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Abstract: Two-dimensional (2D) semiconductors are promising candidates for next generation
electronics and optoelectronics. However, their exposure to air and/or resists during device
fabrication can cause considerable degradation of material quality, hindering their study and
exploitation. Here, field effect transistors (FETs) are designed and fabricated by encapsulation
of the 2D semiconductor indium selenide (InSe) with alumina (Al2O3) and by self-aligned
electrical contacts. The Al,Os3-film is grown directly on InSe immediately after its exfoliation
to provide a protecting capping layer during and after device fabrication. The InSe-FETs exhibit
a high electron mobility of up to ~ 10° cm?*/Vs at room temperature for a 4-nm-thick InSe layer,
a low contact resistance (down to 0.18 k) and a high, fast, and broad-band photoresponsivity.
The photoresponsivity depends on the InSe-layer thickness and photon wavelength, reaching a
value of up to 10® A/W in the visible spectral range, one order of magnitude larger than
previously reported for similar photodetectors. The proposed fabrication is scalable and suitable
for high-precision pattern definition. It could be extended to other 2D materials and multi-layer
structures where alumina could also provide effective screening of the electric field induced by

polar molecules and/or charged impurities present near the surface of the 2D layer.



1. Introduction

Two-dimensional (2D) materials have attracted much attention because of their unique
electronic properties and potential for applications in next generation electronic and
optoelectronic devices.['*! In the past decade, different 2D layered materials have been explored,
such as graphene,!!! transitional metal dichalcogenides (TMDs),l>* black phosphorus,”™! and
I11-VI group semiconductors./®®] However, the exposure to air and resists of some 2D materials
during device fabrication can cause considerable degradation of material quality, hindering their
study and exploitation. Amongst 2D semiconductors, indium selenide (InSe) is regarded as one
of the most promising system for miniaturized electronics and optoelectronics due to its light
electron effective mass (0.14m,, m, is the free electron mass) and highly tunable band gap.!®’
In particular, the electron mobility () can reach values of up to 10° cm?/Vs and 10* cm?/Vs at
room temperature and liquid helium temperature, respectively.’® In recent years, different
structures have been proposed and studied for improving the performance of devices based on
InSe and its heterostructures.””’ For example, in 2014, Lei et al. reported an InSe-based
photodetector with a responsivity R of 34.7 mA/W.['% In 2018, Spencer et al. improved the
responsivity to 10’ A/W by decreasing the density of surface traps.['!! Mudd et al. also reported
on graphene/InSe/graphene heterostructures with a responsivity of up to 10° A/W.!"]

Despite the improved performance over the last few years, robust and scalable processes
for the fabrication of high-quality devices are still missing. Previous experiments suggest that
thin exfoliated flakes of InSe tend to degrade in air due to interaction with chemical species,
such as oxygen and water. For example, InSe flakes can show a significant decrease in

photoluminescence (PL) intensity by about 80% after one month exposure to air.!®! Similarly,



the characteristic vibrational modes in the Raman spectrum can vanish over time, indicating
that the lattice structure and its interaction with light can be altered by oxidation and/or
adsorption of water molecules.!'?] X-Ray photoelectron spectroscopy analysis suggests that the
oxidation process can affect layers that are far from the surface.['¥ In particular, in the presence
of Se vacancies, InSe has a strong propensity to react with water and oxygen, resulting in deep
level trap states.['¥!

As for other 2D materials, InSe can be contaminated by photoresists used during fabrication.
It is usually difficult to completely remove all the photoresist residues, which degrade device
performance by decreasing carrier mobility and creating unwanted doping.['>1®! Water in the
photoresist developer can further accelerate the degradation of the InSe flakes. Thus, most of
the InSe field-effect transistors (FETs) fabricated using shadow masks have a mobility much
higher than those fabricated by photolithography.!'>!"18] However, the shadow mask approach
is not compatible with scalable manufacturing and cannot deliver high-precision pattern
definition. To overcome this problem, polymethyl methacrylate (PMMA) has been used to
protect InSe,*2!) but the field effect mobility of InSe FETs fabricated by using electron-beam
lithography (EBL) is still about one order of magnitude lower than that using shadow masks.*!-
23] Thus, further research is required to develop micro/nano-fabrication processes of InSe for
high-performance FETs, photodetectors, and high-speed electronics.[>42°]

Previous efforts to prevent the degradation of InSe in air include encapsulation with
hexagonal boron nitride!®*”) and PMMA.?! While encapsulation with exfoliated hexagonal

boron nitride has yielded stable charge transport characteristics, this method possesses

significant processing challenges, especially in terms of scalable manufacturing. PMMA



provides a good encapsulation of InSe and it has been used to modify the surface of
semiconductors, resulting in improved device performance.l'®°! However, it can be dissolved
in solvents and can introduce contamination during fabrication. On the other hand, alumina
(A2O3) is one of the most used high-k materials: it has a large bandgap (E; ~8 eV), a high
dielectric constant (~ 9.0), a high breakdown field (5—10 MV/cm), strong ability of adhesion to
dissimilar materials, and superior thermal and chemical stability.!?®] Previous work on thin
ALO; films grown by atomic-layer deposition (ALD) has demonstrated excellent properties
with leakage currents below 10®¥A/cm? which is one of the lowest amongst high-k

29,30

dielectrics.[*>*Y It has been reported previously that Al,O3 encapsulation provides an effective

11311 Spencer et al. have

way to protect 2D materials from degradation by oxygen and water.!
used AbOs to encapsulate InSe-based FETs to prevent the exposure of InSe to air and
demonstrated reproducible device operation even after six months of ambient exposure.!!
However, this encapsulation approach was adopted only after the device fabrication, resulting
in the direct exposure of the InSe layer to the electron-beam resist and chemicals, which may
account for the low electron mobility in the InSe channel (up to ~ 30 cm?/Vs at room
temperature). Here, we use an Al2O3 layer to encapsulate the surface of InSe immediately after
its exfoliation, thus preventing the degradation of InSe before and after device fabrication. A
self-aligned process and optimized excess etching are carried out on Al2Os-encapsulated InSe
to define the source and drain contacts of the FET, which demonstrates a stable electrical
performance over 50 days in air with a > 100% higher electron mobility (up to 857 cm?/Vs at

300 K) and a factor of 10 smaller hysteresis than FETs fabricated using shadow masks.

Furthermore, the FET exhibits a high, fast, and broad-band photoresponsivity. These findings



reveal figures of merits for InSe-phototransistors that exceed those reported to date in the
present literature. The proposed fabrication could be extended to other 2D materials, including

large-area wafer for scalability and high-precision pattern definition.
2. Result and Discussion

The schematic diagram in Figure 1a depicts our self-aligned fabrication process of InSe-
based FETs. InSe flakes are exfoliated from bulk Bridgman-grown rhombohedral y-InSe by
adhesive tape and transferred onto a SiO2/p-Si substrate. The unit cell of y-InSe contains three
layers, each consisting of four closely-packed and covalently bonded atomic sheets in the
sequence Se-In-In-Se. A 30-nm-thick Al2O3 layer is grown on the as-prepared sample using
ALD. Before depositing source and drain electrodes, the AlOs layer is etched using
photolithography and inductively-coupled-plasma reactive-ion-etching system (ICP-RIE). A
10-nm-thick Ti layer and a 40-nm-thick Au layer are deposited using electron beam evaporation
using the same photoresist mask for the I[CP-RIE etching. Figure 1b shows the optical image of
a typical InSe-based FET. The thickness of the InSe flake # is 4.0 nm, approximately five atomic

layers, as measured using atomic-force microscopy (AFM) (Figure 1c¢).
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Figure 1. a) Schematic diagram illustrating the self-aligned fabrication process of InSe-based
FETs. b) Optical image of an InSe FET. c) Thickness profile of the multilayer InSe obtained

using AFM (inset: AFM image). d) Raman spectrum of a multilayer InSe flake measured using
a 532 nm laser at 300 K (inset: crystal structure of InSe).

As shown in Figure 1d, the Raman spectrum of a multilayer InSe flake consists of three
main peaks at 115, 178, and 228 cm™!, corresponding to the vibrational modes A;’(I'12), E”(I'5%),
and A1’(T'1%), respectively, as reported before for high-quality InSe.!'”! The Raman spectra of a
10-nm-thick InSe flake with the Al>O3 layer deposited immediately after the InSe exfoliation
and without Al,O3; were studied over a period of 50 days, as shown in Figure S1 (Supporting
Information). The Raman spectrum of the encapsulated InSe flake remains stable even after 50
days. In contrast, for the flake without the Al,Os3 encapsulation, the intensity of the Raman peaks
tends to degrade after just 10 days. This indicates that the prompt Al.O3 encapsulation of InSe

after exfoliation can prevent the interaction of the InSe surface with oxygen and/or water in air.



The output and transfer characteristics of a 4-nm-thick InSe FET were measured using a
probe station and an Agilent 2902A semiconductor analyzer at room temperature in the dark.
The field effect electron mobility of the InSe FET can be extracted from the transfer

characteristics, as shown in Figure 2a, using'*?!
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where Ci is the capacitance per unit area of the dielectric layer, W and L are the width and length
of the InSe channel, /gs is the drain current, and Vs is the voltage between drain and source. The
mobility of the encapsulated InSe FET is found to be u = 857 cm?/Vs. FETs with different
thicknesses ¢ of InSe were fabricated to compare the encapsulation method described above
with the standard shadow mask approach. The results in Figure 2b show that our self-aligned
encapsulation method significantly improves the carrier mobility. Also, using the shadow mask
method, we were not able to fabricate FETs with thin InSe (less than 20 nm) because of their
small in-plane sizes (typical less than 20 pm). Benefiting from the Al2O3 encapsulation, the
lithography-defined FET also exhibits a very small hysteresis, as shown in Figure 2a. The
improvement of electrical performance is attributed to the Al2O3; encapsulation layer, which
screens the chemical reactants in air, and to the photolithography process. In this work, the InSe
flakes are passivated using Al,O3; immediately after the exfoliation, which is essential to achieve
a much higher mobility compared with that of unpassivated InSe.!'>*") Separate experiments
were performed to compare the characteristics of a bare FET before and after a delayed Al20O3
encapsulation (i.e., encapsulation after forming ohmic contacts on the InSe flake), as shown in

Figure S2 (Supporting Information). The mobility and the contact resistance of the device

remained almost the same before and after the Al2O3; encapsulation. This confirms that the



AlO3 encapsulation soon after the exfoliation is essential to prevent the degradation of the InSe

surface due to oxidation and adsorption of oxygen and water molecules in air.
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Figure 2. a) Transfer characteristics of a 4-nm-thick InSe FET at a drain voltage Vgs= 0.1 V
under ambient conditions. b) Dependence of the field effect mobility of InSe FETs on the InSe
layer thickness for devices fabricated via the shadow mask method and self-aligned
encapsulation lithography.

Previous studies have shown that the electron mobility depends on the thickness of the
InSe layer, revealing either an increase or decrease of i with increasing layer thickness #.[% 2
331 As shown in Figure 2b, for our FETs with Al,Os-encapsulated InSe, the electron mobility
tends to decrease with increasing ¢. This dependence is similar to that reported in Reference 20,
where it was explained in terms of a simple resistor network model with interlayer resistors.
Since the top layers are less directly impacted by the gate field screening effect, the mobility
tends to degrade for thicker InSe layers. As shown in Figure S3 (Supporting Information), the
interlayer resistance gradually dominates the source to drain resistance with increasing .

Because of the irregular shape of InSe flakes, it is not appropriate to calculate the contact

resistance (Rc) by the conventional transfer length method. Thus, we use the Y-function method

to extract Rc from the transfer characteristics, as often done for 2D-material-based devices.**!



We find that that for the Al,Osz-passivated InSe FET, Rc = 0.18 kQ, which is almost 50 times
lower than the value of the FET fabricated using the shadow mask (Rc = 9.7 k). More details
can be found in Figure S4 (Supporting Information). The reason for such low contact resistance
is twofold. Firstly, as the source and drain contacts are deposited immediately after the dry
etching of Al>,O3, the interface between InSe and the contacts is kept away from organic residues
(PMMA or photoresist), oxygen and water. Secondly, excess etching tends to remove some of
the InSe atomic layers in the contact areas. As a result, the contact resistance is significantly
reduced due to a decrease in the interlayer resistance. The exact amount of excess etching is
critical to achieve a low contact resistance Rc. Figure S5-6-7 (Supporting Information) shows
the transfer characteristics of devices etched under different durations, showing a systematic
dependence of R on the etching conditions: As the etching time increases beyond 170 s, the
source-drain current, contact resistance and carrier mobility increase. However, if the etching
time is too long, the source-drain current and the carrier mobility decrease, indicating an over
etch of the InSe flake (the estimated etching rate for InSe is about 27 nm/min). An etching time
of about 180 s is optimal for the excess etching and hence used for all the Al,O3 encapsulated
devices. About 50 InSe devices were fabricated in about 10 rounds and all devices demonstrated
consistent, reproducible results.

The AL2Os encapsulation is beneficial to the stability and lifetime of the FETs, which are
both critical for practical applications. The InSe FETs fabricated by shadow mask and self-
aligned encapsulation lithography were exposed to air for 50 days. The corresponding transfer
characteristics are plotted in Figure 3a and 3b. The field effect mobility of InSe FET without

AlLOs encapsulation decreases by about 53% from 170 to 80 cm?/Vs after 50 days. Also, the
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width of the hysteretic behavior in the transfer characteristics increases from 12 to 23 V. In
contrast, for the Al,Os-encapsulated InSe FET, the field effect mobility decreases only by about
13% from 710 to 615 cm?/Vs after 50 days. Also, the hysteresis remains very weak. The reason
for such a significant improvement is twofold. Firstly, the contact resistance of the FET
fabricated by self-aligned encapsulation lithography is much lower than that by the shadow
mask. With the optimum excess etching, the contact resistance was reduced dramatically from
9.7 to 0.18 kQ, which significantly enhances the carrier injection efficiency from the contact.
Secondly, the Al>O3 encapsulation protects the InSe channel from oxygen and water, resulting
in much reduced surface states and improved effective mobility than when storing in ambient
air. The slight reduction in mobility may arise from a partial degradation of Al>Os. For example,
the oxygen transmission rate through a 30 nm-thick Al,O3 was found to be 1.96 cc/m*/day.!*”
For a 26 nm Al,Os layer, the water transmission rate is about 1x10~ g/m?*/day.*®! Compared to

1314 From

conventional thin films, 2D materials are more sensitive to the external environment.|
Figure 3c, it is clear that the carrier mobility for the Al.Osz-encapsulated InSe improves
significantly by 514% as compared to that of the unencapsulated InSe. Such an improvement
becomes even more pronounced (767%) after 50 days of exposure of the device to air. Similarly,
the hysteresis is reduced by a factor of 7 just after the fabrication and by a factor of 13 after 50
days of exposure to air. The threshold voltages of the device in Figure S2 before and after the
"delayed" encapsulation were 2.6 and 1.4 V, respectively. In contrast, when InSe flake was
immediately encapsulated by Al2O; after exfoliation, the threshold voltage showed a large

reduction even after 50 days of storage, as shown in Figures 3a and 3b, demonstrating an

effective prevention of degradation. The different behavior of the two devices is shown in

11



Figure 3c and 3d, demonstrating the effectiveness of the prompt Al,O3 encapsulation and the
self-aligned process. It should be pointed that the deposition of Al,O3; may introduce some
damage to the surface of the InSe flakes. Nevertheless, the experiments showed that any
damage by deposition should be less severe than the rapid degradation of the InSe surface
properties, as illustrated by the strong contrast between the device performance in Figure 3a
(without encapsulation) and Figure 3b (with encapsulation). Therefore, the benefit significantly
outweighs any potential damage. The prompt encapsulation method and self-aligned electrical
contacts developed in this work may be used to improve and stabilize the performance of other

2D materials.
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Figure 3. Time evolution of the transfer characteristics of InSe FETs fabricated by a) shadow
mask and b) self-aligned encapsulation lithography under ambient conditions. Time evolution
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of ¢) field effect mobility and d) hysteresis of InSe FETs made by shadow mask and self-aligned
encapsulation lithography under ambient conditions.

We now examine the photoresponse of the InSe FETs. In order to test the photoresponse,
monochromatic light (1= 450 nm) was used to illuminate the InSe channel in ambient
conditions. One determinant figure of merit of the photodetector is the responsivity (R =
Ion/SPipc)," which is defined as the ratio of the photocurrent Jpn to SPinc. Here, Pinc is the laser
power density incident on the device and S is the area of the InSe channel. As shown in Figure
S8 (Supporting Information), the responsivity of the Al>Os-encapsulated InSe FET using SiO»
as the dielectric layer is R = 2.3 X 10" A/W at Vg = 40 V for Pinc = 1 pW/em?, which is
comparable to the values of R for FET-photodetectors previously obtained in vacuum.[!!! By
using Al2Os as the gate dielectric layer, the responsivity of the InSe FET is further improved.
Figure 4a shows the transfer characteristics of InSe FET phototransistors with Al2O3 used as
the gate dielectric layer at various illumination intensities and Vas= 1 V. By changing the gate
dielectric material from SiO2 to Al2O3 and reducing the dielectric thickness, the InSe FET can
be switched off at a low voltage (around 0 V) with an on/off ratio above 107 (before
illumination). Figure 4b shows the responsivity as a function of Pine. The linear dependence
of the responsivity on P;,. in the log scale indicates a power dependence described by the
empirical equation!?!-3%]

B B-1
R = Iph — aPinc — aPinc (2)
SPinc SPinc S '

where £ is a constant. A fit to the data gives f = 0.28 for P,,. in the range from 0.001 to 20

mW/cm?, which is comparable to the value of 0.30 obtained by Luo et al.!*!! Different

[7,21,38

mechanisms can contribute to the sublinear dependence of R on Pinc: I The transit time z

13



of majority carriers (electrons) in the InSe channel tends to increase with Pinc due to enhanced
carrier scattering, thus decreasing R; furthermore, the lifetime of minority holes 7 is limited by
defects and charged impurities and is reduced at high carrier densities (or high Pinc) due to
Auger recombination. In turn, this reduces the internal gain and responsivity that scale as 7/z.!"]
The highest responsivity (R = 2.1x10% A/W) is obtained at Vas =1 V and Vs = 9.5 V, which is
almost 10 times higher than the value obtained using SiO; as the gate dielectrics.

Another key parameter of the detection performance is the specific detectivity (D*)

D* =— (3)
where Sh is the current noise spectral density.!*”) From the measured noise spectrum (see Figure
S9 in Supporting Information) and Equation 3, we find that D* = 1.9x10'3 Jones for R=2.1x10®
A/W. Table 1 compares our values of R and D* with those from the literature. To the best of our
knowledge, these values are amongst the highest and R is about one order of magnitude larger

than the best values reported in the literature.
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Figure 4. a) Typical transfer characteristics of InSe FETs with illumination at various intensities
(0.001,0.014,0.14, 1.4, 14 mW/cm?) at V4s=1 V. b) Responsivity (blue squares) and detectivity
(green dots) as a function of illumination intensity at Vas =1V and Vgs=9.5 V. ¢) Time-resolved
photocurrent response of the InSe photodetector. d) Rise and decay times of the device extracted
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Table 1. Summary of 2D-material-based photodetectors in literature

Materials Spectral range R (A/W) D* (Jones) T (ms) Reference
(nm)

InSe 516 2.0 x 107 * * [11]
InSe 543 * * 0.087 [40]
InSe 325 1.8 x 107 1.1 x 10" 7000 [41]
InSe 700 1.7 x 10* 9.1 x 102 20 [42]
InSe 405 1.0 x 10° 7.3 x 10" 0.5/26 [39]
WSe:2 650 1.8 x 10 10 23 [43]
WSe2 735 0.6 1013 0.008 [18]
MoS: 561 880 1.7 x 10™ 9000 [44]
BP 400-3750 0.0072 * 0.04/0.04 [45]
BP 633 4.3 x 10° * 5 [46]
In2Ses 300 395 2.3 x 10" 18 [47]

InSe 450 2.1X108 1.9X10  0.179/0.130  This work

Photodetection experiments were conducted on devices with different thickness of the
InSe layer and 4 =450 nm, as shown in Figure S10 (Supporting Information). The responsivity
of InSe photodetector first increases once the InSe thickness increases, then decreases as the
thickness is larger than 25 nm. Feng ef al. calculated the total photo absorption in InSe layers
with different thicknesses and also found a maximum peak absorption around 30 nm.*¢! We
further studied the responsivity at different illumination wavelengths. As shown in Figure S11
(Supporting Information), the responsivity of InSe photodetector tends to increase as the
wavelength of illumination light decreases, which can be explained by the increased absorption
at shorter wavelengths.[*!

The response times, including rise and decay times, are key performance parameters for a
detector and can be obtained using simple exponential dependences of the current versus
time.>" The response time depends on defects, charged impurities, and trap states induced by

39,41,42

adsorbed molecules.! I The response time in Table 1 ranges from several microseconds to

39421 Figure 4c shows the transient photocurrent of the InSe photodetector
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measured under a bias of 1 V. As shown in Figure 4d, the rise and decay times are ~ 179 and
130 us, respectively, which compare favorably with the temporal response of 2D-material-
based photodetectors. Such fast response times indicate a high quality 2D layer and effective
screening of polar or charged impurities using the prompt Al,O3 encapsulation.
3. Conclusion

InSe transistors and photodetectors have been fabricated by combining self-aligned
photolithography, a prompt Al,O3 encapsulation, and an appropriate excess etching, leading to
substantial improvements in carrier transport and photoresponse. The InSe photodetectors
exhibit a responsivity of up to 2.1 X 10® A/W, which is at least one order of magnitude better
than in previous devices based on InSe and other 2D materials. The devices also remain stable
over 50 days of exposure in air. This work provides an effective method to improve the
lithography process tolerance, air stability, and optoelectronic performance of InSe. The
proposed method of fabrication could be applied to other 2D materials, providing a route to
scalable and reproducible fabrication of devices for science and technologies.
4. Methods
4.1 Device Fabrication

Si/SiO; and Si (P*) substrates were cleaned using deionized water, acetone, and ethanol.
The substrate was then etched using buffered oxide etch (BOE) solution (1% in volume ratio)
for 1 minute at room temperature. The Al,O3 film was deposited using ALD at 0.15 mTorr and
150 °C with a growth rate of 0.1 nm/cycle. A direct laser writer (MicroWriter ML®2) was used
to pattern the devices. The AlbOs layer was etched by an inductive coupled plasma etch

(PlasmaPro® 100 Cobra, Oxford Instrements) with ICP power, HF power, chamber pressure,
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gas flow, and etching time of 50 W, 100 W, 8 mTorr, BCl3 (15 sccm) and 3 minutes, respectively.
For Al,O3 gated devices, Si (P™") was used as a gate and 30-nm-thick Al,Os film was deposited
using ALD at 0.15 mTorr and 150 °C with a growth rate of 0.1 nm/cycle.

The InSe flakes were obtained by mechanical exfoliation developed by Novoslev et al. A
piece of Nitto tape (BT-150-KL) was first pressed onto a bulk InSe crystal and then peeled off
slowly. The tape was then pressed onto another tape and peeled off again. The process was
repeated a few times until InSe nanosheets with appropriate thickness were achieved. Finally,
the tape was pressed onto the substrate to complete the InSe nanosheets transfer.

4.2 Photoresponse Measurements

The intensity of the incident laser source (4 = 450 nm) was measured using a power and
energy meter (SUSS UV-optometer). The response times of the as fabricated InSe photodetector
were measured using a 450 nm laser source at a chopping frequency of 1 Hz. The photocurrent

was measured using an oscilloscope (UTD2012CM) at 500 kHz.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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S1. Raman Spectroscopy

The Raman spectrum of the InSe flake with the Al,Os3 encapsulation does not change
significantly after 50 days. In contrast, the flake without the Al>O3 encapsulation degrades
significantly with time, as shown in Figure S1. The experiments indicate that the Al,Os

encapsulation can prevent the degradation of InSe in air.
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Figure S1. Time evolution of the Raman spectra of InSe flakes a) with and b) without Al>O3
encapsulation from the time in which the InSe flakes are transferred to 50 days after the transfer.

S2. Transfer Characteristics

The characteristics of the bare FET before and after a delayed Al.O3 encapsulation are
shown in Figure S2. The mobility and the contact resistance of the device remain almost the
same before and after the Al>O3 encapsulation.

The metal source and drain contacts are connected only directly to the top InSe layer (R,
is the resistance of n™ layer InSe), while access to the bottom layers involves an additional
interlayer resistance (R;,;). The interlayer resistance tends to gradually dominate the total
resistance with increasing the InSe layer thickness. Thus, the effective field mobility decreases

as the InSe thickness increases.!'!

22



10°

F —— before Al,O, encapsulation
10® y —— after AL,O, encapsulation
-7 3
10°F =167 cmivs V=01V
~10°F R=51k
g% . r V,=14V
~10 r
aof u=161cm’Ns
Bl | R=53kQ
10™ r V=26V
azf
10 r
10-‘\3 L M L 1

-30 -20 10 0 10 20 30

Figure S2. Transfer characteristics of the bare FET before and after a delayed ALO;
encapsulation.
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Figure S3. Interlayer resistor network model.
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S3. Y-Model and Contact Resistance

The drain current of the FET can be expressed as

WCOX Ho (
L [1+40(Vgs = Van)]

Ids -

Ves = Ven)Vas (S1)

where Vi is the threshold voltage, 8 is the intrinsic mobility degradation factor due to remote

phonon scattering and surface roughness, and can be expressed as!?*!
w
0 =06+ RCCOX:UOT . (52)

In the limit of a negligible 6,, 8 can be approximated as

w
0 ~ RcCoxllOT . (53)

The transconductance gm = d lss/d Vgs can be expressed as

WCOX Ho

gm = 2 Vds . (S4’)
L1+ 6(Ves = vin)]
We define the Y as
Iy w 1/2
Y= 1;2 = (T Cox.uOVds) (Vgs - Vth) (S5)
Im
and
_ W CyoptioVgs M2
gml/Z _ O)ZMO ds [1 n Q(Vgs _ Vth)]- (56)

From the slope of the linear fitting of the dependence of the Y parameter on Vg, we can extract

the field effect mobility u,.*! From the slope of the linear fitting of the dependence of gr_nl/ 2

on Vg, we can extract @ and R..>®! The Y-method has been used in previous studies of 2D

materials, such as MoSy, "1 MoSey,['? ReSy,[!?) BPI415] InSe,l'®!] and other

18211 For example, by comparing the Y-function method and the corrected

semiconductors!
TLM method, Chang et al. verified that the Y-function method can be adopted as a convenient

way to estimate R.!"]
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Figure S4. a) Y and b) g;ll/ ? as a function of Vs for an InSe FET fabricated by shadow mask.

¢) Y and d) g;ll/ ? as a function of Ves for an Al,O3 encapsulated InSe FET fabricated by
lithography.

The contact resistance of the Al2O3 encapsulated InSe FET fabricated by lithography is Rc
=0.18 kQ, which is 48 times lower than that for the FET fabricated by shadow mask (R. = 9.7
kQ). This contact resistance is, to the best of our knowledge, at least one order of magnitude

lower than the best data in the literature, as shown in Table S1.
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Table S1 Contact resistances in the literature

Rc (k€2) Fabrication method Reference
506/2.4 Shadow mask [22]
44.0 Electron beam [16]
lithography
3.8 Shadow mask [23]
15.0 Shadow mask [24]
9.7 Shadow mask This work
0.18 Al O3 encapsulation This work
lithography
S4. Etching

We have observed an etching rate of 11.5 nm/min for Al>O3, as shown in Figure S5a. BCl3
can also etch the InSe layer after etching Al,Os. If the etching time is too long, the region of the
InSe layer under the source/drain contacts can be almost totally etched, as shown in Figure S5b
for an etching time of 190 s. Such excess etching results in a large contact resistance and a low
effective mobility. On the other hand, if the etching time is too short, the residual Al>O3 prevents
the conduction between the InSe layer and the contacts, also resulting in a low effective mobility,

as shown in Figure S5b for an etching time of 170 s.

40 3 -
a 152 b 104 pu— ¢
2.2 n 10" f —175s - 6004
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Figure S5. a) Etching thickness versus etching time. b) Transfer characteristics of devices with
different etching times (170, 175, 180, 185 and 190 s). The thickness of the channels is around
15 nm. ¢) Electron mobility versus etching time.

Figure S6 shows the AFM image of an InSe flake capped with Al,O3. The surface

roughness of the Al,Os/InSe structure is 1.17 nm.
26



10 nm

RMS roughness:
1.17 nm

Figure S6. AFM image of an InSe flake capped with Al,Os.

The SEM images in Figures S7a, b and ¢ show the cross-sections of the Al,O3 layer with
etching times of a) 1 min, b) 2 min and ¢) 3 min. The AFM images in Figures S7d, e and f show

etching thicknesses of 12.0, 22.3 and 35.2 nm, respectively.

20() nm

100 nm 100 nm

Figure S7. SEM images of cross-section of Al2O3 with etching times of a) 1 min, b) 2 min
and ¢) 3 min. AFM images showing etching thicknesses of 12.0, 22.3 and 35.2 nm,
respectively.

100 nm

-
.
. |

SS. Photoresponse
The detectivity (D*) of a photodetector is determined by the current noise, S,, and the

photoresponsivity, R. To estimate D*, we have measured the transfer characteristics (Figure S8)
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and the drain current noise spectral density (Figure S9) of InSe FETs with an InSe layer
thickness of 15 nm. The noise spectral density was measured using an optical chopper for
modulation of light. We estimate S,,, the noise equivalent powers (VEP) and D* at f=100 Hz.
For the Al,O; gated encapsulated InSe device, S, =2.3 x 10" A/Hz"°, D* =1.9 x 10" Jones,
and NEP =3.6 x 10" WHz"® at =100 Hz, 1 = 450 nm, incident power of 1 pW/cm?, Vs = 1
V and Vs = 9.5 V. For the SiO; gated encapsulation InSe device, S, =3.4 x 101! A/HZz*°, D*
=7.5 % 10'? Jones, and NEP = 1.5 x 1078 WHz%3 at f=100 Hz, A =450 nm, incident power

of 1 uW/ecm?, Vas=1V and Ve =40 V.

a bwo“ 10"
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104k = Responsivity
100 Detectivity 10
dark —_
= ——0.001 mWiem? g 8
< 2 <0 10" 5
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o fa]
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Figure S8. a) Typical transfer characteristics of InSe FETs with SiO> as gate dielectric at various
illumination intensities (0.001, 0.02, 0.2, 2, 20 mW/cm?) at Vas= 1 V and 1 = 450. b)

Responsivity (blue squares) and detectivity (green dots) as a function of illumination intensity
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Figure S9. Low frequency noise (S, ) versus frequency for Al,O; and SiO; gated InSe
photodetectors.

We have examined the photoresponsivity of FETs with different InSe layer thickness. For
a given laser wavelength 4 = 450 nm, with increasing layer thickness the value of R first
increases, as shown in Figure S10. The photoresponsivity then decreases as the thickness
becomes larger than 25 nm. Feng et al. calculated the total photo absorption in InSe layers with

different thicknesses, and found a maximum absorption around 30 nm at A = 450 nm.[*!

10*
< 10° =" .
_‘? L]
= L ] [ ]
2 . - -
c
o By
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Figure S10. Responsivity as a function of the InSe layer thickness under illumination with laser
light of intensity of 10 mW/cm?and A =450 nm at Vgs=1V and Ve =0 V.

Figure S11 shows that the responsivity of an InSe photodetector (InSe layer thickness

of 12 nm) increases as the laser wavelength decreases. This increase can be explained by the
29



increased absorption of InSe at shorter wavelengths. ¢!
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Figure S11. a) Transfer characteristics (/gs—Ves) of an InSe phototransistor (with channel
thickness of 12 nm) in the dark and under illumination with a laser of wavelength 4 =808, 520,
450 and 405 nm and intensity of 10 mW/cm? at Vs = 1 V. b) Responsivity as a function of 1 at
a gate bias of 0 V.
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