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ABSTRACT

Indium monoselenide (InSe) is an emerging two-dimensional semiconductor with superlative electrical and optical properties whose full
potential for high-performance electronics and optoelectronics has been limited by the lack of reliable large-area thin-film synthesis methods.
The difficulty in InSe synthesis lies in the complexity of the indium-selenium phase diagram and inadequate understanding of how this com-
plexity is manifested in the growth of thin films. Herein, we present a systematic method for synthesizing InSe thin films by pulsed laser
deposition followed by vacuum thermal annealing. The controlled phase evolution of the annealed InSe thin films is elucidated using a com-
prehensive set of in situ and ex situ characterization techniques. The annealing temperature is identified as the key parameter in controlling
phase evolution with pure thin films of InSe developed within a window of 325°C to 425 °C. To exert finer stoichiometric control over the
as-deposited InSe thin film, a co-deposition scheme utilizing InSe and In,Se; pulsed laser deposition targets is employed to mitigate the
effects of mass loss during annealing, ultimately resulting in the synthesis of centimeter-scale, thickness-tunable ¢-InSe thin films with high
crystallinity. The optimized InSe thin films possess a strong optoelectronic response, exhibited by phototransistors with high responsivities
up to 10° A/W. Additionally, enhancement-mode InSe field-effect transistors are fabricated over large areas with device yields exceeding 90%
and high on/off current modulation greater than 10% realizing a degree of electronic uniformity previously unattained in InSe thin-film
synthesis.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0023080

I. INTRODUCTION

As the field of two-dimensional (2D) materials evolves from fun-

combination of both.” As a result, InSe is being actively pursued for

field-effect transistors (FETSs),”'” photodetectors, "'* and as a platform
2,13,14

damental studies to applied technology, methods for achieving high-
quality thin-film growth over large areas are of increasing importance.
Among the 2D semiconductors, indium monoselenide (InSe) has
attracted significant attention due to its superlative electronic and opti-
cal properties in addition to its bandgap tunability as a function of
thickness in the ultrathin limit." ~ This tunability is mediated by van
der Waals interlayer coupling, which is also responsible for the indi-
rect-to-direct bandgap transition in InSe with increasing layer thick-
ness. Moreover, thin InSe flakes have been shown to be suitable for
high-performance electronics when interfaced with metallic indium™®
and with high-x dielectrics,”” polymethyl methacrylate,” or a

for the study of low-dimensional physics.

Despite its desirable electronic and optical properties, InSe is a
relatively under-investigated 2D semiconductor, largely because high-
quality samples have only been achieved via mechanical exfoliation as
opposed to large-area thin-film growth. The complex indium-
selenium phase diagram'® makes synthesizing pure InSe over large
areas a more difficult task than many of the extensively studied and
vapor-phase synthesized van der Waals 2D materials systems that
have relatively simple phase diagrams (e.g., MoS,)."* Thus, systematic
fundamental studies aimed at characterizing and understanding
growth mechanisms are needed for InSe thin films. As shown in
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Fig. 1(a), the indium-selenium phase diagram contains many stable
phases of various stoichiometries (e.g., InsSes, InSe, IneSe;, and
In,Se;),"” and the targeted phase (InSe) only exists as a narrow line
highlighted in green. In contrast, pure MoS, forms over a large
region of the molybdenum-sulfur phase diagram (Fig. Sl in the
supplementary material). Furthermore, the higher thermal stability of
In,Se;'* presents a significant barrier to achieving high-quality synthe-
sis of InSe thin films. Consequently, pure InSe nanoflakes have only
been observed in a narrow parameter space for chemical vapor deposi-
tion (CVD),"” and the fine stoichiometric control necessary for reliable
spatial homogeneity is lacking in powder-based CVD methods.”"*'

In addition to stoichiometric variation, InSe also exhibits multiple
stacking polytypes including f-InSe, &-InSe, and y-InSe [Fig. 1(b)]. As
stacking polytypes, all three structures have the same in-plane struc-
ture, which consists of a hexagonal single layer with lattice parameter
a=4.00A. In the out-of-plane direction, y-InSe exhibits ABC stacking
resulting in a 3R structure with ¢=25.32 10\, while f-InSe and &-InSe
exhibit AB stacking resulting in a 2H structure with c=16.64 A.”
p-InSe differs from e-InSe and y-InSe in that alternating layers are
rotated by 60°. As a result, f-InSe is centrosymmetric when
even-layered, whereas both ¢-InSe and y-InSe are noncentrosymmet-
ric. The noncentrosymmetric structures of &-InSe and y-InSe make
these specific polytypes attractive for nonlinear optical applications™”**
such as second harmonic generation.'”*”** Other thermodynamically
stable polymorphs of InSe have been theoretically predicted to have
even wider bandgap tunability and higher electron mobilities, offering
further opportunities for enhanced electronic performance.”’
However, these polymorphs have yet to be observed experimentally.

Recent efforts aimed at growing InSe thin films include chemical
vapor transport (CVT),”” physical vapor transport (PVT),”' chemi-
cal vapor deposition (CVD),"”"” molecular beam epitaxy (MBE),”
and pulsed laser deposition (PLD).***° However, device demonstra-
tions from these efforts have been limited to single devices rather than
large-area statistical evaluation, suggesting challenges in achieving
wafer-scale uniformity. Furthermore, the ambient instability of
InSe’*” requires careful synthesis and device fabrication schemes that
limit ambient exposure. As such, the large-area growth and device
implementation of optoelectronic-grade InSe thin films remains
elusive.

Herein, we employ in situ x-ray diffraction (XRD) and diverse
surface characterization techniques to study the structural and
compositional evolution of InSe thin films deposited by PLD and sub-
sequently processed via vacuum thermal annealing. By monitoring the
thin films as a function of post-deposition annealing temperatures,
we systematically determined the synthesis conditions that result in
&-InSe thin films with high uniformity over large areas, controlled
thickness, and no detectable impurity phases. Using this optimized
deposition and post-annealing method, bottom-gated phototransistors
were fabricated to explore the optoelectronic response of the InSe thin
films, resulting in high responsivities up to 10> A/W. Finally, to dem-
onstrate large-area device uniformity, InSe thin films were patterned
into arrays of top-gated enhancement-mode FETs with device yields
in excess of 90% and consistent device behavior over an area of 1 cm™.
Ultimately, this work provides a roadmap for navigating InSe synthesis
that enables the realization of large-area InSe thin films with high crys-
tallinity, thickness tunability, and generalizability to a wide range of
substrates suitable for optoelectronic applications.
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FIG. 1. Indium-selenium phase diagram and polytypes of InSe. (a) Indium-
selenium phase diagram. It can be seen that the indium-selenium phase diagram
contains many stable phases of various stoichiometries (e.g., InsSes, InSe, IngSe7,
and In,Se;). The InSe phase only exists as a narrow line highlighted in green.
Adapted with permission from Ref. 15. (b) In addition to stoichiometric variation,
InSe also exhibits multiple stacking polytypes, including f-InSe, &-InSe, and y-InSe,
with the side and top views of the structures highlighted in this image.

Il. RESULTS AND DISCUSSION
A. Pulsed laser deposition of indium selenide films

PLD is a physical vapor deposition technique in which a high-
power laser pulse is incident on a solid target, ejecting a gas-phase
plume of ions and atoms that condense on a substrate opposite the tar-
get. PLD enables fine control over the thickness of the deposited film
via the number of laser pulses, which is important for leveraging the

Appl. Phys. Rev. 7, 041402 (2020); doi: 10.1063/5.0023080
Published under license by AIP Publishing

7, 041402-2


https://www.scitation.org/doi/suppl/10.1063/5.0023080
https://scitation.org/journal/are

Applied Physics Reviews

thickness-dependent properties of InSe. Another considerable advan-
tage of this growth technique is the stoichiometric ejection of material
from the target.38 In contrast, powder-based CVD methods suffer
from stoichiometric variability that is problematic for the complex
indium-selenium material system.

The starting 1 cm x 1 cm amorphous indium selenide films were
deposited onto 300-nm-thick amorphous SiO,/Si substrates at room
temperature (RT) and a pressure of 107 Torr. A 248-nm KrF excimer
laser was used to ablate a target consisting of pressed InSe powder
using 200 mJ pulses at a frequency of 1 Hz. Further details about the
deposition parameters can be found in the supplementary material.
Heating the substrate during the deposition process results in a signifi-
cant deficiency of Se from the deposited film due to it being more vola-
tile than In"*"*" in addition to the sticking coefficient of single Se
species approaching zero at substrate temperatures higher than
200°C." This effect was also observed in previous reports of MBE-
grown InSe thin films where an excess of Se was needed.”’** For these
reasons, deposition on a substrate at RT affords greater stoichiometric
control of the deposited indium selenide film given the composition of
the PLD target.

B. Evolution of indium selenide films as a function
of annealing conditions

The crystallization of the PLD indium selenide films via vacuum
thermal annealing was monitored using in situ XRD. In particular, a
30-nm-thick PLD indium selenide film was heated from room tem-
perature to 500 °C at 30 °C/min at a pressure of 10~* Torr in a furnace
attachment. Diffraction patterns were collected in 10°C and 25°C
intervals. The diffraction patterns at selected transitional temperatures
are shown in Fig. 2(a) (see Fig. S2 in the supplementary material for all
collected data). The film began in an amorphous state with no evident
diffraction peaks, excluding a low intensity peak attributed to the Si
substrate at 20 = 33°. At 250 °C, the film started to crystallize through

ARTICLE scitation.org/journal/are

the appearance of a weak diffraction peak at 27.8°. While this peak is
consistent with the (330) plane of In,Se;, as seen in previous studies
on In,Se; thin films,""* a robust identification of this phase requires
additional information. Complementarily, ex sifu Raman spectra
[Fig. 2(b)] collected from a 30-nm-thick indium selenide film annealed
to 250 °C and cooled to RT revealed the structure to be a mixture of
InSe and In,Se;. The modes corresponding to InSe are located at
116cm ™! (A'}), 178cm™* (E” and E/-TO), and 226 cm ™" (A/)),"***
while the modes at 71 cm ™%, 103 cm ™}, and 150 cm ! are indicative of
In,Ses.*"*® Optical microscopy of the same film annealed at 250°C
[Fig. 2(c)] shows two distinct phases, which is consistent with partial
crystallization of the film into an In,Se; phase.

Between 300°C and 400°C, a pure InSe XRD pattern was
achieved as verified by comparison with standard patterns for InSe
(PDF # 04-005-5113 and 04-004-6176) and other reports of synthe-
sized InSe crystals and thin films.”*"" Specifically, the diffraction
peaks at 20 =10.6°, 21.3°, 32.1°, and 43.3° correspond to the (002),
(004), (006), and (008) planes of f-InSe and &-InSe, or the (003),
(006), (009), and (0012) planes of y-InSe. The observation of exclu-
sively (001]) diffraction peaks indicates strong texturing of the InSe
crystal domains parallel to the SiO,/Si substrate surface. This XRD
pattern alone does not enable distinction between the InSe polytypes
due to their similar d-spacing (spatial periodicity) in the out-of-plane
c-axis direction. However, as discussed later, these crystalline InSe
films can be uniquely identified as ¢-InSe using electron microscopy.
The corresponding ex situ Raman spectroscopy of a film annealed to
350 °C also shows an impurity-free spectrum consistent with InSe. In
particular, the presence of the InSe A”, Raman mode at 200 cm ™!
indicates the identity of the crystalline film as either y-InSe or &-InSe
rather than S-InSe.***” Additionally, optical microscopy of the sample
annealed to 350 °C shows a homogenous film [Fig. 2(d)].

Further annealing to 450 °C and above resulted in the appearance
of diffraction peaks at 20 = 26.8° and 27.3°, which is consistent with
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FIG. 2. Characterization of PLD indium selenide films as a function of annealing conditions. (a) /n situ XRD of an amorphous 30-nm-thick PLD indium selenide film for
different annealing temperatures between RT and 500 °C. The peaks attributed to InSe are denoted by the dashed lines. (b) Ex situ Raman spectra from 30-nm-thick indium
selenide films after annealing to various temperatures in the XRD instrument. The peaks attributed to InSe are denoted by the dashed lines. (c-e) Optical micrographs of indium
selenide films after annealing to (c) 250 °C, (d) 350 °C, and (e) 450 °C in the XRD instrument. It can be seen that optical microscopy showcases that the samples annealed at
a temperature of 350 °C are homogeneous films, in contrast to (c), which showcases a partial crystallization of the film, and (e), which showcases film inhomogeneity.
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previous studies on the post-annealing of In,Se; thin films wherein the
two peaks correspond to the (006) planes of x-In,Se; and y-In,Se;,
respectively, the former of which is metastable.”” " An additional dif-
fraction peak located at 20 = 13.2° emerged at 490 °C and matches well
with the (003) plane of x-In,Se; (see Fig. S2 in the supplementary mate-
rial). The ex situ Raman spectrum from a film annealed to 450 °C and
cooled to RT reveals modes at 81 cm™, 150 cm ™', and 231 cm ™', which
correspond to y-InZSe3.31 However, x-In,Se; exhibits similar Raman
modes,”" and thus the possibility of its co-existence with y-In,Se; cannot
be ruled out. The broadness of the Raman peaks [Fig. 2(b)] and the
inhomogeneity of the film as observed by optical microscopy [Fig. 2(¢)]
indicate material loss after annealing at 450 °C. At 500°C, complete
material loss occurred due to sublimation. Altogether, this in situ XRD
study reflects the complexity of the indium-selenium phase diagram
and reveals how various stoichiometries (e.g., InsSe; InSe, and In,Ses)
can be accessed using post-deposition annealing.

The results from the in situ XRD study were used to guide the
post-annealing of indium selenide films inside the PLD chamber (ie.,
in situ post-annealing). The annealing was performed using an infra-
red heating lamp immediately after deposition on 300-nm-thick SiO,/
Si at a pressure of 10~ 7 Torr. This procedure eliminates exposure of
the films to ambient conditions between the deposition and annealing
step. The Raman spectra at selected temperatures [Fig. 3(a)] illustrate
a structural evolution in 8-nm-thick indium selenide films that closely
follows the trends observed in the in situ XRD study (see Fig. S3 in the
supplementary material for all collected Raman spectra). The onset of

ARTICLE scitation.org/journal/are

crystallization occurred at 220 °C, resulting in In,Se; Raman modes at
71cm %, 103cm™ Y and 150 cm ™ L. At higher temperatures, the coexis-
tence of InSe and In,Se; was observed until a threshold temperature
(370°C) at which point the In,Se; phase disappeared, leaving pure
InSe. This threshold temperature differs by ~20°C between the PLD
and XRD instruments, presumably due to the differences in the cham-
ber pressure and heating mechanism. Annealing to 450 °C resulted in
the appearance of Raman modes at 110 cm™ Y, 173cm”), and
204 cm ™, which correspond to -In,Ses.” """ Interestingly, f-In,Ses
was formed by post-annealing the 8-nm-thick films to high tempera-
tures (>450 °C) in the PLD instrument, whereas y-In,Se; was formed
in the 30-nm-thick films in the in situ XRD experiment. We attribute
this apparent discrepancy to the difference in the thickness of the sam-
ples, since high-temperature post-annealing of thicker films (~45 nm)
in the PLD instrument resulted in y-In,Se; (see Fig. S4 in the
supplementary material). The effect of thickness on stabilizing differ-
ent In,Se; polymorphs has been studied recently, where previous
reports have suggested that f-In,Se; can only be obtained at room
temperature in the 2D limit, whereas bulk f-In,Se; has only been
observed at high temperatures (>200°C).””° In addition, Choi
et al.”’ demonstrated electrically driven and reversible phase switching
between f-In,Se; and y-In,Se; in exfoliated flakes, attesting to the
existence of transitional pathways between the two structures in ultra-
thin samples.

To further study the compositional evolution of the 8-nm-thick
indium selenide films, ex situ x-ray photoelectron spectroscopy (XPS)
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was employed. The Se:In ratios of the films following post-annealing
at various temperatures are plotted in Fig. 3(b) and match well with
the structural evolution studied using Raman spectroscopy. The stoi-
chiometry of a bulk single crystal of InSe was also measured for com-
parison. Initially, the as-deposited PLD indium selenide film at room
temperature was Se-deficient with a Se:In ratio of 0.8, likely due to the
PLD plume primarily containing atomic Se species with poor sticking
coefficients. However, annealing of the films resulted in stoichiometric
1:1 InSe through the relative loss of In. Further annealing to 450 °C
resulted in an increase in the Se:In ratio to 1.5 corresponding to
In,Ses, followed by Se loss at 500 °C.

Since the vapor pressure of In is lower than both InSe and In,Ses,
which, in turn, have lower vapor pressures than elemental Se, " it is
unlikely that the In loss proceeds via elemental In. Instead, previous
studies showed that the evaporation products of both InSe and In,Se;
are In,Se and Se,.”®  Therefore, we conclude that the relative loss of
indium in our films most likely occurs through the evaporation of
In,Se. The decrease in the Se:In ratio from 1.5 to 1.4 at 500 °C is then
enabled by preferential evaporation of Se, from In,Ses. The formation
of In,Se; from InSe using thermal annealing has been previously
reported,”"*” although most reports of such phase conversions rely on
variable In and Se sources with heated deposition. Additionally, we
cannot preclude the possibility that the film rapidly passes through
alternative stoichiometries such as InsSe; or IngSe; en route to In,Se;
from InSe. Nevertheless, the characterization of the cooled films
matches well with IngSe;, InSe, and In,Se; at the various post-
annealing temperatures.

Additional insight into the purity of the chemical coordination of
the In and Se atoms was obtained from the full-width-at-half-maxi-
mum (FWHM) of the In 3ds/, and Se 3ds, XPS peaks [Fig. 3(c)]. Due
to the amorphous nature of the as-deposited film, the FWHM for the
peaks of both elements were initially large in value (>0.9 V), where
the larger In 3ds,, FWHM can be attributed to the relative deficiency
of Se upon room temperature deposition. Upon the onset of crystalli-
zation at 220 °C, the In 3ds/, peak sharpened, indicating a significant
alignment in the chemical coordination of In that coincided with the
relative loss of excess In to achieve a 1:1 Se:In ratio. This behavior is
consistent with the partial crystallization of the film into In,Se; as
observed by Raman spectroscopy. Full minimization of the FWHM
for both elemental peaks occurred between 370 °C and 410 °C, coin-
ciding with the temperature range for pure InSe. Post-annealing to
450 °C then broadened the In 3ds/, and Se 3ds), peaks again due to
degradation and material loss. The FWHM of the XPS peaks were
minimized for films annealed at 410 °C, reaching a minimum value of
0.7V for both In 3ds/, and Se 3ds;,. For comparison, the FWHM
measured for the In 3ds/, and Se 3ds,, peaks of bulk InSe single crystal
were also 0.7 eV (Fig. S5 in the supplementary material), attesting to
the purity of the synthesized films.

The generalizability of the PLD deposition and vacuum post-
annealing procedure for obtaining crystalline InSe was investigated
on (1) a different substrate and (2) using a different annealing
method. First, we studied the crystallization of 8-nm-thick InSe films
deposited on c-plane sapphire and post-annealed in the PLD chamber.
As deduced from ex situ Raman spectroscopy (Fig. S6 in the
supplementary material), the optimal post-annealing temperature for
InSe films on c-plane sapphire substrates was ~390 °C, which agrees
well with the optimal temperatures for InSe films on 300-nm-thick
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SiO,/Si obtained previously (~400°C). Second, we investigated the
effect of vacuum laser annealing on PLD InSe films. In this case, 8-
nm-thick amorphous PLD InSe films were deposited on Si micro-
pillars, which were then individually heated using laser irradiation in
an Autonomous Research System (ARES), as described in previous
reports.””** The crystallization of the InSe films was monitored using
in situ Raman spectroscopy as each pillar was heated individually by
the laser to a specified temperature and annealed for 90's at a pressure
of 10~ Torr. The ratio of the intensity of the InSe A’; Raman peak at
~116cm™ "' to the intensity of the Si substrate Raman mode at
~520cm”" was maximized at an optimal annealing temperature of
~400°C [Fig. 3(d)], corresponding well to optimal temperatures for
annealing the InSe films in the PLD chamber and suggesting that these
temperatures are generalizable to other annealing treatments. A repre-
sentative Raman spectrum from a laser-annealed InSe film is pre-
sented in Fig. S7 in the supplementary material.

C. Optimal InSe thin film synthesis conditions

From the study of the structural and compositional evolution of
PLD InSe films processed using vacuum thermal annealing, it is clear
that temperature is the principal parameter in the phase control of
InSe films. We used this insight to guide the optimal synthesis condi-
tions for pure InSe ultrathin films. Both the in situ XRD experiment
and ex situ characterization of InSe films annealed in the PLD cham-
ber indicated that pure InSe is formed in the temperature window of
325°C-425°C. Similarly, post-annealing in the PLD chamber at a
temperature of ~400 °C yielded pure InSe. It should be noted that due
to the nature of the infrared heating element, there are slight shifts in
the nominal optimal annealing temperatures depending on the sub-
strate used and the thickness of the InSe film. The compositional study
also revealed a process of mass loss to achieve the targeted stoichiome-
try of 1:1 In:Se. While the mass loss mediates a transition to structur-
ally and compositionally pure InSe, we also suspect that it is
detrimental to the quality of the InSe film. As discussed in more detail
later, reducing the stoichiometric mismatch between the starting
amorphous film and the targeted 1:1 In:Se composition resulted in
improved morphology and electronic properties of the annealed InSe
films. Consequently, we developed a co-deposition scheme using both
an InSe and In,Se; PLD target to enrich the initial room-temperature
deposited film with Se. In principle, this scheme should reduce the loss
of material due to the mismatch between the starting and targeted stoi-
chiometry. Several ratios of InSe:In,Se; pulses were tested and a 4:1
ratio using a basis of 16:4 laser pulses was found to improve the initial
stoichiometry to Se:In = 1.0 as measured by XPS (see the supplemen-
tary material for more details on the co-deposition procedure).

Using this co-deposition scheme of 16:4 InSe:In,Se; pulses and
in situ vacuum post-annealing at ~400°C, pure InSe films of
various thicknesses were synthesized on 300-nm-thick SiO,/Si sub-
strates. The film thickness, as determined using x-ray reflectivity
(XRR), can be controlled by the total number of PLD laser pulses, as
shown in Fig. 4(a). The thickness was determined using x-ray reflectiv-
ity (XRR). In addition, the thickness is compared with the vertical
domain size of the films calculated using the Scherrer equation and
the FWHM of the InSe (004) XRD peak. The XRR and XRD data and
fits are presented in Fig. S8 (see the supplementary material). The ver-
tical domain sizes were found to be 43nm, 7.4nm, 158 nm, and
22.1nm, which match the 4.5nm, 7.5nm, 153 nm, and 23.4nm
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FIG. 4. Thickness tunability of the optimized PLD InSe films. The films were
deposited using the 16:4 InSe:In,Se; co-deposition scheme on 300-nm-thick SiO,/
Si substrates and post-annealed in situ at ~400 °C. (a) XRR and XRD determined
the thickness and out-of-plane crystalline domain size, respectively, of the optimized
InSe films as a function of the total number of laser pulses. A linear fit to the film
thickness yields a slope of 0.2 A/pulse. (b) Normalized Raman spectra of films of
various thicknesses showing modes corresponding to pure InSe. (c) Optical images
of the optimized InSe films of various thicknesses. Here, the spectral analysis and
the optical images are showing uniform, continuous, and large-area films of pure
InSe (1cm x 1.cm).

thicknesses of the samples, respectively. Hence, the synthesis technique
presented here yields highly (00)-textured InSe films where the
vertical domain size corresponds to the film thickness. A linear fit of
the thickness of the crystallized films as a function of the number of
deposition laser pulses yields an overall growth rate of 0.2 A/pulse.

scitation.org/journal/are

While films thinner than the 4.5 nm film presented here can likely be
obtained using this PLD method, films below 4.5 nm in thickness pre-
sent considerable characterization challenges, especially for obtaining
a Raman signal that allows for unambiguous identification of the InSe
phase.”” The normalized Raman spectra and optical images obtained
from films of various thickness are presented in Figs. 4(b) and 4(c),
respectively, showing uniform, continuous, and large-area
(1 cm X 1 cm) films of pure InSe.

D. Characterization of the optimized InSe thin films

Further characterization of optimized InSe films was performed
to evaluate their quality. The micrometer-scale homogeneity was
assessed using Raman spectroscopy mapping over a 30 um X 30 um
region of a 15-nm-thick InSe film. The position of the InSe A’; Raman
mode over the mapped area is plotted in Fig. 5(a), showing the
homogenous location of the peak at ~116 cm ™. No extraneous peaks
were observed, and the Raman spectra collected at each map location
are plotted in Fig. S9 in the supplementary material. The atomic force
microscopy (AFM) height image [Fig. 5(b)] and corresponding phase
image [Fig. 5(c)] of a 5 um x 5 um area of a 15-nm-thick crystalline
InSe film also show a continuous film with a root mean square (RMS)
roughness of 1.0nm. In contrast, InSe films that did not employ the
InSe:In,Se; co-deposition scheme exhibited an RMS roughness of
2.0nm (Fig. S10 in the supplementary material). While films created
using both deposition schemes experience the same crystallization
pathway, the observed improvement in the morphology of the InSe
thin films produced with the co-deposition scheme can be attributed
to the reduction in mass loss and resulting reduced internal strain. The
XPS spectra of the In 3d, Se 3d, and O 1s core levels of the 15-nm-
thick InSe film are shown in Figs. 5(a)-5(c). From these spectra, the
stoichiometry of the annealed InSe films is calculated to be identical to
the initial stoichiometry of the as-deposited film (Se:In = 1.0), further
supporting the absence of mass loss resulting from the co-deposition
method. The peak positions of In 3ds, and In 3ds/, are 445.3 eV and
452.8 eV, respectively, which match well with those of pristine exfoli-
ated InSe in the literature,” as well as those of the measured bulk InSe
crystal (445.3 eV and 452.9 V). Similarly, the Se 3ds;, and Se 3d;,
peak positions at 54.6 eV and 55.4 eV also matched the values of pris-
tine exfoliated InSe in the literature” and the bulk InSe crystal
(54.7 eV and 55.5¢eV). The lack of an O 1s peak confirms no detectable
oxidation of the films.

The crystallinity of the optimized 15-nm-thick InSe film was
investigated with scanning/transmission electron microscopy (S/TEM),
selected area electron diffraction (SAED), and high-angle annular
dark-field scanning transmission electron microscopy (HAADE-
STEM) imaging. The sample was prepared by the direct synthesis of
a 15-nm-thick InSe film on an 8-nm-thick amorphous SiO, support
membrane for TEM and was oriented perpendicular to the [001]
zone axis. Figure 6(a) shows a TEM image of the InSe film wherein
the polycrystallinity of the film is apparent. From these data, we
estimate lateral crystalline domain sizes of 50-150 nm. The high-
resolution TEM image [Fig. 6(b)] shows a hexagonal lattice struc-
ture with d-spacing of 0.20 nm between {110} planes (denoted by
the yellow lines) and 120° angle between the (100) and (120)
lattice planes (denoted by the white arc), consistent with InSe. The
SAED pattern along the [001] zone axis with an aperture of
~110nm [Fig. 6(c)] shows a single-crystal domain. The diffraction
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FIG. 5. Characterization of the optimized InSe films. The 15-nm-thick InSe films were synthesized using the 16:4 InSe:In,Se; co-deposition scheme and in situ post-
annealing at 410 °C. (a) 2D Raman spectroscopy map of the InSe A’y Raman mode peak position. The uniformity of the map shows the homogeneity of the position of the A’
Raman mode at ~116 cm™". No impurity peaks were detected. (b) AFM height image of an InSe film. (c) AFM phase image of the image in (b). (d) In 3d, (e) Se 3d, and (f) O
1s core-level XPS spectra of the InSe film. The lack of an O 1s peak in the spectrum confirms no detectable oxidation of the films.

spots can be indexed to the ¢-InSe structure, as marked in the figure.
The SAED pattern with a larger aperture of ~900 nm [Fig. 6(d)]
reveals the polycrystallinity of the sample with all of the diffraction
rings accountable to the InSe structure and also confirms the
absence of impurity phases. For comparison, TEM data for an InSe
film prepared using the InSe target alone is presented in Fig. S11 in
the supplementary material.

Due to similar in-plane structures, discerning the exact polytype
of synthesized InSe thin films can prove difficult with most characteri-
zation techniques. However, HAADF-STEM paired with imaging sim-
ulations have been shown with exfoliated InSe to successfully identify
the polytype.”® We used this approach to identify our InSe thin films as
e-InSe. The experimental HAADF-STEM image obtained from the
15-nm-thick InSe film is shown in Fig. 6(e). Since contrast in HAADF
strongly depends on the atomic number, the differences in intensity of
the atomic columns can be used to distinguish polytypes. As illustrated
in the top view of the structural schematics in Fig. 1(b), the presence of
atoms at the center of the hexagonal rings rules out -InSe, and the
contrast between the intensities of the center and ring atoms suggests
that the structure corresponds to &-InSe rather than y-InSe. These
differences in contrast are clear in the simulated HAADF images
[Fig. 6(f)] where no atom column is present at the center of the hexago-
nal rings for f-InSe, an atom column of equal intensity is present at the
center of the hexagonal ring atoms for y-InSe, and an atom column of
significantly reduced intensity is present at the center of the hexagonal
ring atoms for e-InSe. The experimental HAADF image of the

synthesized 15-nm-thick InSe film most closely matches the contrast of
the &-InSe polytype simulated image and agrees well with a previously
reported HAADF-STEM image obtained from multilayer exfoliated
¢-InSe.” The identification of the films as the &-InSe polytype is consis-
tent with additional observations including: (1) the InSe A”, Raman
mode at 200 cm ™ is only exhibited by e-InSe and y-InSe; (2) the first
reflections in SAED belonging to the InSe (100) and (010) spots are for-
bidden in y-InSe, but allowed in &-InSe and f3-InSe. Overall, the preced-
ing analysis agrees with previous reports of exfoliated 2D ¢-InSe.”**

E. InSe phototransistors

Utilizing the co-deposition scheme, we explored the optoelec-
tronic response of our optimized InSe ultrathin films. The phototran-
sistors were fabricated by depositing 15-nm-thick InSe on
300-nm-thick SiO,/Si substrates. The source-drain metal contacts
(10nm In and 50 nm Au) were deposited using thermal evaporation
through shadow masks in a solvent-free fabrication process. The
doped Si substrate served as a bottom-gate. To achieve high photode-
tector performance, the channel length (L) and width (W) of the pho-
totransistors were chosen to be 7 um and 30 um, respectively, since the
net photocarrier gain in phototransistors scales as L~ All photo-
current measurements were conducted in a vacuum (< 10~ Torr)
using a laser diode emitting at 515.6nm (additional details can be
found in the supplementary material). The transfer characteristics at a
drain bias of Vp =10V [Fig. 7(a)] reveal that the photocurrent ()
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FIG. 6. TEM, SAED, and HAADF of the optimized InSe films. The 15-nm-thick InSe film was synthesized using the 16:4 InSe:In,Se3 co-deposition scheme and in situ post-
annealing at 410 °C. (a) TEM image of the InSe film showing lateral grain sizes from 50 nm to 150 nm. (b) High-resolution TEM image of the InSe film along the [001] zone
axis. The yellow lines denote a ~0.20 nm lattice spacing, and the white arc denotes a 120° angle between the (110) and (1 2 0) axes consistent with crystalline InSe. (c)
SAED pattern along the [001] zone axis with a ~110nm aperture showing a single crystal domain with sixfold symmetry consistent with InSe. (d) SAED pattern with a
~900 nm aperture showing polycrystalline InSe. (e) HAADF image of the InSe film along the [001] zone axis. (f) Simulated HAADF images for the polytypes of InSe, showing

that the observed contrast in (e) best corresponds to &-InSe.

increased with the bottom-gate bias (Vpg). The drain current under illu-
mination (Ijgn,) decreased the Vg by ~10V such that I,c exceeded the
dark current (I, by tenfold in the off state (Vg =-60V), indicating
an extrinsic gain mechanism of the photovoltaic effect arising from
trapped charges in the channel (Fig. S12 in the supplementary
material).”*”" The temporal photoresponse at Vpg=80V and
Vp =10V was probed by a modulating laser, resulting in rise and fall
times of 1 ms and 2.5 ms, respectively [Fig. 7(b)]. The photoconductivity
mechanism was further probed by varying the illumination intensity (P).
The I, measured at V=80V and V=10V in three devices was
found to increase with P as P®43 = 003 p047 =002 4 pO47 = 001 Logyt-
ing in a responsivity (R=1,/P) varying approximately as R~ P~ %’
[Figs. 7(c) and 7(d)]. This power law behavior suggests the dominance
of bimolecular recombination, similar to what has been previously
observed in exfoliated InSe phototransistors in accumulation.”*””" The
maximum value of R obtained at low intensity (0.1 (W/cm?)
approached ~10° A/W, which exceeds previously reported values for
phototransistors fabricated from scalable ultrathin InSe films,””* as well
as thicker films of solution-processed InSe nanoflakes.”"””

F. Large-area top-gated InSe FETs

We further leveraged the optimized co-deposition synthesis tech-
nique for the fabrication of enhancement-mode top-gated ultrathin

InSe FET's over large areas. Both the InSe channels and FET contacts
(10nm In and 70 nm Au) were patterned using shadow masks for a
solvent-free fabrication process. The channel length and width were
100 um and 150 pm, respectively. Following InSe:In,Se; co-deposition,
the patterned films were directly annealed at ~400°C in the PLD
instrument to prevent ambient exposure between the co-deposition
and annealing steps. When amorphous InSe films are exposed
to ambient conditions prior to annealing, we observe significant
degradation of the electronic properties of the film (Fig. S13 in the
supplementary material). This degradation results in a large increase
in both the ON and OFF current that significantly compromised the
Ion/Lofr ratio by orders of magnitude. Following the InSe and electrode
contact depositions, an encapsulation layer of 3 nm alumina and 20 nm
hafnia was deposited using atomic layer deposition to prevent ambient
degradation of the InSe.”®”” This dielectric stack was also used as the
top-gate dielectric with a measured capacitance of 437.5 /cm®. An opti-
cal image of patterned 15-nm-thick InSe films with source-drain con-
tacts (prior to top-gate fabrication for clarity) is shown in Fig. 8(a). The
FETs were measured in ambient conditions.

This synthesis method enabled the realization of 118 functioning
top-gated InSe FETs on a 1 cm x 1 cm substrate, which corresponds to
a 91% yield. The yield was calculated excluding fabrication errors and
is detailed in the supplementary material. The transfer characteristics
from a single top-gated FET showed a low threshold voltage of
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Vg =7V, a high I/l ratio greater than 10%, and a field-effect
mobility of ppg=0.55 ecm®V~'s™! at a source-drain bias of Vp=1V
[Fig. 8(b)]. The hysteresis observed is consistent with previous studies
of exfoliated InSe on Si0,.*" A maximum I, /I ratio of ~10° was
achieved when using a source-drain bias of V=5V (Fig. S14 in the
supplementary material), which is 1-2 orders of magnitude greater
than previously reported FETs from 2D InSe films synthesized using
scalable methods.””****”* The output characteristics of the same
device as Fig. 8(b) at various top-gate voltages are shown in Fig. 8(c).
At low biases (< 0.5V), the output showed linear behavior, suggesting
the absence of a large Schottky barrier, and the device began to satu-
rate past Vp=1V. The extraction of the contact resistance would
require patterning the film in Hall bars or in rectangles for the trans-
mission line method, and the chemical reactivity of InSe precludes
such lithographic patterning. The FETs demonstrated here using the
InSe:In,Se; co-deposition scheme showed significantly better transport
properties than FETs fabricated from films using the InSe PLD target
alone (see Fig. S15 in the supplementary material), which required an
order of magnitude increase in source-drain voltage to attain the same
Lon/Log ratio. In particular, the FET's from the InSe target alone are not

107 106

2mW/em?, respectively. The bottom-gate
bias (Vgg) was swept from 80 to —60 V at
a sweep rate of 10V/s with Vp fixed at
(b) 10V. (b) Temporal response of the InSe
phototransistor obtained by switching the
laser ON and OFF at a frequency of
200Hz while the device was biased at
Vg =80V and Vp =10V. The rise time
of ~1ms and fall time of ~2.5ms was
extracted from 90% of the maximum
and minimum values. (c) Photocurrent vs
illumination intensity (P) for three devices
(yellow circles, red squares, and blue
triangles) at Vgg=80V and Vp=10V.
The black line indicates I,, ~P*° behav-
ior. (d) Responsivity (R) vs intensity for
the three devices, showing a maximum R
~10°AW at 0.1uW/em? The black
line indicates R ~ P~%5 behavior.
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enhancement-mode and require a source-drain voltage of Vp=10V
to achieve an I/l g ratio of ~10* which is an order of magnitude
greater Vp, in comparison to the FETs fabricated using the InSe:In,Se;
co-deposition scheme. Moreover, the FETs made from the InSe:In,Se;
co-deposition scheme possessed over an order of magnitude greater
field-effect mobility than those made from the InSe target alone.
Hence, the co-deposition scheme improved both film morphology and
electronic properties.

The distributions of the threshold voltage, I,,/Iog ratio, and
mobilities from all 118 FETs are plotted in Figs. 8(d)-8(f), respec-
tively. The mean of the threshold voltage, L,,/L,q ratio, and mobility
are given by Vog=6.8=02V, I,n/Iog=1.6= 0.6 x 10, and upg
=02*01cm?V 's7!, respectively. A plot of the individual
transfer curves from the 118 devices is provided in Fig. S16 in the
supplementary material. The tight distributions indicate consistent
device behavior, and confirm that the presented synthesis method
provides a scalable pathway to ultrathin InSe films for electronic
applications. Furthermore, FETs from ultrathin InSe films grown
using scalable vapor-phase techniques are often limited to depletion-

mode operation,”* requiring an applied gate voltage to turn the
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FIG. 8. Charge transport of top-gated InSe FET arrays. The FETs were fabricated from patterned 15-nm-thick InSe grown using the co-deposition scheme and post-
annealing at ~400°C. (a) Optical micrograph of patterned InSe channels with shadow-masked In/Au contacts prior to top-gate fabrication. (b) Transfer characteristics of an
InSe top-gated FET at a source—drain bias of 1V. (c) Output curves of the FET at various top-gate voltages. (d) Histogram of the threshold voltages (V+y), (€) histogram of the
lon/lof ratios, and (f) histogram of the mobilities (urg) of 118 top-gated FETs on a single substrate, extracted at a top-gate voltage of 10 V. The bin sizes are 0.1V, 2500, and
0.05cm?V~"s ™" for the threshold voltage, lon/lo ratio, and e, respectively. (g) Ambient stability of the encapsulated top-gated InSe FETs, as shown by the similar transfer
characteristics of the same FET immediately following fabrication and after 218 h in ambient conditions.

FET off in addition to establishing operating current levels. Notably,
all of the FETs fabricated here showed enhancement-mode
behavior with high complementary metal oxide semiconductor
(CMOS) 1,,/I, ratios of ~10*, where I is measured at a gate voltage
of 0 V. With a threshold voltage of ~7V and source-drain bias of 1V,
these InSe FETs demonstrate significant potential for low-power
electronic devices. Finally, the encapsulated devices showed ambient
stability with no change in behavior following 218 h in ambient con-
ditions [Fig. 8(f)].

11l. CONCLUSIONS

Through comprehensive characterization, this work has eluci-
dated the structural and compositional evolution of ultrathin PLD
InSe films through several phases of indium-selenium compounds as a
function of the annealing temperature. In particular, in situ XRD of
the PLD InSe films shows the progression from an amorphous film to
crystalline InSe, passing through a partial In,Se; crystallization and
degrading into In,Se; at higher temperatures. This pathway is corrob-
orated by Raman spectroscopy and XPS measurements. Consequently,
ultrathin InSe films with no detectable impurity phases can be
achieved at post-deposition annealing temperatures between 325°C
and 425 °C. Furthermore, this study informed the development of a
co-deposition scheme using both an InSe and In,Se; PLD target in a

16 : 4 laser pulse ratio to improve the material quality by reducing stoi-
chiometric mismatch between the starting and crystallized films. The
synthesized ultrathin ¢-InSe films are tunable in thickness, single-
crystalline in the vertical direction, and highly uniform over large areas
(1cm?). As a result, we realized phototransistors with a responsivity of
10° A/W and top-gated enhancement-mode FETs with 91% yield and
consistent device performance with I,,,,/I¢ ratios > 104, demonstrating
a level of uniformity yet to be established for the synthesis of ultrathin
InSe. This uniformity was afforded by the PLD technique that provides
homogenous deposition and stoichiometric tuning of the starting
material. Together with in situ post-annealing, the method presented
here enables the controllable navigation of the complex indium-
selenium phase diagram and is generalizable to a wide range of sub-
strates suitable for nanoelectronic applications. Moreover, we antici-
pate that this study will serve as a roadmap to guide future efforts to
synthesize large-area thin films of other layered post-transition metal
chalcogenides.

SUPPLEMENTARY MATERIAL

See the supplementary material for experimental details on the
deposition, in situ annealing, laser annealing, XRD, XRR, Raman spec-
troscopy, XPS, AFM, S/TEM, and FET; phototransistor fabrication
and characterization; and Figs. S1-S15.
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