydroxyl groups on the surface increases the charge (e”/h")
separation property of the respective semiconductor.”> The
charge separation becomes faster with an increasing number of
surface hydroxyl groups. According to the evidence in previous
reports, the surface OH™ ions form hydroxyl radicals (OHe) by
capturing the photoinduced holes (h*). This process restricts the
recombination of electron/hole (¢//h*) pairs, which results in the
enhancement of the photocatalytic activity.””*” This phenom-
enon is also found to be useful in other optoelectronic devices.*
In the present study, we used the synthesized film samples for
photosensing applications and indeed observed an interesting
influence of the synthesis route, hydroxyl ion contribution, and
morphological difference on the photoresponse properties.

3.7. Electrical and Optoelectronic Properties of FTO-
Indium Sulfide-ITO Flip Chip Device. The junction between
indium sulfide grown on FTO and ITO counter electrodes was
made by the simple flip chip method (top press contact). Here,
ITO-coated glass is the front contact and In,S; deposited FTO
glass is the back contact of the device.

In this work, we have compared the photoresponse properties
of H,,-In,S; synthesized by the hydrothermal and the sample
synthesized by the sulfurization method (S-In,S;). The I-V
characteristics of the devices were studied in CPP (current
perpendicular to plane) configuration. The dark/light (AM 1.5 1
Sun 100 mW/cm?) I-V characteristics of the H-In,S; and S-
In,S; devices are shown in Figure 7a and b, respectively. The
typical photoresponse (in terms of current) as a function of time
is shown in Figure 7c and d for H;y-In,S; and S-In,S;,
respectively.

It is seen that the devices show rectifying behavior with a
rectification ratio (I, yara/Lreverse) ©f 100 at +1 V. It may be noted
that over the range from —0.7 to +1.0 V, the current is extremely
small (less than ~3 X 107 A) and is noisy. Below —0.7 V, it rises
as the applied bias is reduced to —1.0 V. Referring to Scheme 1, it
is interesting that the band offset between FTO and f-In,S; is 0.7
V on one side, whereas between ITO and f-In,S; on the other
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Figure 7. I-V curves in the dark (black) and illuminated (red) for (a) H;;-In,S; and (b) S-In,S; photodetectors. The photoresponse as a function of

time with light chopping at 1 V bias for (c) H;¢-In,S; and (d) S-In,Sfilms.

side, it is 1.0 V.'®** This can lead to the generation of
asymmetric Schottky barriers due to electron transfer across the
interfaces. Moreover, the conduction band of In(OH)j; is only
0.13 eV below that of $-In,S,,*° hence, such a layer would not
change this physical picture significantly even if present as a
residual phase. A similar kind of rectifying behavior was also
reported in vertically aligned In,S; nanowires with gold (Au)
contacts,” and the rectification was attributed to the difference in
the work functions of In,S; and Au (the electrons getting injected
from In,S; into the Au electrode). Under the illumination of light
on the device made on the H,;-In,S; sample (10 h hydrothermal
reaction), a photoresponse (Ijg/Iqn) of ~10* is seen (Figure
7a). In contrast to this, the device made using the S-In,S; film
shows a much smaller (factor of only 3) photoresponse (Figure
7b).

Panels c and d in Figure 7 show the photocurrent response as a
function of time for the H,y-In,S; and S-In,S; devices,
respectively. It is useful to mention here that the photoresponse
was evaluated for all cases of hydrothermally synthesized samples
(6,10, 16,and 24 h), and the response for the 10 h case was found
to be significantly higher than for the other cases (see Figure SI-
4). Hence, we focus on the same for the discussion here.
Interestingly, the H,(-In,S; device shows 4 orders of magnitude
photoresponse (10000X) in the presence of light as compared to
that of the S-In,S; device, which shows only a factor of 3.

The applied bias voltage influences the on/off ratio of the
devices, which is the result of the applied bias voltage
dependence of the exciton dissociation and the background
current of the device. The Off and On current values for the
device are almost the same for different light chopping cycles,
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indicating the photostability and reversibility of the device. The
dynamic photoresponse properties of the devices are measured
by applying a constant potential of 1 V and chopping the light
source. The rise time is defined as the time taken by the
photocurrent to reach 90% of its maximum value, and the reset
(recovery) time is the time taken by the maximum photocurrent
to reduce down to 10% upon terminating the light exposure. The
rise/reset times for S-In,S; and H,(-In,S; are 88/280 and 160
ms/4 s, respectively, as shown in Figure SI-S.

We also estimated the photoconducting gain for the optimum
(H,¢-In,S;) case. The corresponding procedure, calculations,
and numbers are given in SI-6. The gain in our case is much lower
than that achieved in the case of In,S;/Ag core—shell aligned
nanorod array grown by the glancing angle deposition method, '
and further work will be needed to design and engineer our
device configuration for higher performance.

In a separate case, a device was made using the Hy,-In,S; film
synthesized by a 24 h hydrothermal reaction in which single
phase f-In,S; phase formation was noted (i.e., without any
discernible contribution of In(OH);). It showed a photo-
response (Lighe/ Lg,ni) factor of only 92 (Figure 8), which is far too
low compared to that of the film synthesized in 10 h wherein -
In,S; and In(OH); coexisted.

As stated earlier, all of the intrinsic properties of In,S; are
essentially controlled by its defect structure.' In,S; is known to
have considerable concentration of cation vacancies. By
furnishing a small amount of energy, the indium ions on the
lattice site can be transferred to an ordered vacancy site.
Therefore, a few In atoms may easily occupy crystallographically
ordered vacancies by leaving their ordered positions to produce
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Figure 8. (3, b) I-V curves in the dark and under illumination for the
H,,-In,S; sample synthesized by the hydrothermal reaction for 24 h.

quasi-interstitial cations and disordered cation vacancies. The
quasi-interstitial cations and disordered cation vacancy act as
donor and acceptor, respectively. When indium sulfide is grown
at high sulfur pressure or treated with sulfur after synthesis, then
its resistivity is found to be very high as compared to indium
sulfide grown by other methods, because it becomes a
compensated semiconductor with nearly compensating quasi-

interstitial cations and disordered cation vacancies.' Indeed, the
equilibrium concentrations of ionized donors, acceptors, and
thereby, electrons and holes, in In,S; are known to depend
strongly on sulfur pressure.

Given the significance of defect states in controlling the
optoelectronic properties of this system, we subjected our
samples to photoluminescence (PL) studies to explore and
elucidate the possible signatures of defect states. The data for
several cases of interest are shown in Figure 9. The excitation
wavelength was kept fixed at 270 nm. The data are normalized to
the peak intensity of the emission peak at 430 nm, which
corresponds to the signature for the FTO substrate layer.
Interestingly, the highest PL intensity is observed for the 10 h
case (Figure 9A), which also shows the strongest photoresponse
as discussed earlier. It also exhibits a structure comprised of some
distinct contributions that are discussed next. The 6 h case also
shows reasonable intensity along with a peak structure, but the
intensity is lower in other cases. To decipher the individual
contributions, we nominally fitted the PL data for the 10 h case
with multiple peaks (Figure 9B). The data could be fitted fairly
well with three contributions at 558 nm (2.2 eV), 596 nm (2.08
V), and 645 nm (1.92 eV).

Jayakrishnan et al. have precisely addressed the issue of
different defect states in the A-In,S; system by photo-
luminescence studies and have identified the energy states
corresponding to sulfur vacancy, indium vacancy, indium
interstitial, and the defect state formed by the oxygen atom

(A)

300000 -+

2

(=}
=3
[=}
[=}
(=]
1

PL Intensity (a. u.)

100000

olep—v———r——————

T T T T T T v 1
450 500 550 600 650 700 750 800

Wavelength (nm)

(B)

PL Intensity (a. u.)

v L] v L] v L] i L]
550 600 650 700
Wavelength (nm)

L] L]
450 500 750 800 850

Phototresponse

10000
1000
100
10

1

0
100000 (

1

PL Intensity

(@ /\ (©)
24h
6h —
b) /\
/-\.

T T T 1
3 4 5 6

0 1

3 4 5 6
Sample No.

Figure 9. (A) Photoluminecence (PL) spectra of as prepared film samples, (B) fitted PL data for the H;,-In,S; case, and (C) comparison of

photoresponse and PL intensity for different samples.

17678

DOI: 10.1021/acsami.5b02885
ACS Appl. Mater. Interfaces 2015, 7, 17671—-17681


http://dx.doi.org/10.1021/acsami.5b02885

ACS Applied Materials & Interfaces

Research Article

replacing sulfur vacancy. The sulfur vacancy and indium
interstitial are donor defects, whereas the other two are acceptor
defects. The sulfur vacancy and oxygen related states are deep
states, whereas the other two are relatively shallow states.

The fitted peak at 558 nm (2.22 eV) corresponds to the A-
band identified by Jayakrishnan,” which is attributed to the
transition from the sulfur vacancy state to the acceptor level
(indium vacancy in this case). The broad peak centered at ~645
nm (1.92 eV) corresponds to the transition from the indium
interstitial donor state to the acceptor state emanating from
oxygen replacing the sulfur vacancy. Finally, the main peak in our
PL data for the 10 h case, corresponding to the transition at 596
nm (2.07 €V), was discussed by Jayakrishnan et al.** via fitting
their rather broad spectrum for spray-coated film samples by
multiple peaks. However, it was not definitively identified with
any specific defect transition. Its prominence in samples prepared
under indium-rich conditions made these authors conclude that
this could be related to an indium interstitial-type defect. In our
case, this contribution is quite distinct and intense. We believe
that this may be due to the hydrothermal processing of our
sample, vis a vis spray coating used by Jayakrishnan,*® which can
define the sample state differently. As discussed later, the notions
of ordered cation vacancies and quasi-interstitials leading to local
disorder in the ordered vacancy lattice can come into play in this
system. These defects and defect complexes could have slightly
different energies than cation interstitial and vacancy defects and
may lead to slightly different transition energies in differently
synthesized samples.

It is further very interesting to point out that the behavior of
the photoresponse observed in different cases of interest almost
mimics the PL intensity. This is shown in Figure 9C. Because the
PL features directly emanate from the product of the specific
donor and acceptor defect states, this drives home the point that
the photoresponse systematic has a direct defect connection.
This is discussed at some length in the paragraphs to follow.

It is now useful to comment on the possible reasons for the
strong suppression of the dark conductivity in the case of the H, -
In,S; sample and thereby the dramatic enhancement of the
photoresponse. Summarizing the results, we basically have three
cases that show differing dark conductivity as evidenced by the
differences in the current flowing through the flip chip junction at
the same applied voltage (e.g,, 1 V). Because it is nontrivial to
estimate the conductivity values quantitatively in the case of a flip
chip junction, we make our arguments in terms of the systematic
of the photoresponse (Ihght/ldark measured at +1 V bias) for the
three stated cases, namely, (a) the sample that shows the lowest
dark current (H,,-In,S;) obtained after 10 h of hydrothermal
synthesis at 160 °C, (b) the sample that shows intermediate dark
current that is also obtained by hydrothermal synthesis at 160 °C
but after 24 h (H,,-In,S;) (Figure 8a, b), and (c) the third, which
shows fairly high dark current after being obtained by ex situ
sulfurization (S-In,S;) at high temperature (400 °C) starting
from the single phase In(OH); film obtained hydrothermally
after just 2 h. Notably, the changes in dark current in the three
cases are far more significant than the corresponding changes in
the current under illumination. Therefore, the H;(-In,S; sample,
which shows lowest dark current (~107® A), shows the highest
photoresponse under illumination as compared to the other two
cases. These observations need to be analyzed in terms of the
possible defect types incorporated under the stated three
processing conditions because transport in this material is
ultrasensitive to the growth conditions.

Long ago, Rehwald and Harbeke' had performed a very
thorough study of the conduction mechanism in single crystal f-
In,S;. Addressing a peculiar observation of an exponential
increase in Hall mobility with temperature, they considered
several possible mechanisms of conduction. This mainly
included (a) the small polaron model with self-trapped charge
carriers and the carrier motion occurring via a hopping process
between localized states on lattice sites, (b) an interpretation
based on an electrically inhomogeneous crystal with well-
conducting regions imbedded in a matrix of high resistivity, and
(c) a two carrier transport model with different scattering
mechanisms for electrons and holes. On the basis of several
careful measurements and analyses, they concluded that the two
carrier model could explain most of their observations very well.
They attributed the possible origin of the different scattering
effects for electrons and holes to the differences in their effective
masses with the local deformation potentials for lattice scattering
and/or the cross-sections for impurity scattering. The results
could be understood better in terms of predominant scattering of
electrons by the impurities and holes by the lattice and, partially,
the impurities. Shockley”” argued that the wave function of an
excess electron is concentrated in the vicinity of the cations and
that of holes near the anions; hence, the scattering of a specific
charge carrier type is primarily influenced by the disorder on the
corresponding parent site. This makes the specific system very
sensitive to the preparation route, and the properties such as the
electrical resistivity and Hall coefficient can exhibit a remarkable
range of over six decades. Given the key and significant role of
separate sublattice disorders in f-In,S;, nonstoichiometry, if
present or controlled, plays almost a defining role in its electronic
and optical properties.

The f-modification of the In,S; lattice (which is the observed
phase in our samples) has a spinel structure, and the cation
vacancies are randomly located on either the octahedral sites or
both the octa- and tetrahedral sites. When the vacancies are
ordered, the unit cell is comprised of three spinel cubes stacked
along the c-axis in a tetragonal symmetry. In the ordered case, the
vacancies cannot be regarded as the defects or scatterers but are
part of the lattice defining the electronic band structure.
However, if some cations leave their lattice position and occupy
a vacancy site in an ordered vacancy lattice, quasi-interstitial
cations are generated along with an equal number of disordered
vacancies. In the case of f-In,S;, the energy to create such a
defect complex is suggested to be low, and hence, even in a
stoichiometric crystal, one can expect a fair degree of this type of
disorder. Departure from stoichiometry can cause a surplus of
interstitial cations or cation vacancies, which have to be
compensated for by electrons and holes, respectively. Thus,
interstitial cations serve as donors and cation vacancies as
acceptors.

Rehwald and Harbeke' have argued using the equilibrium
considerations based on the effect of temperature (thermal
energy input), presence and pressure of sulfur, and so forth, that
the concentration of quasi-interstitial indium and disordered
vacancy defects (and thereby those of electrons and holes) will
depend quite sensitively on the precise growth conditions. Under
low sulfur conditions, the surplus of indium in the phase will
favor higher concentration of quasi-interstitial indium over that
of disordered vacancies leading to n-type conduction. At
relatively higher sulfur pressure, the donors (electrons) and
acceptors (holes) will nearly compensate for each other even
though their individual concentrations could vary over several
orders, a small residual concentration contributing to n-type

DOI: 10.1021/acsami.5b02885
ACS Appl. Mater. Interfaces 2015, 7, 17671—-17681


http://dx.doi.org/10.1021/acsami.5b02885

ACS Applied Materials & Interfaces

Research Article

conductivity will persist. Annealing in sulfur would add acceptors
and reduce the residual n-type conduction. This scenario shows
how the dark conductivity can be dramatically changed over
several decades by proper tuning of the growth process.

Returning now to discuss the three cases of interest, in the case
of H;-In,S;, which exhibits the lowest dark conductivity, we still
have residual In(OH); phase coexisting with the desired f-In,S;
phase. Under this hydrothermal condition of high pressure and
reasonable temperature, sulfur would primarily drive phase
formation and not necessarily lead to the reduction of the quasi-
In interstitial concentration. This would represent a condition
where the donor concentration (and therefore the electron
concentration) is high. Also, the incomplete or intermediate state
of the phase conversion from In(OH); to f-In,S; would further
imply that the cation vacancies would be more disordered,
leading to a higher acceptor concentration as well. This means
the condition is just right for an adequate and controlled decrease
of the quasi-interstitial indium donor concentration to be close to
the concentration of disordered vacancies, leading to high
resistivity or extremely low dark conductivity (current). If we
consider the second case of the sample recovered after 24 h from
the hydrothermal autoclave (H,;-In,S;), the extended time
would not only complete the full conversion of the remaining
small amount of In(OH); but would also help enhance the
ordering of cation vacancies due to an annealing effect at 160 °C.
The ordered vacancies contribute to the band states and would
no longer serve as acceptors (defect states). This will decrease
the hole concentration, causing enhanced n-type dark con-
ductivity as observed. Finally, in the third case of sulfurization,
one not only has a high and continuous flux of sulfur but also
higher temperature (400 °C) than the hydrothermal processing
temperature (160 °C). This will cause even further ordering of
cation vacancies, thereby changing the defect equilibrium and
rendering even higher n-type conductivity (higher dark current at
1 V) as also observed. Thus, by playing with the sample
processing conditions, it is possible to tune the dark conductivity
of this magical material by several orders of magnitude, from the
condition of almost compensated donors and acceptors (nearly
insulating state) to a highly conducting n-type material. It is
important to point out once again that the aforementioned
connection between the defect states, photoluminescence, and
photoresponse is borne out fairly well by the systematic reflected
in Figure 9C.

4. CONCLUSION

We report a dramatic enhancement of the photoresponse in
hydrothermally grown faceted A-In,S; films through fine
synthetic control of the equilibrium between donor- and
acceptor-type defect states, which leads to strong suppression
of dark conductivity through carrier compensation. The highest
photoresponse, ie., ~ 10* times, is obtained for the film
synthesized for 10 h through hydrothermal processing. Detailed
characterizations performed with multiple techniques, and the
analyses of the corresponding data, elucidate the key role of the
defect states and their electronic consequences for transport
properties in this rather intriguing material system.
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