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ABSTRACT: Atomic layer deposition (ALD) of indium sulfide (In2S3) films was
achieved using a newly synthesized indium precursor and hydrogen sulfide. We obtain
dense and adherent thin films free from halide and oxygen impurities. Self-limiting
half-reactions are demonstrated at temperatures up to 225 °C, where oriented
crystalline thin films are obtained without further annealing. Low-temperature growth
of 0.89 Å/cycle is observed at 150 °C, while higher growth temperatures gradually
reduce the per-cycle growth rate. Rutherford backscattering spectroscopy (RBS)
together with depth-profiling Auger electron spectroscopy (AES) reveal a S/In ratio
of 1.5 with no detectable carbon, nitrogen, halogen, or oxygen impurities. The
resistivity of thin films prior to air exposure decreases with increasing deposition
temperature, reaching <1 Ω·cm for films deposited at 225 °C. Hall measurements
reveal n-type conductivity due to free electron concentrations up to 1018 cm−3 and
mobilities of order 1 cm2/(V·s). The digital synthesis of In2S3 via ALD at
temperatures up to 225 °C may allow high quality thin films to be leveraged in
optoelectronic devices including photovoltaic absorbers, buffer layers, and intermediate band materials.
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■ INTRODUCTION

Indium sulfide has long attracted attention as one of just a few
simple sulfides with good stability, moderate band gap, and high
carrier mobility. In2S3 has shown potential, in particular, in the
photovoltaic industry as a buffer layer in thin film devices,1,2

with potential to replace toxic CdS layers. Indium(III) is also a
principal component in some of the most efficient thin film
chalcogenide PV alloys including CuInS2 and Cu(In,Ga)-
(S,Se)2. In addition to these supporting roles, In2S3 may serve
as a well-behaved and photoactive absorber layer. Substitution-
ally doped alloys of In2S3 have further been identified as
impurity-band absorbers with nearly ideal energy level
separation for solar energy applications.3,4 A variety of
deposition methods exist for In2S3 including chemical bath
deposition,5−7 physical vapor deposition,7,8 ion layer gas
reaction,9,10 sputtering,11 and atomic layer deposition
(ALD).12−14 ALD is one of the most promising routes to
optoelectronic materials, as it enables digital control and
conformal growth, sophisticated doping opportunities, as well
as pinhole-free films of high density.15,16

The self-limiting surface chemistries that constitute a well-
defined ALD process afford unique synthetic control over
interfaces, stoichiometry, and crystalline phase.17 Furthermore,
many low-temperature ALD (<200 °C) processes have been
identified that enable high quality materials growth in
applications with limited thermal stability including flexible

substrates18,19 or multilayers prone to diffusion.20,21 An
important requirement for achieving electronic-quality materi-
als through low-temperature ALD is the identification and
synthesis of a metal precursor with clean surface chemistry that
results in the material of interest and avoids deleterious
impurities. Though several reports of the ALD of In2S3 have
been published,12,22 the processes leave something to be
desired. Initial work with InCl3 showed good growth rates of
1.4 Å/cycle and lead to polycrystalline films. However, a
volatilization temperature of at least 300 °C is required for
InCl3, which necessitates the use of more complex tooling,
including high temperature and chemically resistant valves.
Composition analysis also revealed that optimized growth
resulted in 3% Cl contamination, a value that is well beyond
that acceptable for many applications.12 In an attempt to bypass
high temperature halide-based processes, which produce
strongly acidic byproducts known to etch films and damage
tools,23−25 several reports have focused on indium(III)
acetylacetonate (In(acac)3). This precursor allows for signifi-
cantly lower growth temperatures and halide-free films when
dosed alternately with H2S.

14 However, a wide range of thin
film properties result including an observed direct band gap of
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∼2.8 eV26,27 consistent with significant oxygen incorporation.28

The precursor is further limited by a modest thermal stability
threshold reported to be 150 °C.29 The resulting films exhibit
nonideal S/In ratios (1.42)13,22 and high carbon levels (3.7−
5.1%),13,22 while the process suffers from low precursor
volatility13,14 and modest self-limiting growth rates −0.35 Å/
cycle with demonstrated self-limiting behavior, though up to
0.7 Å/cycle has been reported,13 that all leave significant room
for improvement.
Until now, there have been no reports of In2S3 thin films

grown by ALD with an impurity level lower than 3%. In search
of more facile surface chemistry certain to be free of halide and
oxygen contamination, we screened several commercially
available In precursors for ALD growth with H2S. Unsatisfied,
we synthesized a new In precursor and explored its potential for
In2S3 growth by ALD. With the newly synthesized precursor
and 1 wt % H2S as the S source, we obtain amorphous or
polycrystalline thin films with a growth rate up to 0.89 Å/cycle.
The novel metal organic precursor is exceedingly stable, up to
∼300 °C, yet exhibits good reactivity with −SH terminated
surfaces at temperatures as low as 125 °C. Films grown at 200
°C exhibit precisely the stoichiometry of In2S3 within error and
show properties consistent with material largely free from
impurities.

■ EXPERIMENTAL SECTION
General Consideration. All chemical manipulations were carried

out using standard Schlenk and glovebox techniques in a nitrogen
atmosphere. Pentane and diethyl ether were dried by passing through
two columns (one neutral alumina column and one copper(II) oxide-
Q5 column for pentane and two neutral alumina for diethyl ether),
stored over 4 Å molecular sieves and tested periodically with sodium
benzophenone ketyl. Celite and molecular sieves were kept above 150
°C for a minimum of 5 days and were heated to 160 °C under reduced
pressure overnight prior to use. N,N′-Diisopropylcarbodiimide (99%)
and In(Cl)3 (98%) were used as received from Sigma-Aldrich, while
methyl lithium (1.57 M in diethyl ether) was used as received from
Alfa Aesar. 1H (300 MHz) and 13C (75 MHz) NMR spectra were
recorded on a Bruker Avance 300 MHz instrument at ambient
temperature. Chemical shifts were referenced to internal protio solvent
peaks. NMR solvent was purchased from Cambridge Isotopes and
dried over 4 Å molecular sieves for a minimum of 48 h prior to use.
Synthesis of In(III) N,N′-Diisopropylacetamidinate [In-

(amd)3]. A 250 mL round-bottom flask was charged with a Teflon
stir bar, 9.0 mL (57.5 mmol) of diisopropylcarbodiimide, and 150 mL
of diethyl ether. The mixture was cooled to −30 °C, and then 35.9 mL
(57.4 mmol) of 1.57 M MeLi was added dropwise in two portions.
After allowing the reaction to warm to room temperature, it was
stirred for a total time of ca. 2 h. After the reaction was cooled to −30
°C, 4.246 g of InCl3 (19.2 mmol) was slowly added as a solid. The
white, cloudy reaction was allowed to proceed overnight at room
temperature (ca. 16 h), and then volatiles were removed under
reduced pressure. The resulting white solid was dissolved in 100 mL of
pentane, filtered through a Celite plug, and the plug washed (3 × 20
mL pentane). The clear and colorless solution was evaporated under
reduced pressure at room temperature to produce 9.371 g (17.40
mmol) of a white flakey solid in a 91% yield. This procedure produces
pure In(amd)3 (by 1H NMR spectroscopy, shown in Supporting
Information Figures SI1 and SI2) from pure starting material.
However, further purification is possible by dissolving the solid
isolated from filtration in a minimum amount of pentane, allowing the
mixture to cool to −30 °C, and collecting and washing the white
crystalline material (3 × 2 mL pentane). Further purification can
alternatively be performed by sublimation at 150 °C and 20 mTorr. A
melting point was not observed up to 320 °C, when the material
turned brown (decomposition). 1H NMR (300 MHz, C6D6) spectrum
peaks (Figure S1): δ 3.63 (6H, NCH(CH3)2, septet, JCH 6.3 Hz), 1.62

(9H, amidinate CH3, singlet), 1.35 (18H, NCH(CH3)2, doublet, JCH
6.3 Hz), 1.18 (18H, NCH(CH3)2, doublet, JCH 6.3 Hz). 13C NMR
(75.4 MHz, C6D6, ppm) spectrum peaks (Figure S2): δ 164.56
(N2CCH3), 47.44 (amidinate CH3), 26.43 and 25.17 (NCH(CH3)2),
11.46 (NCH(CH3)2).

In2S3 films were grown in a commercial hot-wall ALD tool
(Savannah 200, Cambridge NanoTech) adapted for compatibility with
H2S.

30 A constant 10 sccm stream of ultrahigh purity nitrogen carrier/
purge gas is continuously pumped through the tool resulting in a base
pressure of 0.25 Torr. In(amd)3 was delivered under its own vapor
pressure (without nitrogen assist) from a 50 cm3 stainless steel
cylinder heated to 190 °C. Note that In(amd)3 actually sublimes well
below this temperature (20 mTorr at 150 °C in a round-bottom flask).
However, the small precursor surface area in its cylinder requires a
higher temperature to volatilize enough material for saturating growth.
A dilute hydrogen sulfide mixture (1% in N2, Matheson Tri-Gas) was
stepped down to 500 Torr through a two-stage regulator before
flowing through a 300 μm pinhole just prior to the pneumatic ALD
valve. One growth cycle consists of four sequential steps: a 4 s
In(amd)3 dose (∼0.04 Torr partial pressure), 25 s purge, a 0.3 s H2S
dose (∼0.45 Torr partial pressure), and 25 s purge. This sequence,
denoted 4−25−0.3−25, was repeated throughout unless otherwise
noted. Growth was explored with a range of reactor temperatures from
140 to 240 °C. Note that spectral ellipsometry on Si wafers confirms
that no CVD or condensation of In(amd)3 occurs at 140 °C or higher.

The possibility of ALD processes for In2S3 that utilize several
commercially available In precursors was also explored under similar
conditions. These precursors and their required volatilization temper-
ature in our tool are cyclopentadienyl indium (99.99% from Strem, 70
°C), trimethylindium (98+% from Strem, 45 °C), tris(2,2,6,6-
tetramethyl-3,5-heptanedionatio)indium(III) (99% from Strem, >190
°C), indium(III) acetylacetonate (99.99% from Sigma-Aldrich, >190
°C), and an indium tris(guanidinate) (synthesized using a previously
reported method from the literature, 160 °C).31 Deposition attempts
for each precursor with sufficient and sustainable volatility were
performed under a range of conditions including reactor temperatures
from 150 to 250 °C, precursor pulse lengths from 0.1 to 5 s, and H2S
pulse lengths from 0.015 to 1 s. For precursors with low volatility,
multiple pulses per cycle (with sufficiently long purge times between
pulses) were required to increase exposure time.

Quartz crystal microbalance (QCM) measurements were performed
with a modified reactor lid wherein mass changes may be monitored in
situ directly adjacent to and simultaneous to ex situ film growth as
previously described.32 The lid has two QCMs on a line between the
reactor inlet and outlet. The “Front QCM” and “Back QCM” lie 5.1
and 15.2 cm downstream of the precursor inlet, respectively. Films for
ex situ analysis were grown on Si(100) substrates with native oxide as
well as fused quartz. Films discussed in this Article were grown ∼10
cm from the inlet. Prior to growth, substrates were subjected to 10 min
of acetone sonication, rinse, 10 min of isopropanol sonication, rinse, a
N2 blast dry, and 10 min in the tool to equilibrate temperature.
Nanoscale film morphology was determined via scanning electron
microscopy (SEM, Hitachi S-4700) and atomic force microscopy
(AFM, Asylum MFP-3D). The crystallinity and crystalline orientation
of In2S3 films on fused quartz were determined by X-ray diffraction
(XRD, Cu Kα radiation, Rigaku Miniflex Plus). Absorption studies
were performed using a Cary 5000 UV−vis-NIR from Agilent
Technologies including an integrating sphere to correct for sample
reflectivity. The majority carrier type, composition, and mobility were
investigated with a Hall measurement system (HMS-3000, Ecopia) at
room temperature. The absolute film composition and impurity
incorporation was determined by Rutherford backscattering spectros-
copy (RBS) and depth-profiling Auger spectroscopy, both performed
by Evans Analytical. Film thickness, density, and roughness were
determined by X-ray reflectivity (XRR, Philips X’Pert Pro MRD
diffractometer, Cu Kα radiation). XRR data were fit using the Abeles
Matrix method within the Motofit software package.33
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■ RESULTS AND DISCUSSION

Prior to the synthesis of In(amd)3, a number of commercially
available In precursors were explored. ALD processes for each
were found unsatisfactory for the reasons summarized briefly
below. Trimethylindium is a high volatility precursor that has
been utilized for ALD growth of In2O3 using H2O with limited
success34,35 and, more recently with N2O.

36 Unfortunately, no
growth was observed when pulsed sequentially with H2S
between 150 and 250 °C. Cyclopentadienyl indium, which has
previously been used with ozone for the ALD of In2O3,

37 also
failed to produce sustainable growth of In2S3 in concert with
H2S. Cyclopentadienyl ligands are often difficult to remove and
in this case, direct evidence is available from mechanistic studies
of ALD with sequential H2O and O2 exposure.38 Other In
precursors failed primarily because only modest vapor pressure
and/or evaporation rates were achievable at temperatures less
than that at which the precursor decomposes. In(acac)3 has
been successfully delivered with nitrogen assist, but its
propensity for thermal decomposition has been previously
noted.29 Saturating doses could not be readily achieved without
nitrogen assist near the decomposition temperature of 150 °C.
Tris(2,2,6,6-tetramethyl-3,5-heptanedionato)indium(III) [In-
(TMHD)3] was also explored, but was, as expected, found to
be less volatile than In(acac)3. An indium guanidinate,
In[(NiPr)2CNMe2]3, was also synthesized based on previous
reports.31 Although ALD growth was observed, sufficient
precursor delivery was not achieved below 110 °C, the
temperature at which this precursor decomposes significantly.31

In contrast, the new In(amd)3 precursor provides ample
precursor delivery without nitrogen assist at 190 °C, below the
precursor decomposition temperature (>300 °C) and standard
ALD valve limit (200 °C). The molecular structure of the new
In(III) precursor is shown in Figure 1.

Facile synthesis of In(amd)3 is conveniently performed on
the multigram scale to produce an off-white solid with
minimum purification. First, synthesis of the lithium salt of
the desired acetamidinate from methyl lithium and the
carbodiimide is performed,39,40 followed by salt metathesis of
that reaction mixture with indium(III) chloride. While there is
not a large amount of literature on the synthesis or reactivity of
amidinate compounds of indium(III),41 Richeson and Zhou
synthesized the tris-N,N′-dicyclohexylacetimidinate of indium
and observed two sets of peaks for the three acetimidinate
ligands in room temperature 1H NMR, consistent with a C2
symmetric In center;42 a pattern we also observe for In(amd)3,
where two equivalent doublets are observed at 1.35 and 1.18
ppm (Figure S1). Thermal investigation of this product shows
that the compound cleanly sublimes at 150 °C and 20 mTorr

and exhibits stability up to ca. 320 °C in a sealed vessel, when it
turned a dark brown and became 1H NMR silent. The large
temperature span between sublimation temperature (150 °C)
and decomposition temperature (>300 °C) makes In(amd)3
unique among In(III) precursors for its utility in chemical vapor
and atomic layer deposition.
Having established a large window of precursor stability, the

self-limiting nature of each half-reaction was investigated at a
200 °C reactor temperature with the In(amd)3 source held at
190 °C. The total exposure of In(amd)3 and H2S was varied by
systematically increasing the length of time to which the
reaction chamber was open to each precursor source. Under the
conditions employed, a relatively constant partial pressure
(∼0.04 Torr) was produced for the duration of the In(amd)3
pulse. The growth rate is reported as the average mass per
square centimeter per cycle over 50 cycles measured by QCM,
Figure 2.
Saturating growth behavior is observed after an ∼4 s (0.15

Torr·s) dose of In(amd)3, with no additional growth after at
least a 3× greater exposure. The half-reaction with H2S also
displays a saturating reaction, in this case with a dose of less
than 0.4 s (13 Torr·s), likely due to the significantly larger
partial pressure of the compressed H2S gas. Together these
experiments demonstrate the strictly self-limiting nature of this
new ALD process. Systematic variation of the wait time
between each precursor pulse indicates that purge times as
short as 5 s at 200 °C prevent gas-phase mixing (CVD) or
reaction of physisorbed species. For purge times down to 5 s,
the increase in growth rate is within 10% of purge times up to
50 s, Figure S3.
One hypothetical mechanism for the sequential surface

reactions of In(amd)3 with surface −SH groups and H2S is
presented as eqs 1 and 2:

− * + → * +− x(SH) In(amd) S In(amd) H(amd)x x x3 3 (1)

* + −

→ * + −
−

−

x

x

S In(amd) (3 )H S

S In(SH) (3 )H(amd)
x x

x x

3 2

3 (2)

where the asterisk (*) denotes a surface species. This reaction
mechanism is in close analogy to the hydroxyl mechanism
observed in many oxide ALD processes, including trimethyla-
luminum (TMA) and water.15 While no chemically sensitive
probes have been utilized in this study, we note that similar
mechanisms have been deduced for sulfides deposited with
In(acac)3

13 and hexakis(dimethylamido)diga l l ium
(Ga2(NMe2)6).

43 The latter article provides FTIR evidence
for a sulfhydryl mechanism, and both systems exhibit the same
decreasing growth rate with temperature. The repetition of
these reactions in an ABAB... sequence leads to In2S3 growth in
an atomic layer-by-layer fashion. Ideally, after one total ALD
cycle, that is, reactions 1 and 2, has occurred, all of the
amidinate ligands will have been removed, leaving no residual
light elements. This statement is supported by the lack of C, N,
or O impurity as deduced from ex situ analysis (see below).
The variable x may then be solved for by examining the mass
change in each half cycle relative to that of the overall mass
change per cycle. In situ QCM measurements at 200 °C are
shown Figure 3 using standard cycle timing.
Under these conditions, growth at both QCMs tracks very

closely, yielding an overall growth rate of 19 ± 3 ng/cycle. The
details of each half-cycle (Figure 3b) reveal a large mass gain
(Δm1) upon exposure to In(amd)3. This relatively rapid and

Figure 1. Molecular structure of In(III) N,N′-diisopropylacetamidi-
nate.
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large mass gain (32 ± 2 ng/cm2) is consistent with the facile
reaction of the In precursor and retention of a fragment that
includes In. Upon exposure of this surface to H2S, a transient is
recorded in response to the large pressure swing and/or local
heating to which the quartz crystals are also sensitive. After
equilibration, a mass loss (Δm2) of 13 ± 2 ng is observed,
consistent with replacement of the bulky amidinate ligand with
a significantly lighter −SH group. By reconciling the above
equations with the mass changes, we conclude that the ratio of
overall formula unit addition (Δm3 = InS1.5 = 163) to addition

of the first step (Δm1 = In + (3 − x)(amd) − xH = 454 −
114x) should be identical to the mass change observed in
Figure 2 (19/32). Solving for x reveals that in the mechanism
hypothesized on average 1.6 ± 0.3 ligands would be lost in the
first step and 1.4 ± 0.3 upon exposure to H2S. However, further
study is required to provide firm evidence for the proposed
mechanism.
A reaction scenario consistent with these results is as follows:

an equilibrium distribution of surface −SH and bridging surface
S groups may exist after H2S exposure (Figure 4). When the In

Figure 2. Mass gain as a function of precursor exposure time for (a) In(amd)3 (x−25−0.3−25) where x = 0.5, 1, 2, 3, 4, and 12 s, and (b) H2S (4−
25−y−25) where y = 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5 s. The 12 s In(amd)3 pulse is achieved through three consecutive 4 s doses separated by 50 s to
allow sufficient time for vapor equilibration over the solid precursor.

Figure 3. (a) Mass deposited as a function of time upon sequential dosing of In(amd)3 and H2S. The pulse sequence is 4−25−0.3−25. (b) A high-
resolution trace reveals abrupt mass changes coincident with precursor exposure.

Figure 4. Idealized schematic of In(amd)3 reacting with adjacent SH/S sites and two SH sites during the In(amd)3 half reaction.
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complex reacts with this surface, it has the possibility of reacting
with adjacent SH and S groups as well as two adjacent SH
groups. The reaction with each site may produce different
surface species in which either one or two ligands are lost,
respectively. The subsequent H2S pulse may then remove the
remaining amidinate ligands from both species and reset the
surface to its equilibrium concentration of SH and bridging S
groups.
If this is the case, and surface SH density contributes to

overall In(amd)3 reaction with the surface, then the growth rate
should show the large and saturating dependence on H2S
concentration that we observe experimentally, see Figure 2b.
Furthermore, significant dependency of the growth rate on
temperature might be expected as influenced by the equilibrium
concentration of SH and bridging S groups at each temper-
ature. A very similar mechanism is suggested for GaSx
deposition, where the decreasing growth rate with increasing
temperature is attributed to smaller −SH coverages (based on
QCM data).43 Figure 5 shows the effect of reactor temperature
on growth rate over a range greater than 100 °C.

Initially, process conditions optimized at 200 °C (see Figure
2) are applied such that the same amount of In(amd)3 and H2S
is pulsed into the reactor at each temperature. An apparent
growth rate plateau is observed between 140 and 170 °C, and
the rate then steadily decreases with increasing temperatures up
to 240 °C (maroon squares and gray diamonds). The observed
plateau occurs because cool temperatures appear to exhibit
intrinsically greater growth rates per cycle, but do not fully
saturate under pulse conditions optimized at 200 °C. Increasing
the amount of H2S in each pulse by a factor of 4 (black open
circles) allows for full saturation, and reveals much larger
growth rates at lower temperatures. The linear decrease in
growth rate per cycle with increasing substrate temperature,
now clearly visible, has been seen with other indium
(In(acac)3),

13 zinc,44 gallium,43 and tin sulfides.45 In some of
these systems, the effect was attributed to recombinative
desorption of H2S at higher temperatures (see vertical arrow in
Figure 4),45 thus adding further weight to the mechanism
offered herein, eq 1 and 2. In this proposed scenario, the
growth rate per cycle is reduced due to a lower density of
In(amd)3 binding sites as governed by the surface density of

bridging S groups that result from two formerly SH sites; see
again Figure 4.
Thin films were grown on fused quartz substrates for ex situ

characterization according to the process conditions gleaned
from the in situ studies detailed above. Dense, well adhered,
and specular thin films were obtained that show the
characteristic orange color of a ∼2.0 eV band gap material.
The microstructure of In2S3 films deposited at several
temperatures was investigated by SEM, Figure 6.
All films appear uniform over the ∼3 cm2 substrate, with no

sign of pinholes or cracks. Thin films deposited at 150 °C
exhibit the rounded and random structure typically observed in
largely amorphous materials. In contrast, growth at higher
temperatures exhibits the characteristically sharp edges of
polycrystalline films, with the apparent grain size increasing
from ∼50 to ∼250 nm as the growth temperature increases
from 175 to 225 °C. This result differs from the reports of ALD
In2S3 films grown with In(acac)3 where no major increase in
grain size (typically 10−25 nm) is observed, only the variation
of grain size decreases with increasing temperature.14,26 EDS
data confirms the presence of both principal elements and
further reveals a constant ratio of In:S for films grown between
150 and 225 °C, Figure S4. AFM images show similar
structures for films grown on fused quartz, Figure S5. At 150
°C, films have rounded and random features, while films grown
at 225 °C have sharp edges and the same trigonal structures
observed with SEM images of In2S3 on Si.
The crystallinity of In2S3 films grown by the new ALD

process was confirmed by the Θ−2Θ XRD scans shown in
Figure 7.
As-deposited films at 150 °C are largely amorphous, showing

only a hint of the expected reflections with our benchtop
diffractometer. Films grown at 175 °C and above show clear
and sharp reflections that can be indexed to the β-In2S3 crystal
structure (JCPDS 25-0390).46 This tetragonal crystal structure
is expected for In in the 3+ oxidation state at a growth
temperature above 115 °C47 and has been previously observed
for In2S3 deposited by ALD12−14,27 among other methods.
Sharper peaks are observed at higher temperature, indicative of
larger grain size in corroboration with SEM analysis. All
crystalline thin films showed significant texture, as evident by
absent reflections. The dominance of the (103) series indicates
that these crystalline planes are primarily aligned parallel to the
surface. A small fraction of (109) reflections are also observed
at 175 and 200 °C but are absent at 225 °C.48

Elemental concentrations were determined by Rutherford
backscattering spectroscopy (RBS) and depth-profiling Auger
electron spectroscopy (AES), Figures S6 and S7, respectively)
on films grown at 200 °C. RBS confirms that indium and sulfur
have the expected stoichiometric ratio of 40%/60%. AES
showed no sign of carbon, oxygen, or nitrogen in the bulk of
sulfide films down to an estimated detection limit of 1%, 0.5%,
and 4%, respectively. The modest detection limit for N is due
to peak overlap with the large In signal. Oxygen and carbon
contamination were only present in a thin surface layer above
the bulk In2S3 film as deduced by depth profiling (see Figure
S7). Glow discharge optical emission spectroscopy (GDOES)
measurements show no measurable amount of Li (data not
shown), which is present during In(amd)3 synthesis. EDS and
X-ray fluorescence (XRF) results confirm that films grown at
different temperatures have the same In/S ratio and reveal no
obvious impurities.

Figure 5. Growth per cycle decreases as a function of reactor
temperature. The pulse sequence for all temperatures is 4−30−0.3−
30. QCM results labeled (1) are grown with 1% H2S in N2, while
results labeled (2) are observed when employing a more concentrated,
4% H2S in N2.
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Film thickness (t), roughness (σ), and density (ρ) were
determined for a batch of In2S3 films grown on fused quartz
using X-ray reflectivity, Figure 8, using a single layer model for
the In2S3 film. The data is plotted as the reflected intensity (R)
times q4 as a function of q, where q = 4π sin(Θ)/λ and λ is the
X-ray wavelength. The q4 factor compensates for the R ∝ q−4

drop in reflected intensity at q values larger than the critical
angle and allows for better visualization of the relatively small
Kiessig fringes that arises due to the In2S3 thin film overlayer.
The XRR fitting results are reported in Table 1. Uncertainties

for each result are reported with 95% confidence intervals
derived from χ2 maps for each fit parameter. At the
temperatures which polycrystalline thin films are observed

(Figure 8), we find an In2S3 film density that is , on average,
slightly lower (∼3%) than the bulk density of β-In2S3 (4.61 g/
cm3)46 but consistently higher than XRR-derived densities
previously reported for In2S3 ALD films (4.31 g/cm3).13 From
this data, we calculate an average growth of 0.40 Å/cycle at 200
°C and a corresponding mass deposition rate of 19 ng/cycle at
200 °C. Thus, the growth rate as derived from ex situ film
studies precisely matches that measured in situ via QCM under
the same process conditions (see Figures 3 and 4). The
amorphous film grown at 150 °C is determined to have a
slightly lower density (4.15 g/cm3) that allows calculation of
the growth rate from the QCM-determined mass deposited

Figure 6. SEM images at 50 000× magnification for In2S3 films grown on Si(100) at (a) 150 °C, (b) 175 °C, (c) 200 °C, and (d) 225 °C. The
thicknesses for these films are as follows: 150 °C, 102 nm; 175 °C, 98 nm; 200 °C, 83 nm; and 225 °C, 82 nm.

Figure 7. X-ray diffraction from In2S3 films grown on fused quartz.
Traces have been offset for clarity. The thicknesses for these films are
as follows: 150 °C, 102 nm; 175 °C, 98 nm; 200 °C, 83 nm; and 225
°C, 82 nm.

Figure 8. X-ray reflectivity data and fits (black lines) for In2S3 films
grown on fused quartz at 150 (purple), 175 (blue), 200 (green), and
225 °C (red).
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each cycle to be: 0.89 Å/cycle. This ample growth per cycle, the
largest reported to date for halide-free In2S3 ALD, corroborates
the apparently facile surface chemistry of this ALD process.
The optical absorption coefficient as a function of photon

energy was obtained from reflection-corrected optical absorb-
ance spectroscopy for several growth temperatures, Figure 9.

The onset of absorbance was found to be between 1.9 and
2.0 eV and independent of deposition temperature. The band
gap of In2S3 is notoriously difficult to characterize, with reports
varying between 1.9 and 2.8 eV for β-In2S3 alone. The issue is
further clouded by debate about the direct or indirect nature of
the band gap.1,49 Recent density functional theory (DFT)
studies suggests that the lowest energy gap is indirect for β-
In2S3, but a slightly larger direct gap transition also exists.

49 The
tetragonal crystal structure of β-In2S3 also has two distinct axes
(a/b and c), which is predicted to lead to significant optical
anisotropy near the absorption edge. Among these films, we see
evidence for the three DFT-calculated absorption peaks, 2.3 eV
(a/b), 2.75 eV (c), and 3.0 eV (a/b), that were also reported.49

However, at this point, a quantitative deconvolution of the
spectral components as a function of film orientation to
corroborate (or not) the DFT simulations is not viable.
The electronic properties of ALD-grown films were

elucidated via Hall measurement as a function of growth
temperatures, Figure 10. All films show clear n-type
conductivity as-deposited with the exception of 150 °C films,
which were too resistive to quantify.

Typical mobilities are near 0.5 cm2/(V·s) for films grown at
or below 200 °C, but increase almost an order of magnitude to
3 cm2/(V·s) for films grown at 225 °C. These values position
ALD-grown In2S3 thin films as an interesting electronic material
that compares well to In2S3 thin films grown by other
methods.50,51 Like most polycrystalline films, these value fall
short of bulk single crystal mobilities, which are reported to
reach 200 cm2/(V·s).52 A relatively constant carrier concen-
tration is observed near ∼2 × 1018 cm−3 at all growth
temperatures. This is an order of magnitude higher than that of
films produced from the In(acac)3 ALD process (1016−1017
cm−3),14 but significantly lower than carrier concentrations
reported for In2S3 films grown by some other methods.50,52 For
undoped In2S3 films, the intrinsic donors are sulfur vacancies

53

and indium interstitials.52,53 These electronic properties suggest
that growth with In(amd)3 forms more of these sites than
growth with In(acac)3, giving higher carrier concentrations. It is
also likely in In(acac)3 grown films (given their large deficiency
of S)13,22 that these donor sites are reduced by oxygen
incorporation in the films.51 The overall effect of growth
temperature is an order of magnitude increase in conductivity
that tracks the increasing mobility and charge carrier
concentration with increasing growth temperature. The
increasing grain/crystal sizes with temperature could explain
the improved mobility and conductivity.

■ CONCLUSIONS

A facile and rapid atomic layer deposition process for indium
sulfide was demonstrated by employing a new indium(III)
amidinate precursor. Optimization of process conditions allows
for the deposition of very low-impurity thin films over a nearly
100 °C ALD window (from 150 to 225 °C). A maximum
growth rate of 0.89 Å/cycle was observed at 150 °C and
steadily decreased to 0.22 Å/cycle at 225 °C. Films grown at
175 °C or higher were shown to be largely (103) oriented β-
In2S3 as deposited. Elemental analysis of the thin films reveals
indium and sulfur in precise 2:3 atomic ratio and no sign of
oxygen, nitrogen, carbon, or halogen impurities in the bulk thin
film. An optical absorbance onset revealed the expected band
gap near 2.0 eV with absorption coefficients that vary slightly
with film orientation. An analysis of the electronic properties as
a function of growth temperature reveals mobilities in excess of
1 cm2/(V·s).

Table 1. XRR-derived t, σ, ρ Values Acquired from Fits
Presented in Figure 8a

T χ2 t (nm) σ (nm) ρ (g/cm3)

150 °C 2.21 133−8
+6 6.5−0.3

+0.3 4.15−0.14
+0.09

175 °C 1.57 96−5
+6 6.5−0.3

+0.4 4.47−0.14
+0.13

200 °C 5.60 74−4
+4 7.5−0.4

+0.4 4.51−0.14
+0.14

225 °C 4.82 57−1
+1 3.8−0.3

+0.2 4.47−0.09
+0.09

aχ2 = (N − Np)
−1Σk((Imeas,k − Icalc,k)

2/Errk
2), where Imeas,k and Icalc,k are

the measured and calculated intensities of the kth data point,
respectively. Errk is the uncertainty for the data point, and N and Np
represent the total number of data points and fitting parameters,
respectively. Error bounds define the 95% confidence interval for each
parameter.

Figure 9. Absorption coefficient data for In2S3 films grown on fused
quartz at 150 °C (black), 175 °C (red), 200 °C (orange), and 225 °C
(blue). The thicknesses for these films are as follows: 150 °C, 102 nm;
175 °C, 98 nm; 200 °C, 83 nm; and 225 °C, 82 nm.

Figure 10. In2S3 films show n-type conductivity in proportion to the
electron mobility and concentration. The thicknesses for these films
are as follows: 175 °C, 98 nm; 200 °C, 83 nm; and 225 °C, 82 nm.
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