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Two-dimensional (2D) indium selenide, with its low effective
mass, high thermal velocity, and exceptional electronic
mobility, is a promising semiconductor for surpassing silicon
electronics, but grown films have not achieved performance
comparable with that of exfoliated micrometer-scale flakes.
We report a solid-liquid-solid strategy that converts
amorphous indium selenide films into pure-phase, high-
crystallinity indium selenide wafers by creating an indium-rich
liquid interface and maintaining a strict 1:1 stoichiometric ratio
of indium to selenium. The as-obtained indium selenide films
exhibit exceptional uniformity, a pure phase, and a high
crystallinity across an entire ~5-centimeter wafer. Transistor
arrays based on the produced indium selenide wafers
demonstrate outstanding electronic performance surpassing
that of all 2D film-based devices, including an extremely

high mobility (averaging as high as 287 square centimeters
per volt-second) and a near-Boltzmann-limit subthreshold
swing (averaging as low as 67 millivolts per decade) at

room temperature.

Advancements in artificial intelligence and Internet of Things technolo-
gies have imposed substantial demands on computational power (7).
However, silicon-based transistor technology is approaching its intrinsic
physical limits at sub-10-nm nodes, restricting further improvements
in the chip performance, power efficiency, and integration density (2, 3).
New semiconductor channel materials that can overcome the limita-
tions of silicon, thereby sustaining further growth in the transistor den-
sity for future integrated circuit nodes, are needed (4-7).
Two-dimensional (2D) atomically thin semiconductors—such as molyb-
denum disulfide (MoS,), tungsten disulfide (WS,), tungsten diselenide
(WSe,), black phosphorus, bismuth oxyselenide (Bi;O5Se), and indium
selenide (InSe)—are candidates for sub-3-nm technology nodes (8-17).
Among them, InSe is a 2D semiconductor that theoretically could surpass
silicon limits because of its low effective mass [0.14m,, compared with
0.19m, for silicon and 0.3 to 0.6my, for transition-metal dichalcogenides
(TMDs), where my is the electron mass], high thermal velocity (>1.3 cm/s,
compared with 1.2 cm/s for silicon and <0.8 cm/s for TMDs), theoretically
high mobility (1000 cm2/V -s at room temperature ), and appropriate band-
gap (>1.26 eV, compared with 1.12 eV for silicon) (17, 18). This exceptional
performance has recently been demonstrated for exfoliated microscale InSe
flakes (19), but the scalability of integrated electronics based on a vast num-
ber of devices ultimately relies on large-scale, high-quality InSe wafers.
Currently, wafer-scale InSe films are primarily produced through vari-
ous thin-film deposition techniques, such as metal-organic chemical
vapor deposition and molecular beam epitaxy, but the performance of
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the grown films is decreased so that they underperform compared with
2D TMD semiconductors (20-23). The main challenge in high-quality
InSe film growth arises for two main reasons. First, the phase diversity
within the In-Se system is complex because there are at least four stable
phases (InSe, In,Ses, InsSes, and IngSey;). Even slight compositional varia-
tions can trigger unwanted phase transitions that lead to considerable
performance deviation and degradation (22). Second, the crystallinity of
InSe films is poor because of the difficulty in maintaining a stoichiomet-
ric balance between In and Se because the vapor pressure of Se is ap-
proximately seven orders of magnitude greater than that of In at a growth
temperature of ~500°C (24). Achieving a pure-phase, high-crystallinity
film is a critical prerequisite for unlocking the full potential of InSe
wafers in large-scale integrated electronics.

Design and growth

To prevent the formation of other phases, we maintained a strict 1:1
stoichiometric ratio of In to Se by sealing a predeposited amorphous
InSe wafer. A high-purity InSe target was used in magnetron sputtering
to uniformly deposit the amorphous InSe film onto a ~5-cm sapphire
substrate (Fig. 1A and fig. S1). This amorphous InSe wafer was placed
into a custom steel groove, covered with fused silica, and sealed at the
edges with liquid In (with a melting point of ~157°C). This configura-
tion created a sealed space that prevented atomic loss during growth
at a high temperature of ~550°C and maintained the stoichiometric
ratio of In to Se in the InSe film [Fig. 1B and supplementary materials
(SM) materials and methods].

High crystallinity was achieved with a solid-liquid—solid (SLS)
growth mechanism, in which recrystallization of amorphous InSe oc-
curred at an In-rich liquid interface. Trace amounts of additional In
atoms were introduced by the surrounding liquid In and the saturated
In vapor in the reactor to facilitate the formation of a liquid In-rich
interface (Fig. 1C and fig. S2) (25). Our density functional theory cal-
culations showed that the formation energy of amorphous InSe was
~0.38 eV/atom greater than that of the crystalline InSe, so the trans-
formation from amorphous to crystalline InSe would be energetically
preferred (fig. S3). With a liquid In-rich interface, the In and Se atoms
of the amorphous InSe quickly dissolved into the liquid interface and
then precipitated out on the crystalline InSe side, which Kinetically
promoted the structural transformation (Fig. 1D and fig. S4). To verify
the SLS mechanism, we carefully examined the interface between
amorphous and crystalline InSe. The In-rich interface was clearly vi-
sualized in the cross-sectional scanning transmission electron micros-
copy (STEM) images and further confirmed with corresponding fast
Fourier transform (FFT) patterns (Fig. 1E).

High crystallinity of InSe wafers

We experimentally prepared ~5-cm high-quality InSe wafers on sapphire
substrates through the proposed strategy (Fig. 2A). The thickness of the
InSe films was nearly linearly dependent on the sputtering time, with
a slope of ~0.28 layers per second (fig. S5). In our current experimental
configuration, the minimum achievable thickness was ~2.5 nm (three
layers), which was mainly constrained by the limitations of the magne-
tron sputtering technique (fig. S6). When the film thickness reaches
>30 nm, the vertical penetration of liquid In becomes insufficient to
achieve full crystallization of the InSe layers (fig. S7). The crystallization
of the InSe film was evident from the reduction in the surface roughness
from ~415 pm in the amorphous state to only ~37 pm in the crystalline
state (Fig. 2B and fig. S8). In addition, the uniform contrast in the optical
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Fig. 1. Design of the SLS strategy for InSe wafer growth. (A) Amorphous InSe films are deposited on a single-crystal sapphire substrate
by means of magnetron sputtering. (B) Schematic of the annealing device designed to hold a ~5-cm wafer. In the main structure, the
central groove in the steel base holds the wafer, whereas the surrounding groove (1 mm deep) contains liquid In. A fused silica plate was
placed on top of the steel base. Liquid In was used to seal InSe wafers. (C) Zoomed-in diagram of the SLS growth in (B). Liquid In evaporated
to create an In-rich interface between amorphous and crystalline InSe. At this interface, the amorphous solid continuously transformed into
acrystalline InSe film. (D) Schematic of SLS evolution. At the experimental temperature (Tey, ~ 550°C), only the In-rich interface is in liquid
state, promoting recrystallization by enhancing atomic diffusion and lowering the formation energy. (E) Cross-sectional STEM image and
corresponding FFT patterns, showing the presence of the In-rich interface between amorphous and crystalline InSe regions.
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Fig. 2. Characterizations of InSe films. (A) Photograph of an as-grown 10-nm-thick InSe film on a ~5-cm sapphire substrate
positioned in the steel base. (B) Atomic force microscopy roughness (standard deviation of the height, h) images of (top)
amorphous and (bottom) crystalline InSe. (C) Optical images of an as-grown InSe film collected from 12 representative areas
on a ~5-cm wafer. All the images are of the same size (150 by 150 pm). (D) Raman spectra of InSe collected at the
corresponding areas in (C), indicating the uniformity of the as-grown InSe film. (E) Optical images of InSe films after H,
etching. The etched holes all had triangular shapes and the same orientation. (F) Polarization-dependent SHG patterns of InSe
in the corresponding areas marked in (E). (G) SHG mapping of the InSe film. (H) LXD patterns of an InSe film at four different
positions. The size of the x-ray spot was ~0.2 mm. (I) SAED patterns of the InSe film. (J) HAADF-STEM image of the InSe film.
(K) Cross-sectional HAADF-STEM image of as-grown InSe on sapphire substrate, revealing the ABC stacking order.

images and nearly identical Raman spectra collected from 12 represen-
tative areas evenly distributed across the ~5-cm InSe wafer consistently
demonstrated its large-area uniformity (Fig. 2, C and D). Our methodol-
ogy is fundamentally scalable for the production of large InSe wafers,
as demonstrated by the highly uniform ~10-cm wafer (fig. S9).
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To evaluate the crystallinity of the
grown InSe film, we used H, etching to
visualize its crystallographic orienta-
tion. Because of the threefold symme-
try (Csy) of InSe, triangular holes with
a uniform orientation consistently ap-
peared, providing strong evidence
of the single-crystal structure of the
film across a large area (Fig. 2E and
fig. S10). Additionally, the highly con-
sistent polarization-dependent second-
harmonic generation (SHG) patterns,
along with the uniform intensity distri-
bution in the SHG mapping, further
validated the monocrystalline nature
of the InSe film (Fig. 2, F and G). Fur-
thermore, Laue x-ray diffraction (LXD)
patterns (x-ray spot of ~0.2 mm) mea-
sured at four different positions across
a 1- by 1-cm region revealed sharp
and consistently arranged spots, con-
firming the high crystallinity on a
large scale (Fig. 2H).

The detailed atomic structures of
the InSe films were characterized by
using selected-area electron diffrac-
tion (SAED) and high-angle annular
dark-field STEM (HAADF-STEM). The
SAED pattern with an incident zone
axis of (001) clearly showed the in-
tensities of representative diffraction
spots (Fig. 21), revealing the high crys-
tallinity of the InSe lattice. Specifically,
the lattice spacings of InSe are 0.34 and
0.21 nm, corresponding to the (100)
and (110) planes, respectively, as re-
ported in a previous study of single-
crystal flakes (26). The triangular
lattice of InSe was clearly visualized
through the in-plane HAADF-STEM
image, in which each atomic column
represents a series of stacked In, +
Se, (Fig. 2J and fig. S11). The out-of-
plane view revealed a well-defined
atomic structure with a layer spacing
of 0.83 nm, in which each InSe layer
is aligned in the same direction and
followed a rhombohedral (ABC) stack-
ing order (Fig. 2K and fig. S12). These
results demonstrate that the InSe film
had high crystallinity and quality.

Electronic performance of

wafer-scale InSe transistor arrays
To further evaluate the crystalline
quality of the InSe films, we fabricated
large-scale integrated arrays of field-
effect transistors (FETs) directly on
sapphire substrates using the as-
obtained 5-nm-thick InSe wafers for

reliable statistical analysis of the electrical performance. A schematic
of the devices is shown in Fig. 3A. To avoid the Fermi-level pinning
effect, we used rare-earth yttrium (Y) doping in the contact metalliza-
tion layer to achieve robust ohmic contact in wafer-scale InSe device
arrays (19). Additionally, ultrathin 2.6-nm hafnium oxide (HfO,) was
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Ballistic transport performance
of 10-nm InSe transistors

The ballistic transport performance
in ultrashort-channel 2D devices of-
fers another robust assessment mea-
sure beyond the mobility to evaluate
the wafer quality in advanced tech-
nology nodes below 10 nm. We fabri-
cated ballistic InSe transistors with a
channel length of 10 nm (Fig. 4A) us-
ing Y-doping contacts and a dual-gate
structure to enhance gate efficiency
by transferring the films from sap-
phire to Si substrates (fig. S15 and SM
materials and methods). The cross-
sectional structure and elemental
distribution of the devices were deter-
mined by using STEM and electron
energy-loss spectroscopy (EELS) (Fig.
4B). The back-gate length was 10 nm,
whereas the top-gate length was 5 nm,
with the channel comprising three
layers of InSe. Both the top- and back-
gate dielectrics were composed of
~2.6-nm-thick HfO,.

The transfer characteristics of a
representative ballistic InSe transis-
tor are shown in Fig. 4C, demonstrat-
ing nearly ideal switching behavior,
with an SS as low as 79 mV per de-

SS (mV/Dec)

Fig. 3. Wafer-scale fabrication and statistics of the electrical performance of 2D InSe FETs. (A) Schematic diagram of
wafer-scale InSe FETs with Y-doping—induced contact metallization. The purple, green, and blue spheres indicate In, Se, and Y atoms,
respectively. (B) (Top) False-color SEM image and (bottom) typical cross-sectional STEM image of the top-gate InSe FET arrays on
sapphire. (C) Typical output characteristic curve of the InSe FET with gate length Lg of 480 nm. (D) Transfer characteristics of 100
individual fabricated 2D InSe FET devices. (E) Statistical histogram of the field-effect mobility values from 100 individual 2D InSe FET
devices. (F to H) Statistical distributions of the (F) SS, (G) threshold voltage V4, and (H) electric conductance o of 100 individual 2D
InSe FETs, revealing mean values of 67.3 mV per decade, 0.31V, and 369 pS/pm, respectively. The dashed lines are Gaussian fitting

cade and a switching current ratio
exceeding 107, which meets the strin-
gent requirements for advanced logic
circuits. Additionally, the device oper-
ates at an ultralow voltage of 0.5V,
with its off-state current satisfying
the IRDS requirements for high-
performance and high-density ap-

curves. (I) Comparison of the mobility versus SS plots of our wafer-scale 2D InSe FETs (red star) with those of other reported
film-based 2D counterparts (open symbols) (SM materials and methods, sectionS1.5, and references therein).

used as the top dielectric layer (SM materials and methods). In Fig. 3B,
we show a false-colored scanning electron microscopy (SEM) image
of the 2D InSe FET integrated array and a cross-sectional STEM im-
age of a typical top-gate device with a gate length of 480 nm. Under a
source-drain voltage (Vpg) of 3 V, with a gate-source voltage (Vgs) of
1.2 'V, the corresponding saturation current density reached 892 pA/pm,
which far exceeds that of any reported similarly sized 2D semiconduc-
tor devices for grown films (Fig. 3C).

The transfer characteristics of 100 individual InSe transistors at
Vps of 0.1 V are shown in Fig. 3D, and the field-effect mobility dis-
tribution is illustrated in Fig. 3E. The average field-effect mobility
was 287 cm?/V-s, with a peak mobility as high as 347 cm?/Vs, which
is higher than those of all other reported film-based 2D devices (figs.
S13 and S14) (27, 28). Additionally, these values meet the Inter-
national Roadmap for Devices and Systems (IRDS) requirements
for channel mobility in very-large-scale integration (2). Statistical
histograms of the subthreshold swing, threshold voltage (Vry), and
electrical conductance (o) are presented in Fig. 3, F to H, showing
that the mean values of SS, Vry, and ¢ are 67.3 mV per decade, 0.31V,
and 369 pS/pm, respectively. In Fig. 31, the benchmark plot of the
mobility versus the SS demonstrates the advantage of our InSe
devices in both the switching speed and mobility compared with
those of other reported devices.

Science 17 JULY 2025

plications. The on/off ratio versus
the drain current (Ip) illustrates that
the comprehensive switching char-
acteristics of our device surpassed
those of other 2D counterparts by at least two orders of magnitude
(Fig. 4D) (29-31).

The output characteristics of a representative 10-nm InSe transistor
are presented in Fig. 4E, which displays a saturation current density
of up to 1.2 mA/pm at 0.8-V Vpg and 1.0-V Vs, and a standard current
density of 1 mA/pm was achieved at an ultralow V'pg of 0.46 V. Because
of the high-quality InSe channel material, Y-doped metallic ohmic
contacts, and efficient dual-gate architecture, our ballistic InSe device
exhibited superior comprehensive electrical characteristics across six
key parameters—operating voltage, gate length, drain-induced barrier
lowering (DIBL), effective mass, on/off ratio, and ballistic ratio—
compared with Intel 3 technology nodes and state-of-the-art film-
based 2D transistors (Fig. 4F) (32-35). Its overlap-free intrinsic gate
delay was as low as 0.39 ps, and its energy-delay product (EDP)
reached a particularly low value of 5.27 x 1072 J.s/ pm, exceeding the
predicted limits for silicon-based technologies outlined in the IRDS
until 2037 (Fig. 4G) (2).

Discussion and outlook

We have developed a SLS strategy to produce high-quality InSe films
at the wafer scale. These films exhibit exceptional uniformity and
crystallinity, which enables outstanding transistor array perfor-
mance, including a record high mobility and a near-Boltzmann-limit
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Fig. 4. Short-channel electrical perfor-

mance and benchmarking of InSe FETs.
(A) Top-view SEM image of a typical
fabricated ballistic 2D trilayer InSe FET with a
10-nm gate length. (B) (Top) Cross-sectional
STEM image of a ballistic trilayer InSe FET

featuring a highly efficient dual-gate
structure. (Bottom) The EELS maps illustrate
the spatial distributions of gold (Au), Y,
titanium (Ti), hafnium (Hf), and In,
confirming the locations of the 2D InSe
channel, electrode, and gate stack.

(C) Transfer characteristics of a typical
ballistic double-gate InSe FET with a 10-nm
gate length. (D) Comparison of the on-state
current (Ip) versus the on/off ratio of our
typical ballistic trilayer double-gate InSe FETs
(red stars) with that of other short-channel
(Lg < 50nm) 2D counterparts (light blue
shaded area). The Ip and corresponding
on/off ratio are defined within a 0.5-V window 00 02 04 06 08
along each transfer curve. (E) Output Vos (V)
characteristic curves of the ballistic 2D InSe
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FET with Lg of 10 nm. (F) Radar plot of the electrical performance of our InSe FETs versus other reported short-channel FETs, including key parameters such as Vps (reaching a
standard saturation current density of >1 mA/um), Lg, DIBL, effective mass, on/off ratio, and ballistic ratio (Bsat). TSMC, Taiwan Semiconductor Manufacturing Company.
(G) Scaling trends of (left) intrinsic gate delay and (right) EDP of our ballistic 2D InSe FETs with an overlap-free architecture compared with those of silicon.

SS for large-scale 2D devices. Ultrashort-channel (10-nm) InSe tran-
sistors demonstrate key parameters—including the operating voltage,
gate length, DIBL, effective mass, on/off ratio, and ballistic ratio—
that exceed those of the current state-of-the-art Intel 3-nm-node
technology. The delay and EDP of the device fall below the 2037 IRDS
predicted limits for silicon technology. We anticipate that integrated
electronics produced from 2D InSe wafers will drive the development
of advanced transistors, offering a more flexible, low-power, high-
performance solution for next-generation computing and communi-
cation technologies.
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