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Solution-processed two-dimensional semiconductors could be used to
create electronic devices on large scales and at low cost. However, the

electronic performance of devices based on such materials is typically
below that of devices based on materials grown via high-temperature
chemical vapour deposition. Here we report the fabrication of indium
selenide (InSe) semiconductor thin films using a colloidal solution of
monolayer nanosheets (monolayer purity more than 98%). The InSe thin
films are assembled on 4-inch wafers with conformal and intimate van der
Waals contacts between the monolayer building blocks. We use the
solution-processed films to fabricate InSe transistors that exhibit electron
mobilities of 90-120 cm? V's™, current on/off ratios of up to10’and a
small current hysteresis. We also show that InSe transistors with oxide
encapsulation canremain stable in air for 3 months.

Solution-processable two-dimensional (2D) semiconductors could
be used to fabricate flexible electronic and optoelectronic devices
over large areas and at low cost' . Such materials, with low processing
temperatures of below 300 °C, can be used to assemble high-quality
2D semiconductor thin films on arange of rigid and flexible substrates
(including glass and plastic) through scalable solution-based deposi-
tion methods® ™. A variety of chemical methods have been devel-
oped to synthesize solution-processable 2D nanosheetinks, including
bottom-up chemical synthesis and liquid-phase exfoliation assisted
with high-power sonication or chemical intercalation®'* '8, By dispers-
ing 2D nanosheetsinto selected solvents as colloidal solutions, stable
and easy-to-handle ink materials can be formulated and used for film
deposition and device fabrication”. An electrochemical molecular
intercalation and exfoliation method that uses organic cation inter-
calants can, in particular, provide high-quality 2D semiconductor ink
materials with well-preserved crystal structure and semiconducting
characteristics? .

The electrical performance of such solution-processed 2D
semiconductors is, however, much lower than chemical vapour
deposition (CVD)-grown crystals. For example, solution-processed

n-type molybdenum disulfide (MoS,) thin films fabricated with the
electrochemical molecular intercalation and exfoliation method
exhibit carrier mobilities of around 10 cm? V' s™and on-/off-current
ratios of around 10° on regular silicon dioxide (SiO,) substrate’; tung-
sten diselenide (WSe,) nanosheets obtained using a similar method
can be switched to p-type with enhanced hole mobility of around
27 cm? Vs after bromine treatment'®. With solution-processed
MoS, thin films, carrier mobilities of up to around 80 cm? Vs have
been reported by replacing the conventional SiO, and aluminium
oxide (Al,0,) dielectrics with a specifically designed high-k layer
(sodium-embedded alumina)®. In comparison, 2-inch monolayer
MoS, thin film synthesized at 850-1,000 °C and 1-inch bilayer MoS,
thin films synthesized at around 1,000 °C using a CVD approach
have delivered average carrier mobilities of around 120 cm?V's™
(upto140 cm?V?'s™) andaround107 cm?V's? (upto122 cm?V?s™),
respectively® ", Recently, average mobilities of 120 cm*V's™ (up
to 190 cm?V?'s™) have also been reported for CVD-grown 2-inch
trilayer 3R-MoS, crystals”. The material quality and carrier mobil-
ity of these CVD-grown 2D semiconductors are higher than that of
solution-processable films.
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In pursuit of high-quality solution-processable 2D semiconduc-
tor thin films that can deliver electrical performance approaching
the values offered with CVD-grown crystals, the 2D semiconductor
indium selenide (InSe), which exhibits intrinsic mobility in the range of
300-1,000 cm?V's™, is promising?® >, However, the solution-phase
synthesis of InSe, and the subsequent fabrication of high-performance
electronic devices, remains challenging. Akey issueis developing areli-
able solution-based method that canrobustly produce high-quality 2D
InSe semiconductors. InSeis not as chemically stable asMoS,, especially
in the form of thin monolayer or few-layer crystals***, and thus the
chemical synthesis of high-quality wafer-scale thin films through either
CVD-based or solution-based methods s difficult. InSe thin films of 1by
1cmhavebeen fabricated by pulsed laser depositionand used to create
transistors that exhibit carrier mobilities of 0.6-10 cm*V*'s™and current
on/off ratios of 10%-10° (refs. 36,37). High-quality wafer-scale InSe thin
films have also been fabricated via metal-organic CVD using dimethyl
selenide and trimethylindiumas precursors®. The InSe thin films, which
were grown on a 2-inch Al,O; substrate, exhibit a carrier mobility of
around 4.5 cm?V's™ and current on/off ratio of 10*-10°. These values
are, however, still lower than the values reported on pristine thin flakes
prepared by mechanical exfoliation. For solution-based methods, single
InSe flakes produced from direct liquid-phase exfoliation have been
shown to offer mobilities of 19 cm? V' s (ref. 8). Solution-PROCESSABLE
InSe thin films with carrier mobilities of less than 0.1cm? V™'s™ (ref. 39)
and around 5 cm? Vs (ref. 40) have also been reported (with filmsizes
of4by4 mm).

Inthis Article, we report the fabrication of wafer-scale InSe semi-
conducting thin films using 2D monolayer inks (monolayer purity
>98%). The ink material is formulated from a colloidal solution of 2D
nanosheets obtained via an electrochemical molecular intercalation
and exfoliation strategy. Using the high-purity 2D monolayer inks, we
assemble InSe thin films on 4-inch wafers with tunable thicknesses,
high uniformity (a filmroughness around 2 nm) and preserved crystal
structure integrity (suppressed material oxidation).

Within the assembled thin films, InSe monolayers stack with a
conformal and clean van der Waals contact that resembles the pris-
tine bulk layered crystal, which is a prerequisite for achieving high
device performance. We use these materials to fabricate thin-film
transistors with standard SiO, dielectrics and show that they offer an
average electron mobility of around 90-120 cm?V's™, acurrent on/
offratio of 10’ and a small current hysteresis. With the help of ligand
chemistry, we tune the carrier concentrationin the film and obtainan
improved subthreshold swing (SS) of around 1.8 V dec™. Our mobility
values are comparable to the state-of-the-art performance obtained
in CVD-grown wafer-scale MoS, semiconductor thin films*. The
transistors also exhibit high device reproducibility and operational
stability. For example, air-stable InSe transistors are created through
oxide encapsulation, and the mobility and on/off ratio remain nearly
unchanged after exposure to ambient air for 3 months.

Exfoliation of InSe monolayersin solution

The solution-processable high-purity InSe 2D monolayers were exfoli-
ated following the protocol of electrochemical molecular intercala-
tion of organic cations (for example, tetraheptylammoniumbromide,
THAB)?. Because InSe crystals, especially in the form of thin monolay-
ers, are prone to oxidation by oxygen and moisture and thus are very
sensitive to air’***. Therefore, we have carried out the electrochemi-
cal intercalation and exfoliation process in an air-free environment
(inside anitrogen-filled glovebox with oxygen and water level <1 ppm),
which is the key to high-quality 2D monolayers. Besides, both ace-
tonitrile and dimethylformamide (DMF) were purged with nitrogen
and dried with molecular sieve to remove the dissolved oxygen and
residual moisture (oxygen and water level <1-10 ppm). By contrast,
whenintercalated inair with regular acetonitrile (for example, water
level >200 ppm), the original dark brown InSe crystal turned yellow,

whichsignifies the material oxidation caused by the oxygen and water
insolvent (Fig.1a,b and Supplementary Fig.1). Previous reports sug-
gest that InSe thin crystals canbe readily oxidized to InSe,.,O,, Se and
Se0,, and thus InSe monolayers are vulnerable to the dissolved water
and oxygen in organic solvents®**2, So, the colloidal solution of InSe
nanosheets exfoliated in air appears bright yellow (inset photograph
in Fig. 1b), in contrast to black pristine InSe crystals without oxida-
tion. The transmission electron microscopy (TEM) image revealed
many nanoparticle impurities caused by material oxidation (Fig. 1c
and Supplementary Fig. 2a,b). The selected-areaelectron diffraction
data show no diffraction spots, suggesting the destruction of InSe
crystal lattice (inset in Fig. 1c). The oxidation of InSe to InO,, Se and
Se0, was also confirmed by X-ray photoelectron spectroscopy (XPS)
analysis (Fig. 1d).

When in the air-free environment, the intercalated and exfoli-
ated InSe crystal can maintainits original dark brown colour without
turning yellow (Fig. 1e,fand Supplementary Fig.1). No obvious nano-
particles or signs of material oxidation were observed in TEM images
(Fig.1g and Supplementary Fig. 2c,d). In particular, the six-fold sym-
metric electrondiffraction patternreveals the preserved InSe crystal
structure of the exfoliated material (inset in Fig. 1g), in contrast to
the sample prepared in air. Furthermore, XPS results confirm the
preserved InSe structure with no oxidation peaks for InO,, Se and SeO,
(Fig.1hand Supplementary Fig. 3). However, it does not fully exclude
the possibility of a very low level of oxidation in the InSe that is beyond
the detection limit of XPS. In this case, other advanced characteriza-
tiontechniques such as extended X-ray absorption fine structure may
berequired. TheInSecrystal structure canbe recovered after thermal
annealing to decompose the surface molecules that, however, were
not observed for the InSe exfoliated in air condition (Fig. 1i). The
electrical measurement suggests that the InSe nanosheets exfoli-
atedinair are not conductive ascribing to the material oxidation and
structural damage (Fig. 1j and Supplementary Fig. 4). By contrast,
the InSe nanosheets exfoliated in the nitrogen environment display
the expected n-type semiconducting characteristics with an on/off
ratio of roughly 107.

The large-area atomic force microscopy (AFM) image reveals a
uniform thickness among about 100 exfoliated nanosheets (Fig. 1k
and Supplementary Fig. 5). An individual nanosheet exhibits a thick-
ness of -1.7 nm (Supplementary Fig. 6). The statistical analysis of the
thickness measured by AFM shows a narrow distribution with a high
monolayer purity of >98% (Fig. 11). Also, the lateral size of the exfoliated
InSe nanosheets can be tuned from -2 to ~0.5 pum simply by adjusting
the sonication time (Supplementary Fig. 7). The nanosheets disper-
sionin DMF is stable for several days without obvious changein colour
and optical absorptionspectrum (Supplementary Fig. 8). As typically
observed in previousIn,Se,; monolayers®, these exfoliated nanosheets
areInSe monolayer crystals (monolayer thickness -0.8 nm) capped with
organic layers of ammonium molecules (molecular thickness -0.9 nm),
which together result in the larger apparent thickness. In the follow-
ing sections, more experimental evidence for the monolayer nature
from X-ray diffraction (XRD) and TEM analysis of the exfoliated InSe
nanosheets will be discussed.

Solution-processed assembly of InSe thin films
from monolayerink

High-quality InSe thin films can be assembled on versatile substrates
using a facile yet robust spin coating approach with high-purity 2D
InSe monolayer ink materials. As a proof of concept, we have assem-
bled a4-inch InSe thin film on the silicon wafer. The wafer-scale thin
film exhibits a uniform thickness suggested by the consistent colour
across the substrate (Fig. 2a). The thickness of the film can be pre-
cisely modulated by the ink concentration and spin coating param-
eters, which typically requires sophisticated synthetic control in
vapour-based CVD synthesis of 2D crystals*****, For example, we have
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Fig.1|Understanding the effect of moisture in the electrochemical molecular
intercalation and exfoliation of InSe crystal. a, Schematicillustration of the
electrochemical molecular intercalation of InSe bulk crystal in air with the
presence of dissolved moisture and oxygenin solvent. b, A thin piece of InSe
crystalintercalated in air. ¢, TEM image of the InSe monolayer intercalated and
exfoliated in air, showing alarge number of impurity particles due to material
oxidation. Inset is the electron diffraction pattern of the monolayer that signifies
the destruction of crystal lattice. Scale bars are 100 nm for TEM image and 51/
nm for electron diffraction pattern. d, XPS spectra of InSe monolayers in air,
showing the new peaks for InO,, Se and SeO, due to the material oxidation. e,
Schematicillustration of the electrochemical molecular intercalation of InSe
bulk crystalin nitrogen with dry solvent. f, A thin piece of InSe crystal intercalated
innitrogen. g, TEM image and electron diffraction pattern of the InSe monolayer
intercalated and exfoliated in nitrogen, suggesting an oxidation-free crystal
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structure. Scale bars are 100 nm for TEM image and 51/nm for electron
diffraction pattern. h, XPS spectra of InSe monolayers in nitrogen, showing

that no sign of material oxidation was detected in the XPS measurement. i, XRD
patterns of InSe monolayers intercalated and exfoliated in air and nitrogen,
respectively. The vertical lines indicate the diffraction peaks of pristine InSe
crystal, which disappear when processed in air. j, Electrical characterizations of
InSe monolayers intercalated and exfoliated in air and nitrogen, respectively. The
InSe exfoliated in nitrogen exhibits the pristine n-type transport behaviour while
the InSe exfoliated in air is not conductive. k, AFM image of InSe monolayers
deposited on SiO,/Si substrate, showing nearly identical colour contrast and
thickness among all monolayers. Scale bar is 2 um. 1, Statistical thickness analysis
that suggests a narrow thickness distribution of InSe monolayers. Inset is the
structure model of the InSe monolayer withammonium molecules on surface.

obtained THAB/InSe thin films with thickness of 7.0 to 47 nm (Fig. 2b
and Supplementary Fig. 9), corresponding to InSe crystals with thick-
nesses of 3.5to 25 nm after thermal annealing at 300 °C (Fig. 2¢). By
simply optimizing the ink concentration, InSe thin films with thick-
nesses of 0.8to 5.0 nm (thatis, corresponding to one- to six-layer crys-
tals) were spin coated for one to six times, respectively (twored curves
inFig.2c). For all these films, agood linear relationship between the
film thickness and spin coating cycle number was observed. The XRD
pattern of the assembled InSe films suggests an organic-inorganic
THAB/InSe hybrid superlattice structure (d = 1.6 nm) (Fig. 2d), match-
ing the thickness of individual nanosheet in AFM. The emergence
of only (00I) peaks in the XRD pattern suggests highly ordered and
oriented nanosheets stacking in the film. After thermal annealing
AT more than 200 °C to eliminate the organic molecules, the THAB/
InSe superlattice structure collapsed into pure-phase InSe crystals
(d = 0.8 nm), matching with the film thickness reduction by ~-50%
observedin AFMresults (Fig. 2c). XPS analyses indicate the retained
InSe structure after thermal annealing (Supplementary Fig. 10). By
contrast, the THAB/InSe nanosheets exfoliated in air could not be
converted to InSe crystal after thermal annealing due to the damaged
crystal structure (Fig. 1i).

In cross-sectional TEM analyses, the close and conformal stacking
between monolayer nanosheets was observedinthe as-deposited THAB/
InSe thinfilm (Fig. 2e). For the as-assembled THAB/InSe superlattice thin
film, the vertical lattice periodicity is -1.6 nm (Fig. 2f,g and Supplemen-
tary Fig.11a), matching values obtained in AFM and XRD analyses. After
thermalannealing, the thickness of film was reduced to-25 nmwith the
chemical conversion from THAB/InSe superlattice to pure InSe crystal
(Fig.2h). The chemically converted InSe thin film has alattice periodicity
of-0.8 nm, which coincides withtheintrinsicinterlayer distancein pris-
tine crystal (Fig. 2i,j and Supplementary Fig.11b). Here both the THAB/
InSe superlattice and the converted InSe films are uniformin thickness,
compact and free of voids in microscopic level. Specifically, the clean
and conformal van der Waals contact between InSe monolayers resem-
bles the pristine bulk crystal, representing high material quality in the
assembled thin films. Ramanspectroscopical analysis of the assembled
InSe thinfilmalso indicates a high crystal quality comparable to the bulk
crystal (Supplementary Fig. 12). AFM analysis reveals smooth film sur-
faces withasmallroughness of -2 nm (Supplementary Fig.13). With these
results, we have demonstrated the wafer-scale assembly of high-quality
uniformand compact InSe thin films with precisely modulated thickness
using the solution-based processing method.
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Fig.2|Solution-processable wafer-scale InSe thin film using the monolayer
ink. a, Photograph of the wafer-scale InSe thin film deposited on 4-inch SiO,/
Sisubstrate. b, AFM images of various InSe thin films with tunable thickness

by spin coating one to six times. Scale bar is 2 pum. ¢, The linear relationship
between the thickness of deposited thin films and the number of coating cycles,
demonstrating a fine control of thickness. Data points represent mean values
ofthickness. The error bars are standard deviations based on the differences
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between five samples. d, XRD patterns of the pristine bulk crystal and the
assembled thin films annealed at different temperatures. e,f, Cross-sectional
TEMimages of the THAB/InSe thin film on SiO,/Si substrate. Scale bars are 20 nm
(e) and 2 nm (). g, Statistical distribution of THAB/InSe superlattice periodicity
inthe TEMimageinf. h,i, Cross-sectional TEM images of the pure InSe thin film
converted from THAB/InSe superlattice in e. Scale bars are 20 nm (h) and 2 nm (i).
j, Statistical distribution of InSe crystal periodicity in the TEM image ini.

Electrical characteristics of the
solution-processed InSe thin films

Electrical characterizations of the assembled InSe thin films have
further revealed the preserved semiconducting characteristics. The
field-effect transistors were fabricated on SiO,/Si substrate by deposit-
ing electrodes through a metal shadow mask (Fig. 3a). The dielectric
layer is SiO, with a thickness of ~200 nm (Supplementary Fig. 14) and
the typical channel length and width is 300 and 300 pm and 200 and
200 um. Transistors of other channel length and width values such as
20/180 pm were fabricated by a standard photolithography process
(Supplementary Fig.15a-c). To define an accurate channel length and
width and suppress the gate leakage current, the transistor was isolated
from the other area of the film by scratching off the material outside
the channelarea. Here we report the transistor performance following
the previously established guidance®. The as-assembled THAB/InSe
superlattice thin filmis notelectrically conductive due to theinsulating
ammoniummolecules. After thermal annealing, the THAB/InSe super-
lattice structure can be converted to pure InSe crystal and the n-type
transportbehaviour emerges (Fig. 3b). Although XRD patterns suggest
therecovery of pureInSelattice after thermal annealing at over 200 °C,
thehighest current was observed in the film annealed at 300 °C. Further
increasing the annealing temperature resultsinacrystal phase change
to other material and thus the lower current (Supplementary Fig.16).
For thicker films, the current in transistor grows higher (Fig. 3¢c,d) for
the increased amount of materials and conducting paths along the
vertical direction. The current on/off ratio gradually decreases from
~107 to ~10 along with the growing /. (Supplementary Fig.17a,b). The

weaker drain current modulation and smaller on/off ratio are mostly
duetothescreening of gate electric field and limited gate modulation
depth of SiO, dielectric*®. Meanwhile, V, shifts to negative values in
thicker films (Supplementary Fig.17c), as commonly seen in many 2D
semiconductor®®”. Similar to the trend of the current level, the highest
carrier mobility was observed in the thin film annealed at 300 °C (Fig. 3e
and Supplementary Fig.18). Using the InSe thin film with a thickness of
~17 nm (annealed at 300 °C), the fabricated transistor on standard SiO,
dielectric delivered a carrier mobility of -95 cm? V™' s and current on/
offratio of 10. The field-effect mobility (i) values were calculated in
thelinear region following the equation gy = L, X 8o/ (Wep, X Coy x Vo), in
which L and W, are the channellength and width, g,,,is the measured
transconductance, C,, is the capacitance of the gate oxide dielectric
and V,is the drain-source voltage of the transistor. The carrier mobil-
ity eventually saturates at~120 cm? V' s for film thickness over 30 nm
despite the lower current on/off ratio (Fig. 3f).

Using the film with a thickness of ~25 nm as a representative
example, we measured the /,-V  output curves of the transistor under
various gate bias (Fig. 3g). At small voltage values, the I,-V,, curves
are linear, which thus suggests an Ohmic contact between the metal
electrodes and semiconductor. Among multiple devices tested on the
same film, all mobility values fall in the range 0f 100-120 cm?*V's'and
the current on/off ratios are ~10° (Fig. 3h). The narrow distribution of
mobility values confirms the high material and device uniformity.
The detailed transistor performance of different InSe thicknesses,
including mobility, on/off ratio, SS value and so on, are summarized
for aclear and transparent comparison (Supplementary Table1). The
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Fig. 3 | Electrical characterizations of the InSe thin films. a, Schematic
illustration and optical image of the bottom-gate/top-contact transistor with
InSe semiconductor channel. Scale bar is 200 pm. b, /;-V,, transfer curves InSe
thin films annealed at different temperature up to 400 °C. V4 =1V.L/W=1.The
gate voltage sweeps from 50 to-50 V. RT, room temperature. ¢,d, /;-V,, transfer
curves of InSe thin films annealed at 300 °C of various thickness from 3.5, 6.4,12,
17,21, 25,30 to 35 nm, which are plotted in both linear (c) and logarithm (d) scales.
V4 =1V.L/W=1.e,f, The carrier mobility of InSe thin films annealed at different
temperatures (e) and at different thicknesses (). The film thickness in e is 25 nm.

Data points represent mean values of the carrier mobility. The error bars are
standard deviations based on the differences between three devices.

g, 1,-V,output curves of the InSe thin film with thickness of 25 nm and annealed
at300 °C, under gate bias from —20 to 40 V. h, Statistical distribution of mobility
values measured from 50 individual InSe transistors on the same thin film with
thickness of 25 nm and annealed at 300 °C. i, Forwards and backwards scanin
14—V, transfer curves of InSe assembled on bare SiO,/Si substrate and that on
substrate functionalized with a SAM of APTES molecules. V,,=1V.L/W=1.

transistors fabricated by the photolithography process show consist-
ent current and mobility values to those prepared by shadow mask
(Supplementary Fig. 15d-i). In addition, logic gates such as inverter,
AND, NOR and NAND were fabricated and the basic logic operation
was demonstrated (Supplementary Fig. 19). Last, the carrier mobility
extracted from field-effect transistors was also validated by Hall effect
measurement (Supplementary Fig. 20).

These mobility values are higher than the previous large-scale InSe
thin films (thickness ~0.8-40 nm) produced from either vacuum-based
PLD**¥, CVD*****¢ or solution-based exfoliation by one or two orders
of magnitude®****° (Supplementary Table 1). For example, a recent
study reported the first continuous 2-inch wafer-scale InSe thin film
(thickness ~5 nm) with a carrier mobility of ~4.5 cm? V™' s™ and on/off
ratio of ~10° synthesized by metal-organic CVD*®, which differs from
previous discrete individual crystalline flakes or non-uniform thin
films by regular CVD methods**~*°. Other reports on the mobility
and on/offratio of large-areaInSe thin films include ~0.2 cm?*V'sand
~10* (15-nm-thick, PLD)*¢,~70 cm? Vs and <10? (20-nm-thick, PLD)*,
~2 cm?V*s?and-10° (30-nm-thick, solution-based)* and <0.1cm?V*s™
and <10 (515-nm-thick, solution-based)*°. An ideal comparison of mobil-
ity should be made between InSe crystals of the same thickness. How-
ever, due to the limited reports on the growth of large-scale InSe thin

films, the mobility values of InSe thin films in this work are not com-
pared with other InSe of the exactly same thickness. Additionally, the
mobility here is even comparable to the state-of-the-art performance of
CVD-grown wafer-scale 2D MoS, semiconductor thin films (average pt of
~100-120 cm*V's?and up to-190 cm? V' s for monolayer to trilayer
MoS, of 1- or 2-inch size) (Supplementary Fig. 21)***". It should be noted
that these wafer-scale MoS, are much thinner than the InSe thin films
reportedinthis work. Inthe next step, the integration of high-k dielec-
trics such as HfO, and sodium-embedded Al,O, may further boost the
transistor performance®-°,

Another unique merit of the fabricated InSe transistors is the
small current hysteresis in the /y-V,  transfer curves. For the forwards
and backwards /4-V, scans, the InSe transistors using conventional
Si0,/Si back gate exhibit similar on-current, threshold voltage, car-
rier mobility and SS value (Fig. 3i and the next section). This has been
previously challenging for InSe transistors on SiO,/Si substrate due to
theinterfacial trapping states or hydroxyl group onthe oxide surface,
which was found to reduce the measured carrier mobility and induce
current hysteresis?****!, Usually, switching the substrate to hexagonal
boronnitride (h-BN) or polymer dielectric can mitigate the hysteresis
issue and improve the current and mobility but requires additional
manufacturing process>”***2, In this case, we adopted afacile and robust

Nature Electronics


http://www.nature.com/natureelectronics

Article

https://doi.org/10.1038/s41928-025-01338-w

a L b 1.3 nm
e THAB  # TMAPF, NH,CL
3 1.4 nm
s TMAPF
Ligand z 17
(7} ./ nm
exchange e ’\ THAB
— § iy
A A nm TDAB
5 10 15 20
2 theta (degrees)
c d . e . ir
100 10™ [THAB/Inse 10
TMAPF4/InSe
= °r 10° | TMAPF/InSe 10° |
£
2 8o} < <
) THAB/InSe| % 107} < 0
(%]
= 70}
10 10 b
60 |-
L L L L L 10’12 L L L 10’12 L L L L L
100 200 300 400 500 40 20 0 20 40 -40 20 0 20 40
Temperature (°C) Vs v) Vs )
f B THAB/InSe 9 Il THAB/InSe h % Il THAB/InSe
241 M TMAPF/InSe 40 | M TMAPF/Inse I B TMAPF/InSe
%) 18 @ 301 %]
1 c c
3 3 3
o "2 G 20+ o
6 r 10 L
O 0 L L
70 90 10 130 10° 10° 10’
g (em?v's™ Tond Lot SS (Vdec™

Fig. 4 | Tuning the electrical performance with ligand exchange process.

a, Schematicillustration of ligand exchange process on the assembled thin films.
b, XRD patterns of THAB/InSe thin films exchanged with different molecules and
inorganic salts, showing structural periodicity from1.3 to 2.1 nm. ¢, TGA analyses
of THAB/InSe and TMAPF/InSe superlattices that show different content of
organic molecules. d, /- V, transfer curves of InSe thin films converted from
THAB/InSe and TMAPF/InSe superlattices, respectively. Vy,=1V.L/W=1.e,50

individual /4~ V,, transfer curves measured on the same InSe thin film converted
from TMAPF,/InSe superlattices, showing high material and device uniformity.
V4 =1V.L/W=1.The gate voltage sweeps from 50 Vto -50 V. f-h, Comparison of
device characteristics including carrier mobility (f), current on/off ratio (g) and
SSvalue (h) between InSe thin films converted from THAB/InSe and TMAPF;/InSe
superlattices, respectively.

substrate functionalization strategy by growing self-assembled mon-
olayer (SAM) of (3-aminopropyl)triethoxysilane (APTES) on the SiO,/
Sisubstrate surface. With the APTES functionalization, the InSe tran-
sistors exhibit higher current and smaller hysteresis than that on bare
SiO,/Sisubstrate (Fig. 3i and Supplementary Fig.22). For example, the
AVbetween forwards and backwards scans in a transfer curve of InSe
thinfilms (at/;=1pA) decreased from14.8 Vto 4.2 V after the substrate
was functionalized with APTES layer. Later, we will show that the small
current hysteresis was also observed in InSe thin films after the ligand
exchange process. The functionalization with close-packing SAM pre-
vents the direct contact between InSe and the underlying SiO, surface
and thus screens interfacial trapping states and hydroxyl group, which
isimportant for realizing InSe transistors with greatly reduced current
hysteresis and improved device reliability.

Device performance after ligand exchange

Versatile organic-inorganic and inorganic-inorganic hybrid super-
lattice materials were constructed by replacing the THAB with other
molecules of distinct chemical composition and structures (Fig. 4a).
Tetradecylammonium bromide (TDAB) expanded the interlayer
distance from 1.7 nm in THAB/InSe to 2.1 nm in TDAB/InSe (Fig. 4b).
Substituting the THAB with smaller ligands such as tetramethylam-
monium hexafluorophosphate (TMAPF,) and inorganic NH,Cl through
aligand exchange processresultsinthelattice shrinkto~1.4 and 1.3 nm,

respectively. Other hybrid superlattice structures consisting of dif-
ferent ammonium molecules were also constructed (Supplementary
Fig.23).Inaddition, the ligand exchange process can also be performed
in the liquid phase to obtain the colloidal solution of dispersed InSe
nanosheets that are capped with other molecules such as TMAPF,,.
The XRD pattern confirms the successful ligand exchange in the lig-
uid phase (Supplementary Fig. 24). Versatile organic-inorganic and
inorganic-inorganic hybrid superlattice materials may be constructed
with distinct physical properties.

As a proof of concept, we investigated the superlattice thin film
exchanged with TMAPF,. In specific, the deposited THAB/InSe thin
filmwasimmersed in the solution containing different salts for ligand
exchange (Methods). Ascribing to the smaller size of the TMA" cation
compared with THA" cation, the organic content in the superlattice is
reduced by ~50% (by weight) as revealed by thermogravimetric analysis
(TGA) (Fig. 4c). The TMAPF/InSe superlattice, similar to THAB/InSe,
canbe chemically converted to pure InSe crystal after thermal anneal-
ing (Supplementary Fig.25). However, these two types of InSe thin film
derived from THAB/InSe and TMAPF/InSe superlattices display dis-
tinctelectrical characteristics. For example, a sharp decrease of the SS
valuefrom11.2to1.8 V dec ' was observed in the InSe thin films derived
from TMAPF,/InSe compared with the counterparts from THAB/InSe
(Fig.4d). This SS valueis superior to previous solution-processable 2D
semiconductor thin films gated with conventional thermal oxide on
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Fig. 5| Device stability of the InSe transistors. a, Continuous on/off switching
testfor 2,000 cycles (Vg £50V, V4, =1V) of one representative transistor with
InSe converted from TMAPF/InSe. b, /,—V,, transfer curves of InSe transistor
before and after the encapsulation of 10-nm-thick Al,O, layer, respectively.

V4 =1V.L/W=1.The gate voltage sweeps from 50 to =50 V. ¢, Device stability of
InSe (without encapsulation, black curves) and Al,O,/InSe (with encapsulation,
red curves), after exposure to ambient air for 3 months. The device was measured

at0h,0.5h,1h,2h,3h,4h,8h,1day, 2 days, 3 days, 4 days, 5 days, 6 days, 7 days,
14 days, 28 days, 56 days and 91days. V, =1V.L/W=1.d, Stability test of carrier
mobility of InSe and Al,O5/InSe in c. The encapsulated Al,O5/InSe transistor
exhibits nearly unchanged carrier mobility after exposure to air for 3 months
while the bare InSe transistor shows amuch quicker performance decay. Data
points represent mean values of the carrier mobility. The error bars are standard
deviations based on the differences between three devices.

silicon (-5-10 V dec'in MoS, and In,Se,)>***, indicating a high-quality
2D semiconductor thin film with reduced number of impurities, trap-
ping states and chemical disorders. Potential trace organic residues
that remain in the film and dielectric-semiconductor interface after
the thermal conversion from hybrid superlattice to InSe might play a
role here. Due to the lower content of organic molecules in TMAPF/
InSe than that in THAB/InSe, these trace organic residues after ther-
mal annealing may be further suppressed, which enables smaller SS
values. To date, the exact origin remains elusive, which thus requires
further detailed investigations on the doping effect and trace organic
residues in the InSe thin films and interfaces using other advanced
characterization tools. In the meantime, the current on/off ratio of the
transistor alsoincreased from 10°to 107 benefiting from the improved
SSvalue and lower off current. Asmall current hysteresis was observed
inthe/;-V, transfer curve of the InSe transistor enabled by the APTES
functionalization (Fig. 4d and Supplementary Fig. 26), in consistence
with InSe converted from THAB/InSe. Similarly, the /,-V, output curves
confirm the high current level and Ohmic contact (Supplementary
Fig.27). Also, the ligand exchange canbe carried out with other species
or pure solvents (Supplementary Fig. 28).

To test the film and device uniformity after ligand exchange,
we have measured the /;-V, transfer curves of 50 individual transis-
tors on the same film (Fig. 4e and Supplementary Fig. 29). A small
device-to-device performance variation among these 50 transistors
was obtained. The difference between the electrical characteristics of
two types of InSe converted from THAB/InSe and TMAPF,/InSe have
been systematically investigated in terms of the statistical distribution
of carrier mobility, on/off ratio and SS value (Fig. 4f-h).Inan optimized
device, we have obtained a carrier mobility of 92 +10 cm?V's™, on/off
ratio of -107 and SS of 1.8 V dec ™ with asmall current hysteresis, which
represent the best transistor characteristics among all types of syn-
thetic InSe thinfilm, including both wafer-scale thin films and discrete

individual flakes®*****"* Furthermore, to validate the wafer-scale uni-
formity of the material and electrical performance in the spin-coated
InSe thin film, we have carried out detailed analyses of the film thick-
ness (Supplementary Figs. 30 and 31) and transistor behaviour (Sup-
plementary Figs. 32 and 33). The consistent thickness, mobility values
(100-110 cm?V's™) and on/off ratio (-107) at 16 different locations
across the entire 4-inch film demonstrate the viability of producing
wafer-scale 2D semiconductor thin films using solution-processable
ink materials.

Device stability is another key figure of merit for thin-film transis-
tors in practical applications that has also been investigated for the
assembled InSe thin film. The fabricated InSe thin-film transistors show
stable on/off switching characteristics for 2,000 cycles (V,, between
-50and 50 V) inwhichboth on and off current remain nearly constant
during the continuous on/off operation (Fig. 5a). After repeatedly
sweeping V,, within the range of -50 to 50 V (continuously from -50 to
50V and then back to —50 V) for 100 cycles, the device exhibits small
driftin the /- V, transfer characteristics with a slight increase in the
on-current (Supplementary Fig. 34a). During the more intensive stress
test by holding the device at on-state (by applying a constant gate bias
of 50 V), only a small drift in the transfer curves were observed after
5,400 s. The device characteristics can restore the original state once
the constant positive gate biasis removed, suggesting the full recovery
of the material and device (Supplementary Fig. 34b).

Air-stable InSe thin-film transistors were achieved by the facile
encapsulation of device with a protective oxide layer. First, the InSe
thin-film transistor was encapsulated with a 10 nm-thick Al,O, layer
(deposited by atomiclayer deposition, ALD)***. For 2D semiconductors
suchas MoS,, the ALD process of growing Al,O, layer is usually accom-
panied by chemical doping to the semiconductor and thus dramatic
alteration in transistor performance®*. However, the impact of ALD
process on device characteristics of InSe thin film is much smaller
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(Fig.5b and Supplementary Fig. 35). We noticed that the original device
characteristics suchas on-current, mobility and on/off ratio were pre-
served after exposure to the oxygen and moisture inthe ambient air for
3 months (Fig. 5¢). By contrast, the thin-film transistor without oxide
encapsulation exhibits a quick decay by ~45% in current and mobility
during the first day of exposure and up to 95% decay after 3 months.
We believe the encapsulation with the Al,O, protection layer isolates
the InSe film from oxygen and moisture and thus improves the device
stability in ambient air**. Therefore, the device characteristics of the
Al O,/InSe transistor are well preserved after exposure to ambient air
for 3 months, including mobility (-95cm?V's™), on-current (70 pA)
and current on/offratio (~107) (Fig. 5d and Supplementary Figs. 36 and
37).Theair-stable and high-performance InSe thin-film transistors may
push forward the application of these 2D semiconductor-based transis-
tors and integrated devicesin diverse practical technological areas.

Conclusions

We havereported the solution-processable assembly of InSe semicon-
ducting thin films on 4-inch wafer substrates. Our approach is based
on spin coating ink materials formulated with a colloidal solution of
high-purity 2D monolayers. A wide range of organic and/or inorganic
superlattice structures were constructed with distinct chemical com-
positions and structures, which can be converted to pure inorganic
InSe by thermal annealing. High-quality InSe thin films with intimate
and conformal van der Waals contact between monolayers were assem-
bled with precisely controlled thicknesses and high uniformity. Our
InSe thin-film transistors on standard SiO, dielectrics exhibit average
carrier mobilities 0f 90-120 cm? V's™, on/off ratios of up to 10’ and
small current hysteresis. The mobility values of our devices approach
state-of-the-art CVD-grown MoS, thin films at the wafer scale (aver-
age mobilities of around 100-120 cm? Vs, with values up to around
190 cm?V1s™). Furthermore, air-stable InSe transistors were created
through oxide protection, and shown to remain nearly unchanged after
exposure toambient air for 3 months. Our approach could be of usein
the scalable fabrication of large-area, high-performance and air-stable
electronic devices at affordable cost.

Methods

Synthesis of InSe bulk crystals

In (99.99%, metal basis, Macklin) and Se (99.9%, metal basis, Aladdin)
powders were flame-sealed in a quartz ampoule at a molar ratio of 1:1
under a reduced pressure of 3 x 107 Pa. The sealed quartz ampoule
was horizontally placed inatube furnace (MTIKJ GSL-1200X) for slow
heating to 850 °C and held at this temperature for 72 h. It was then
allowed to cool to room temperature following a slow cooling method.
High-quality bulk InSe crystals with smooth and shining surface can
be obtained.

Formulation of high-quality InSe monolayer ink material

The electrochemical molecular intercalation and exfoliation of InSe
monolayer crystals were carried out following our established proto-
col®. To assemble an electrochemical cell, THAB (98%, TCI) was dis-
solvedinacetonitrile (ACN, 99.8%, water content <10 ppm, Adamas) as
theelectrolyte with aconcentration of 0.01 M. A piece of freshly cleaved
InSe crystal, conductive graphite rod and silverion electrode (optional)
were used as cathode, anode and reference electrode, respectively.
The intercalation reaction was conducted at —3.2 V for 2 h. The InSe
crystal notably expanded in volume with the intercalation of organic
molecules. Once theintercalation reaction was completed, the InSe was
transferred to 15 ml of DMF (99.8%, water content <10 ppm, Adamas) for
exfoliation by regular bath sonication for 5 min. Tuning the sonication
time and power leads to nanosheets of various lateral size as discussed
inthe maintext. The above operations were all carried outin a N,-filled
glovebox with oxygen and water level lower than 1 ppm. Also, the ace-
tonitrile and DMF solvents were degassed with nitrogen and dried with

molecular sieve to ensure a low level of oxygen and moisture before
use. A dark colloidal solution of 2D nanosheets can be obtained after
exfoliation. The appearance of any yellow component in the final solid
indicates potential material oxidation. After exfoliation, the InSe mon-
olayers dispersed in solution were centrifuged at1,697g for 5 minand
precipitates were discarded to remove any bulk impurities. Then the
monolayer nanosheets were precipitated by centrifugationat12,838g
for10 min. The monolayer nanosheets were thenredispersedinto the
desired amount of DMF (for example, 1-2 ml) as the final ink solution.

Substrate treatment before film deposition

Before spin coating, the SiO,/Si substrate was treated with CH,OH/HCI
(volume ratio of 1:1) for 30 min at room temperature for a hydrophilic
surface. The SAM of APTES (99%, Sigma-Aldrich) was prepared on the
Si0,/Si substrate following the established vapour-based method
(growth time ~-30 min) to modify the surface condition. The functional-
ized substrate was baked on a hotplate (120 °C, 30 min) in the glovebox
to eliminate superfluous and uncondensed free silane molecules.

InSe thin film assembly and ligand exchange

Additional centrifugation at1,071gfor 5 min to discard the precipitate
was performed on the InSe ink solution before adjusting the final con-
centration. Ultraviolet-visible light optical absorption spectroscopy
(U-3900 PC, Hitachi) was used to monitor the concentration of the ink
solution. Atypical ink solution shows absorption of2.20 atA = 340 nm.
InSe thin filmwas prepared on pretreated SiO,/Si substrate by spin coat-
ingink solutionat2,000 rpm for 20 sfor thefirst cycleand 2,500 rpm
for 20 s for the following cycles. Between each coating cycle, the film
wasbaked at100 °C onahotplate for 3 min. For atypical InSe thin film
used for transistor fabrication, six cycles of spin coating were applied.
Thefinal thickness of thin film depends onthe ink concentration, spin
rate and coating cycles. For example, another recipe for spin coating
thin film of similar thickness on the wafer scaleis to use aconcentrated
ink solution (absorption of 5.00) for just one coating cycle. For the
ligand exchange process in an N,-filled glovebox, the prepared thin
films on the substrate were immersed in the exchange solution for
2 h(maybelongerif necessary) at roomtemperature, including tetra-
methylammonium hexafluorophosphate (TMAPF,, 98%, TCI) (0.1 M),
cetyltrimethylammonium bromide (CTAB, 98%, TCI) (0.01 M) and
other quaternary ammonium salts dissolved in acetonitrile (0.1 M) as
well as NH,CI (99.5%, Aladdin) in DMF (0.01 M). Then, the films were
rinsed with clean solvent for 10-30 s before being blown dry in the
glovebox. The InSe thin films with or without ligand exchange process
were annealed at 300 °C for 2 h on a hotplate in an N,-filled glovebox
for further device fabrications.

Device fabrications

For the fabrication of thin-film transistors, the InSe film was deposited
on the 200 nm SiO,/Si substrate. The CH;OH/HCl and APTES treat-
ment were both performed on the substrate before film deposition
to achieve optimal device performance. The source and drain elec-
trodes were deposited by thermally evaporating Cr/Au (20/50 nm)
layers through ashadow mask. While transferring the sample from the
glovebox to the evaporator, the InSe thin film was exposed to ambient
air for a short period of 2-3 min. After evaporation, the sample was
also exposed to air for another 3-5 min before transferring into the
measurement chamber of the probe station. For the device capsula-
tion, Al,O; layer with a thickness 0f 10 nm was deposited on the top of
transistors using standard ALD (SVT ALD-P-100B). Before electrical
measurements, all transistors were patterned by scratching off the
film outside the channel area to obtain an accurate channel length
and width. A metal microprobe was used to rub the material surface
until the underlying thin film was scratched off the hard substrate.
This process is repeated multiple times to obtain an isolation area
surrounding the transistor. The logic gate devices were fabricated
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with a local bottom gate (photolithography, Cr/Au, 10/30 nm) and
Al,O; dielectric layer (30 nm thickness grown by ALD at 200 °C). The
deposited InSe thin film was patterned by photolithography and dry
etching withanargon-based plasma etching process (ULVAC NE-550).
Finally, another photolithography, oxide etching and metallization
(Cr/Au, 20/50 nm) process were performed to finish the intercon-
nection of electrodes.

Characterizations

The characterizations of the chemical composition and structure of
InSe monolayers and thin films were performed with XRD (Bruker
D8 Advance), SEM (Hitachi SU-8010), TEM (JEM-2100F, acceleration
voltage, 300 kV), AFM (Bruker Dimension Icon scanning probe micro-
scope), TGA (TA Instruments Q5000IR), Raman spectroscopy (Horiba
LabRAM HR Evolution) and XPS (ESCALAB Xi). The electrical meas-
urements of the transistors were performed with Keysight 2912B and
B1500 measurement unitsin aLakeshore vacuum probe station. During
the measurement of the devices, the chamber was maintained in dark
condition and vacuum with pressure below 10~ Pa.

Data availability

The datathatsupportthe plots within this paper and other findings of
this study are available from the corresponding author upon reason-
ablerequest.
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