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ABSTRACT: Indium selenide (InSe) and gallium selenide
(GaSe), members of the III—VI chalcogenide family, are
emerging two-dimensional (2D) semiconductors with appeal-
ing electronic properties. However, their devices are still
lagging behind because of their sensitivity to air and device
fabrication processes which induce structural damage and
hamper their intrinsic properties. Thus, in order to obtain
high-performance and stable devices, effective passivation of
these air-sensitive materials is strongly required. Here, we
demonstrate a hexagonal boron nitride (hBN)-based encap-
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sulation technique, where 2D layers of InSe and GaSe are covered entirely between two layers of hBN. To fabricate devices out
of fully encapsulated 2D layers, we employ the lithography-free via-contacting scheme. We find that hBN acts as an excellent
encapsulant and a near-ideal substrate for InSe and GaSe by passivating them from the environment and isolating them from the
charge disorder at the SiO, surface. As a result, the encapsulated InSe devices are of high quality and ambient-stable for a long

time and show an improved two-terminal mobility of 30—120 cm® V™' s~

! as compared to mere ~1 cm* V7' s7! for

unencapsulated devices. On employing this technique to GaSe, we obtain a strong and reproducible photoresponse. In contrast
to previous studies, where either good performance or long-term stability was achieved, we demonstrate a combination of both
in our devices. This work thus provides a systematic study of fully encapsulated devices based on InSe and GaSe, which has not
been reported until now. We believe that this technique can open ways for fundamental studies as well as toward the integration

of these materials in technological applications.
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he III-VI chalcogenide family (MX; M = Ga, In and X =

S, Se, Te) has attracted considerable attention in recent
years owing to its interesting properties and underlying physics
at low dimensions. The two most prominent members of this
family are indium selenide (InSe) and gallium selenide (GaSe),
which are promising candidates for various applications such as
high-speed electronics,"~* optoelectronics,” " He
and terahertz technology.'* Recently, devices based on InSe
have seen many advancements owing to its high electron
mobility' ™ resulting from its low electron effective mass (m
= 0.143 m,)" and a direct band gap lying in the near-infrared
range.'® The electron mobility of ~1000 cm® V™! s™! obtained
at room temperature'  in InSe devices is the highest value
reported for an n-type two-dimensional (2D) material so far.
GaSe, on the other hand, is a p-type material with a band gap
of 2.11 eV in bulk and well known for its optical
properties.'’ " In terms of electronic transport, few-layered
GaSe has revealed mobilities of 0.1—0.6 cm®* V™' s™' when
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integrated as a channel into field-effect transistors
(FETs).>'"*° Unlike InSe, GaSe is not a high-mobility
material due to the presence of heavy holes, but it is still
very appealing for optoelectronics,”*"** single-photon emis-
sion,” nonlinear optics,”* and terahertz applications.'* Despite
many promising properties of InSe and GaSe, limited work has
been done exploiting them into devices because of their
instability under ambient conditions.

Though GaSe has been demonstrated to degrade rapidly on
interaction with ambient air,”"**~*’ the question whether InSe
is air-sensitive or not is yet unclear within the scientific
community. Some reports have claimed it to be relatively
stable with no observable degradation over time”*****’ and
extracted high mobilities under normal atmospheric con-
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ditions, > while others observed that it degrades on contact
with water and oxygen.’’ > Even standard process steps of
device fabrication involving lithographic patterning, resist
spinning, and solvents’ dips can cause considerable structural
damage, degrading the quality of the material and resulting in
poor performance of the devices.”>® It is worth mentioning
that most previous reports which demonstrated high mobility
on bare InSe used thicker layers (>30 nm) and shadow masks
to fabricate their devices.”> However, as InSe layer thickness
approaches the quantum confinement limit, it becomes
increasingly sensitive to environmental influences such as
oxygen, moisture, charge traps in the dielectric and
contaminations from chemical solvents, leading to fast and
uncontrollable morphological changes and poor device
performance. Therefore, in order to obtain high-performance
and stable devices based on these materials, effective
encapsulation techniques should be developed to protect
InSe and GaSe layers against degradation.

Recently, the techniques of dry oxidation®” and seeded
atomic layer deposition (ALD)** have been demonstrated to
overcome the instability of InSe. While both techniques use
oxide-based encapsulation, they provide only top encapsula-
tion, whereas the bottom surface of InSe rests on a SiO,
substrate. SiO, has been revealed to be an unsuitable dielectric
for 2D materials as it damages the material’s quality and device
performance by inducing the charge disorder at the interface
due to scattering from charge traps, impurities, and surface
roughness.”>*® InSe-based FETs have previously shown
substantial hysteresis and unreliability in their I-V character-
istics due to charge trapping at the InSe—SiO, interface and
hydration on the SiO, surface.” Moreover, ALD encapsulation
requires lithography to fabricate devices, which as discussed
above leads to further unreliability of the devices. For GaSe,
hexagonal boron nitride (hBN) as top encapsulation has been
recently reported, with a focus on its optoelectronic proper-
ties.”' Though ambient-stable GaSe photodetectors were
achieved, the performance was inferior to those reported on
the SiO, substrate.”***’

Here, we report a hBN-based encapsulation, where 2D layers
of InSe and GaSe are sandwiched between two layers of hBN;
top hBN passivating the 2D layer from the environment and
bottom hBN acting as a spacer and suppressing charge transfer
to the 2D layer from the SiO, substrate. To fabricate the
devices from fully encapsulated InSe and GaSe layers, we
employ the technique of lithography-free via-contacts,”® which
are metal contacts embedded within hBN flakes and allow us
to simultaneously achieve encapsulation and an electrical
connection to the underlying 2D layer without any direct
lithographic patterning. Based on our results, we find that full
hBN encapsulation preserves InSe in its pristine form and
suppresses its degradation with time under ambient conditions.
Consequently, the electronic properties of encapsulated InSe
are significantly improved, leading to a two-terminal field-effect
mobility (upg) ranging 30—120 cm® V™' s™" and an on/off ratio
of 10* at room temperature as compared to upg of mere ~1
cm?® V™' 57! obtained for unencapsulated devices. In addition,
encapsulated InSe devices are stable for a prolonged period of
time, overcoming their limitation to be air-sensitive. On
employing full hBN encapsulation to GaSe, photolumines-
cence (PL) is dramatically improved and a high photo-
responsivity of 84.2 A W' at 405 nm is obtained.

This work advances previous efforts to encapsulate 2D layers
of InSe and GaSe using hBN. The full hBN encapsulation

technique passivates the air-sensitive layers from various
degrading factors and preserves their unaltered properties.
While previous studies have reported either good performance
or long-term stability, we demonstrate a combination of both
in our devices. The encapsulation technique we employ is
robust and easily transferrable to other complex 2D materials
which might not be compatible to the chemistry of ALD and
dry oxidation techniques. Thus, this method opens up new
avenues for the investigation of 2D materials which have been
restricted so far in their fundamental study and applications
due to environmental sensitivity.

B EXPERIMENTAL SECTION

The hBN/2D/hBN (here 2D: InSe and GaSe) heterostructures are
fabricated by using the van der Waals (vdW) transfer technique as
described by Wang et al.>” In order to avoid exposing the 2D layers to
air, the process steps from exfoliation of its bulk crystal until the 2D
layers are fully covered between top and bottom hBN are performed
inside a nitrogen-filled glovebox. Via-contacts used for the devices are
fabricated as shown in the schematic of Figure 1a. hBN flakes (30—40
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Figure 1. Fabrication of Pd/Au via-contacts and two configurations of
InSe-based device geometries investigated in this work. (a) Step-wise
illustration of the via-contact fabrication process. (b) Schematic of the
InSe-via device when the via-contact hBN covers InSe in a glovebox
to encapsulate it and to form an electrical connection. (c) Optical
image of the InSe-via device measured in this work. ~9.6 nm-thick
InSe flake (white dashed line) is sandwiched between bottom hBN
and top via-hBN. The black solid lines in the enlarged image highlight
multiple Pd/Au metal contacts (numbered 1—8) embedded in hBN,
which form a vdW contact with the underlying InSe layer. (d,e)
Schematic and optical image of an unencapsulated device,
respectively, white dashed line indicates the InSe flake on the SiO,
substrate and metal electrodes fabricated by depositing Pd/Au metal.

nm thick, crack- and residue-free) exfoliated onto a 285 nm SiO,/Si
substrate are identified using optical contrast and subsequently etched
into desired electrode patterns using reactive-ion etching. The etched
holes are then filled with 20 nm palladium (Pd)/40 nm gold (Au) by
electron-beam evaporation. The via-contact is then picked up (Figure
S1) and laminated onto the targeted 2D flake resting on a bottom
hBN in a way that all via-metal electrodes cover the flake (Figure 1b).
After full encapsulation, the whole assembly is moved out of the
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glovebox for fabricating metal extensions to the via-metals and contact
pads, where the probes can be placed to carry out electrical
measurements (see Methods and Supporting Information for details
on the fabrication process). Figure 1b,c shows the schematic and the
optical micrograph of one such InSe-via device, respectively, where
black solid lines (in the enlarged image of Figure 1c) show the via-
metal in intimate contact with the underlying InSe layer. The
heterostructures are fabricated in a contamination-free environment,
so that the layers have clean and impurity-free interfaces. Having
multiple via-contacts in one hBN flake allows us to contact and
measure multiple devices on one single InSe flake. Figure 1d,e shows
the schematic and the optical image of an unencapsulated InSe device,
respectively, fabricated by electron beam lithography and metal
deposition on InSe layers exfoliated directly onto a 285 nm SiO,/Si
substrate. For a consistent comparison, both encapsulated and
unencapsulated devices are fabricated with the same thickness of
InSe that is ~9.6 nm or 12 layers (confirmed with atomic force
microscopy, shown in Figure S2) and the same configuration of the
metal contacts (Pd: 20 nm/Au: 40 nm) deposited by electron-beam
evaporation.

B RESULTS AND DISCUSSION

The properties of the exfoliated thin layers depend strongly on
the quality and composition of the bulk crystal. Figure 2a,b
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Figure 2. (a) Schematic of the top view of few-layered InSe showing
the hexagonal lattice structure. (b) Side view of few-layered InSe
showing the ABC stacking pattern of the y-phase InSe (red balls:
indium atoms, blue: selenium atoms). (c) EDS spectrum and
compositional analysis of the InSe bulk crystal confirming an
impurity-free crystal. (d) Raman spectra measured for various
thicknesses of InSe at room temperature.

illustrates the schematics of top and side views of few-layered
InSe. Energy-dispersive X-ray spectroscopy (EDS) and Raman
spectroscopy are used to characterize the bulk and few layers of
both InSe and GaSe. Figure 2c¢ presents the EDS spectrum and
compositional analysis of InSe bulk. The spectrum shows only
indium and selenium peaks without any traces of impurities,
which confirms high purity of the InSe crystals. The atomic
ratio of In/Se is found to be 1:1. The Raman spectra measured
at room temperature for various thicknesses ranging 7—22 nm
of InSe are shown in Figure 2d. In all spectra, four major
vibrational modes are recognized which are consistent with
previously reported Raman spectra on thin films of InSe.”**’
For the 10 nm thick InSe layer, the peaks at 113 and 223 cm™

correspond to the nonpolar A; mode and those at 176 and 193

! to the polar E and A, (LO) modes, which are typical
modes for y-InSe. For GaSe, the EDS and Raman spectra are
measured as well (Figure S3). The EDS analysis confirms that
the crystal is impurity-free, while the Raman spectrum shows
five prominent peaks at 57.3, 132.8, 211.5, 245, and 307.1
cm™" which are characteristic Raman modes for pristine 2H-
GaSe 2022274142

To demonstrate the effect of full hBN encapsulation on the
stability of InSe, we employed micro-PL measurements to
adjacent surfaces of exposed and protected InSe. Figure 3a,b
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Figure 3. PL spectra measured for encapsulated and unencapsulated
InSe, demonstrating high quality and ambient stability of fully hBN-
encapsulated InSe. PL spectra measured for both samples, (a) at 297
K, showing higher intensity PL peak, and (b) at 4.2 K, showing a
narrower linewidth with fwhm of 12 meV for encapsulated InSe. (c,d)
Evolution of the PL spectra with time for both encapsulated and
unencapsulated InSe at room temperature, respectively, stored under
ambient conditions. (e,f) Normalized PL peak intensity and PL peak
position measured over time, respectively, showing structural
instability of InSe when exposed to air, whereas the encapsulated
sample stays intact over 4 weeks.

shows the PL spectra obtained for both samples at 297 and 4.2
K, respectively. It is evident that at both temperatures, hBN
encapsulation significantly enhances the PL spectra by yielding
narrower and more intense peaks as compared to the
unencapsulated InSe due to crystalline and atomically flat
layers of hBN. The prominent effect of hBN encapsulation is
seen at 4.2 K (Figure 3b), where the PL linewidth narrows
down to give a full width at half maximum (fwhm) of ~12
meV in contrast to 36—38 meV obtained for the exposed InSe
of the same thickness. The reduction of the PL linewidth and
improved PL yield in the encapsulated sample indicates
fabrication of a high-quality hBN/InSe/hBN vdW hetero-
structure. As compared to the PL at 4.2 K, the linewidth of
both samples broadens at 297 K and shows a red shift (approx.
50 meV) from 1.30 (at 4.2 K) to ~1.25 eV (at 297 K) as seen
in Figure 3a because of the interaction with acoustic and
optical phonons.*”** Furthermore, the encapsulated InSe
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shows higher PL intensity, which further confirms the
suppression of surface charge traps and defects by using the
bottom hBN substrate.”>** On measuring multiple stacks, a
mix of red and blue shifts in the PL peak position is obtained
when full hBN encapsulation is used (Figure S4). The
ambiguity in the shift direction is attributed to multilayered
structures of InSe and GaSe employed in this study. Unlike
monolayers of TMDCs where a reproducible red shift due to a
strong effect of hBN dielectric is observed,” ™ here, the effect
is much less pronounced. While the red shift can be attributed
to a stronger effect of the hBN dielectric, the blue shift may
arise because of various reasons, such as the presence of
shallow defect states, compositional fluctuations, and interface
inhomogeneities and/or as demonstrated in TMDCs, the
relative population of neutral and charged excitons.**™* A
recent study shows that in multilayered InSe, hBN initiates
stronger charge confinement than SiO,, resulting in blue-
shifting of the optical band gap.”® Hence, the shift direction in
the multilayers of InSe and GaSe is governed by several factors
and cannot be associated only with the dielectric environment.
Nevertheless, the superiority of full hBN encapsulation is
evident in other PL features (intensity and fwhm). It is clearly
seen that the PL yield is maximized when 2D layers are
encapsulated in top and bottom hBN (Figures 3 and S4). A
statistical analysis of multiple stacks (Figure S4c) confirms an
overall narrowing down of the PL linewidth by 2—3 times
when 2D layers are encapsulated between top and bottom
hBN. These findings thus show that the best results are
obtained when the bottom hBN layer which protects the InSe
layers from the charge disorder at the SiO, surface is used in
conjunction with top encapsulation which avoids exposure of
the top surface to air.*”"'

The same samples are measured over time to test their long-
term stability under ambient conditions. Figure 3c,d reveals the
PL spectra measured at room temperature under normal
atmospheric conditions (see Methods for detailed PL
specifications) for a time period of 8 weeks. Between
consecutive measurements, both samples are stored in dark
under ambient conditions, allowing the ambient exposure to
affect both devices in the same manner. Figure 3e shows that
the PL peak intensity of the encapsulated InSe is intact for
almost 4 weeks, after which it starts to decline gradually,
whereas for the unencapsulated sample, the PL intensity has
almost vanished after 2 weeks. The PL peak position, however,
is not significantly affected over time (Figure 3f). Balakrishnan
et al.”® have attributed the reduction in the PL intensity to the
formation of In,O; as InSe thin layers are exposed to air under
high temperatures and focused lasers. The trend in Figure 3
indicates that the stability of the InSe layers is greatly enhanced
by using hBN encapsulation which preserves InSe from the
complex physical and chemical changes occurring when it
comes in contact with air.

To investigate the quality of hBN encapsulated InSe FETs,
electrical performance of both encapsulated and unencapsu-
lated devices is measured in back-gate configuration. The
transfer curves of both devices (Figure 4a) show an n-type
FET behavior due to intrinsic doping of InSe layers as
predicted previously.” " The room-temperature two-terminal
field-effect mobility (upg) is extracted using the following
equation:
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Figure 4. Electrical characterization of encapsulated InSe-via device
and unencapsulated InSe device shown in Figure 1c,e, respectively.
(a) Transfer characteristics (linear and semilog) of both devices at
Vps = 0.5 V measured in back-gate configuration. The small arrows
show the direction of the gate sweep. (b) Output characteristics of the
InSe-via-encapsulated device for back-gate voltages from +30 to +60
V with steps of 10 V, showing linear characteristics, indicating ohmic
behavior. (c) Output characteristics of the unencapsulated InSe
device measured at back-gate voltages from +30 to +60 V with steps
of 10 V, showing nonlinear behavior. Note that the current level in the
unencapsulated device is significantly lower than the encapsulated
device even in large Vpg regimes.

where L and W are the length and width of the channel, Ipg
and Vg are source—drain current and voltage, V;; is the back-
gate voltage, and C; is the capacitance per unit area. C;
estimated for the encapsulated device is 0.108 X 10~" F/cm®
(full calculation provided in the Supporting Information). For
the 9.6 nm InSe-via-encapsulated device shown in Figure lc,
the extracted pgg is 30 cm® V™! s™! with an on/off ratio of 10*.
For other InSe-via devices with InSe thicknesses of 8—12 nm,
mobility ranging 30—120 cm® V™' s7" is obtained (Figure SS).
In addition, the hBN-encapsulated device shows negligible
hysteresis in comparison to the unencapsulated device as well
as to previously reported devices using ALD and dry oxidation
as encapsulation, where substantial hysteresis was observed®>**
because of trapped charge carriers at the InSe—SiO, inter-
face.”**** Large hysteresis can give rise to further unreliability
issues, for example, extraction of field-effect mobility which in a
hysteric curve becomes strongly dependent on the gate sweep
direction.”® For this particular unencapsulated device, we
extracted a mobility of ~0.47 cm® V™' s™! (in forward sweep),
which is the lower limit of the mobility due to large hysteresis
(Figure S6b). On testing multiple unencapsulated devices, we
obtained large hysteresis in all devices, poor mobility values of
~1 cm?® V™! s7}, and on/off ratios of few hundreds. The output
curve of the encapsulated device (Figure 4b) reveals linear
characteristics indicating the formation of ohmic contacts
between the Pd/Au metal used in the via-contact and the
underlying InSe layer. However, we could not produce ohmic
and reliable contacts for unencapsulated InSe FET's as revealed
in Figure 4c, which might be due to degradation of InSe prior
to the metal deposition, leading to tunnel barriers at the

DOI: 10.1021/acsami.9b13442
ACS Appl. Mater. Interfaces 2019, 11, 43480—43487


http://pubs.acs.org/doi/suppl/10.1021/acsami.9b13442/suppl_file/am9b13442_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b13442/suppl_file/am9b13442_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b13442/suppl_file/am9b13442_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b13442/suppl_file/am9b13442_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b13442/suppl_file/am9b13442_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b13442/suppl_file/am9b13442_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b13442

ACS Applied Materials & Interfaces

Research Article

metal—InSe interface.” The InSe channel area, in addition, is
continuously degrading due to air exposure. Thus, as evident
from our results, full hBN encapsulation is a reliable and
effective passivation technique for InSe and yields a stable
charge transport, greatly enhanced pgg and larger on/off ratio
as compared to the unencapsulated devices.

To investigate the long-term stability of InSe devices, the
samples were stored and measured in air for 15 days. The
transfer curve of the encapsulated device (Figure Sa) shows a
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Figure S. Transfer characteristics and FET parameters measured over
time to investigate the stability of via-encapsulated and unencapsu-
lated InSe devices. (a) Semilog transfer curve of via-encapsulated
device at Vg = 0.5 V measured over 15 days. The on- and off-currents
are highly reproducible with time indicating an ambient-stable device.
(b) Semilog transfer curve of the unencapsulated device measured
under same conditions as the encapsulated device. Large hysteresis
and unstable current demonstrates unreliable device characteristics.
Evolution of (c) mobility and (d) on/off ratio with time for both
device configurations. Both parameters are intact for the encapsulated
device, while the unencapsulated device degrades at a fast pace.

stable and consistent charge transport for over 2 weeks,
whereas the unencapsulated device has a large hysteresis and
low on-currents (Figure Sb). The large hysteresis and shift in
the threshold voltage of the unencapsulated InSe device are
attributed to the charge traps at the InSe—SiO, interface and to
continuous adsorption/desorption of the gases because the
samples are stored and measured in air. For the encapsulated
sample, some changes in its transfer characteristics are
observed after few days, which might be due to small amounts
of moisture and gases getting trapped during the fabrication
process. To completely mitigate these issues, fabrication of the
devices can be carried out under stringent atmospheric
conditions, for example, using an argon-filled glovebox instead
of nitrogen. The evolution of the field-effect mobility and the
on/off ratio for both devices over time is shown in Figure S¢,d,
respectively. The unencapsulated device shows poor mobility
and low on/off ratio as compared to the encapsulated device
from the beginning and continues to deteriorate further with
time. (Note that the unencapsulated device was fabricated and
measured within a few hours from the time of exfoliation to
minimize the degradation). The performance of the encapsu-
lated device, on the other hand, stays intact throughout the
measured time period. This indicates that InSe is susceptible to
degradation in air and during standard process steps of device

fabrication. During the whole process, InSe layers come in
contact with various pre- and post-lithographic solvents, which
may induce structural damage, tunnel barriers, and pinning of
the Fermi level.”® The presence of tunnel barriers and Fermi
level pinning results in nonohmic contacts, low on-current, and
poor mobility as seen in Figure 4c for the unencapsulated
devices.”™>* Wei et al.*' have shown that adsorption of oxygen
atoms into the InSe structure causes serious hampering of the
electronic properties with mobility and other FET parameters
to decrease 2—3 orders in magnitude. Therefore, it is essential
to passivate InSe from air and at the same time from other
detrimental processes where its structural integrity can be
compromised. In this regard, the top and bottom hBN
encapsulation scheme is extremely useful as it protects InSe
from various forms of degradation and disorder and allows us
to study its intrinsic properties.

Subsequently, we integrated the full hBN encapsulation
technique into GaSe, another emerging 2D material belonging
to the same family as InSe but far more sensitive under
ambient conditions. The effectiveness of hBN encapsulation in
suppressing GaSe degradation is supported by low-temperature
PL measurements (Figure 6a,b) which show a significant

a b
—~[ 21nmGaSe —~[ 25nmGaSe
g — fully encap S | — fully encap
8 g unencap ° S unencap
Sz N>
T 0 ==
£S5 5
S E £
z = c
_ z =
o 7 ot N
e — I: AAAAA S ‘_;Vvj
15 16 1.7 18 1.9 2.0 21 15 16 1.7 18 1.9 20 21
Energy (eV Energy (eV
¢ gy (eV) d gy (eV)
L 4=405nm =405 nm 8410
O.dpongon Vos =2V p(wiem?) 02 V,=-80V
2.45
2 03} _ P
ES < :
= 0.31 201 10' %
802 0.046 z <
0.008 = - — x
o1l 8.10
5 3 65 95 125 10* 10° 10? 10"
Time (s) Incident power density (W/cm?)

Figure 6. Optical characterization of fully encapsulated GaSe devices.
PL spectra measured at 4.2 K for GaSe layers (a) 21 nm thick and (b)
25 nm thick. Fully encapsulated GaSe shows intense PL peaks at ~2.0
eV, while unencapsulated GaSe shows PL reduction due to fast
degradation. (c) Photoswitching response obtained for pulsed
illumination of 405 nm at V; = —80 V, Vg = 2 V, and various
laser power densities. (d) Photocurrent (red open squares) and
responsivity (blue open dots) as a function of incident power density
at Vg = —80 V and Vg = 2 V. Red and blue straight lines are obtained
by fitting the measured data.

improvement in the spectra of the encapsulated GaSe as
compared to the unencapsulated layer. On measuring various
thicknesses of GaSe layers, we observed 10 times higher PL
peak intensity when it is encapsulated in top and bottom hBN,
whereas unencapsulated GaSe shows significant PL reduction
within 3 h from the time of exfoliation.

Because GaSe finds a majority of its applications in optics,
the large band gap of hBN (~5.7 eV)*” is highly advantageous,
as it stays transparent for the wavelengths where GaSe is
optically active. The photoresponse obtained for the GaSe-via
device under global illumination by a blue laser (405 nm) at
various power settings is shown in Figure 6¢,d. As the device is
illuminated by higher laser power, Ig increases monotonically
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because of the increased number of electron-hole pairs
generated. In response to pulsed illumination at 405 nm, the
device shows a photoswitching behavior and maintains long-
term stability of its photoresponse (Figure 6¢). The rise in
current from off- to steady-state on light illumination occurs
within a 20 ms time interval, which is the resolution of the
measurement setup. We believe that the photoresponse time
should be less than 20 ms, which is comparable to the response
times of 10—20 ms reported previously with top gold
contacts.””*” The photocurrent (Ipy = Lighe — Iiai) plotted
in Figure 6d increases with increasing incident power densities.
Responsivity, defined as the amount of the photocurrent
generated per unit incident illumination and calculated as the
ratio of the photocurrent density to the incident power density
(R = Ipy/PA; P is incident power density; A is exposed device
area),”® is found to be decreasing as the incident power
increases. At an incident power density of 0.3 mW/cm? (Vg =
—80 V and Vg = 2 V), we achieved a responsivity of 84.2 A
W', which is a major improvement over top-encapsulated
GaSe photodetectors reported previously.”"

B CONCLUSIONS

The sensitivity of few-layered InSe and GaSe toward air,
bottom dielectrics, and lithography processes makes the
assessment of their intrinsic properties difficult. We demon-
strate that in order to obtain high-quality and stable devices,
their full encapsulation in hBN layers is extremely advanta-
geous as it protects the 2D layers from ambient degradation as
well as from the charge disorder at the SiO, surface. The fully
encapsulated InSe and GaSe devices show greatly enhanced
and ambient-stable performance as compared to their
unencapsulated counterparts. hBN, because of its inertness,
atomically flat surface, and absence of charge traps, is an
optimal encapsulation for fabricating reliable InSe- and GaSe-
based devices. In the future, this technique can be applied to
other sensitive 2D materials which might then supersede
existing materials in terms of properties and performance.

B METHODS

Bulk crystals of InSe (3R phase with a purity of 99.999%) and GaSe
(2H phase with a purity of 99.995%) are bought commercially from
2dSemiconductors and hqgraphene, respectively. The crystals are
mechanically exfoliated using the adhesive tape (model BT-130E-SL
bought from TELTEC GmBH) inside a nitrogen-filled glovebox and
stacked between top and bottom hBN using the “vdW transfer”
technique, described in detail in the Supporting Information. To
fabricate via-contacts, holes are etched into hBN flakes using reactive-
ion etching (Oxford RIE) with a gas mixture of SF¢ and O,. The holes
are deposited with Pd: 20 nm/Au: 40 nm using an e-beam evaporator.
For lift-off process, the samples are dipped into acetone for at least 2 h
followed by rinsing in isopropanol and nitrogen blow drying. The
metal extensions to the hBN/InSe/via-hBN stack are fabricated by
using e-beam lithography under a poly(methyl methacrylate) e-beam
resist mask followed by metal deposition (Cr: 2 nm/Pd: 20 nm/Au:
40 nm) and standard lift-off process as described above. EDS is
carried out at 20 kV by means of a conventional Si(Li) detector with
the S-UTW window (Oxford Instruments) attached to a scanning
electron microscope. EDS spectra are obtained with the INCA
software by scanning a specimen area of about 3 X S um?* for a
duration of 1 h and acquiring the data with an energy dispersion of 10
eV/channel in an energy range of 0—20 keV. Low-temperature micro-
PL measurements are carried out using a LHe cryostat system. The
excitation pump is a cw frequency-doubled Nd/YAG laser at a
wavelength of 532 nm. The power is 10 yW focused on a spot
diameter of 3 ym. The spectra are captured on a liquid nitrogen-

cooled silicon CCD deep-depletion camera after being dispersed in a
300 lines/mm grating spectrometer. Electrical measurements are
performed using a parameter analyzer (Agilent, 4155C) and
photoresponse using Lake Shore probe station (Model CPX-VF)
equipped with a cw blue laser diode at 405 nm wavelength. All
electrical and photocurrent measurements are carried out in air and at
room temperature.
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