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Abstract

Despite the unique properties of black phosphorus (BP) and phosphorene, including high

carrier mobility and in-plane anisotropy, their stability has been hampered by significant crystal
deterioration upon exposure to oxygen and water. Herein, we investigate the chemical stability

of MoS,-passivated black phosphorus (BP) or bilayer (2L) phosphorene van der Waals (vdW)
heterostructures using the field-effect transistor (FET) and phototransistor effects, measuring the
persistence of conductivity and carrier mobility upon atmospheric exposure. Four thicknesses of
MoS,;-passivated BP FETs were studied at 1.5 (assigned to bilayer), 5, 13, and 20 nm to elucidate the
effects of the MoS, passivation layer on the device stability and electrical characteristics under dark

and illumination (wavelength, A = 600 nm) conditions. We find that trilayer MoS, passivation
enhances the photoresponse of a 2L-phosphorene optoelectronic heterojunction by 78% without
gate bias. When in contact with a trilayer MoS, layer, the photoluminescence quantum yield of
the phosphorene bilayer crystal apparently decreases 29%. This can be attributed to the difference
in absorption in the BP layer induced by the interference color effect generated by the presence

of the thin Mo§; layer as well as a built-in electric field that forms at the BP-MoS, p-n interface
helps to dissociate photo-generated electron—hole pairs, thereby reducing the probability of the
recombination events. The effectiveness of a trilayer MoS, as a vdW protection layer is tested by
exposing BP-Mo$S, vdW vertical heterostructures to the ambient environment for up to 3 weeks as
well as annealing at high temperature (350 °C) in an inert Ar environment. We find that the MoS,
passivation layer reduces the dark current of bilayer phosphorene, but this effect decreases with
thickness. Thus, we find that 2D MoS; thin passivation layers provide specific chemical stability and
electro-optical enhancement for transparent, flexible BP electronic and optoelectronic devices by
acting not only as an atomically thin passivation layer, but also enhancing the photoresponse.

Introduction

Motivated by the discovery of an isolated, stable
monolayer graphene [1], two-dimensional (2D)
layered materials have generated significant research
interest for new electronic and optical devices,
suggesting potential as candidate materials in future
nanoelectronic applications [1]. Because they are
necessarily atomically thin or of unit cell thickness,
2D layered materials may provide solutions to flexible,
transparent electronics without the need for laborious
and sophisticated device fabrication steps to achieve

thin, high-performing channel regions required for
conventional semiconducting materials.

Graphene and semiconducting transition metal
dichalcogenides (TMDCs) such as MoS,, MoSe,, WS,
and WSe; [2-9] have been investigated most extensively
to date. These TMDC:s are attractive because they can
often be processed so as to demonstrate direct, perma-
nent band gaps that graphene generally lacks. They also
possess electronic and optical properties that are highly
dependent upon the number of layers when in their
few-layer (FL) forms due to quantum confinement
[6,10]. The band gap transitions from indirect to direct

©2017 IOP Publishing Ltd
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when in the form of a single-layered crystal, rendering
semiconducting TMDCs more intriguing for many
optoelectronicapplications [11-13].

Recently isolated 2D crystals of black phosphorus
(BP) [14-30], the most stable allotrope of phospho-
rus at room temperature, has generated interest and
excitement in the context of 2D materials due to sev-
eral unique properties [31]. Similar to graphene and
TMDC s, individual layers of phosphorus are held
together by van der Waals (vdW) interactions in the
vertical direction. However, phosphorus atoms in each
layer are bonded by sp® hybridization with neighbor-
ing atoms, resulting in a puckered honeycomb lattice
structure [32] and in-plane anisotropy in its electronic
and optical properties [25, 26, 33-36]. Potential appli-
cations include plasmonic devices [26,34,37,38], pho-
non transport engineering, which could not have been
possible with other 2D materials [39].

The hole mobility of BP devices can exceed
1000 cm? V! s72 at 300 K, but passivation is needed
to prevent scattering defects from diminishing this
property. Similarly, current on—off ratios in the range
of 102-10* have been observed, and may be impor-
tant for devices constituting high-speed logic circuits
[26,40—42]. The optical band gap of a given BP system
can be engineered over a wide range to accommodate
the spectrum of incident electromagnetic energy by
controlling its number of layers, also providing a mat-
erial advantage [24, 25, 30]. While band gaps of most
of TMDCs are greater than 1eV [43], first principles
calculations showed that band gap of BP is expected
to vary from ~1.5-2.0eV in its single layer form down
to around 0.3 eV when the crystal thickness is around
4nm (~8 layers) or thicker, bridging the energy gap
between graphene and TMDCs, making the material
suitable for near- and mid-infrared applications such
as optical telecommunications [6].

What makes this feature more intriguing is the
fact that the direct band gap character is maintained
regardless of its thickness—TMDCs show the direct
gap character only in their monolayer form—which
most of optoelectronic applications find valuable [43].
Also, whereas field-effect transistors (FETs) based on
MoS; and WS, show monotonic n-type transport char-
acteristics due to the strong Fermi-level pinning near
the conduction band edge [43], recent studies have
demonstrated that FL BP exhibits a noticeable p-type
characteristic, thereby allowing it to be used as a p-type
building block in vdW p-n heterostructures [44,45].

Despite all of these advantages, BP has its critical
drawback in that it is unstable in air, undergoing irre-
versible degradation upon exposure to oxygen or water
[46-52], which requires a proper protection scheme
to take full advantage of its superior intrinsic proper-
ties. To protect BP from the degradation, passivation
of BP has been accomplished by several methods to
encapsulate BP. Atomic layer deposition of aluminum
oxide [47,53-56] effectively encapsulate BP and leads
to stable FET devices for 8 months [54]. Chemical pas-

Y Sonetal

sivation with molecules has been also reported. Atomic
force microscopy (AFM) and optical microscopy study
demonstrated that surface coordination of titanium
sulfonate ligand on BP enhances chemical stability of
BP in water and humid air [57]. Other molecular tech-
niques of covalent functionalization of aryl diazonium
[58] and adsorption of benzyl viologen [59] work as
p-type and n-type dopant, respectively, as well as a
passivation layer, demonstrated by charge-transport
measurements of FETs. Even atomically thin graphene
[60] and hexagonal boron nitride can protect BP from
exposure to ambient air [60—63] and improved FET
performance especially in electron transport channel.

However, the thickness of previously studied BP
was at least thicker than 3 nm and the chemical stability
of atomically thin BP to the extent of bilayer or phos-
phorene was not investigated, which could be more
sensitive to the effect of passivation layer on optical
property and optoelectronic device performance. The
photoresponse of BP devices passivated with 2D semi-
conductor was also not measured. The van der Waals
hetero-junction [18,22,23] canadd a new functionality
of BP electrical transport. For instance, MoS, is intrin-
sically electron doped and exhibit n-type behavior,
while BP shows p-type behavior so that p-n junction is
formed on interface between BP and MoS, [19,21,64].
The advantage of using MoS, as a cover layer on BP is
that enhancement of photoresponse due to dissocia-
tion of photo-generated electron—hole pairs at hetero-
interface can be expected.

In this work, we study the chemical stability of BP
orbilayer (2L) phosphorene-MoS, vertical vdW hetero-
structure FETs subject to atmospheric air-degradation,
using both the transistor characteristics and phototran-
sistor response, and measuring the dark conductivity of
BP crystals. We investigate the effectiveness of a FL MoS,
as a vdW passivation layer under an ambient environ-
ment for an extended period of time and an elevated
temperature, as well as photoluminescence (PL) at the
heterojunction. When brought into contact with MoS,,
the PL intensity of bilayer (2L) phosphorene is observed
to be quenched by about 29% compared to that of the BP
alone. This can be attributed to the difference in absorp-
tion in the BP layer induced by the interference color
effect generated by the presence of the thin MoS; layer
(detailed discussion can be found in supporting infor-
mation) (stacks.iop.org/TDM/4/025091/mmedia) as
well as charge transfer due to the existence of a built-in
electric field at the BP-MoS§; junction which help dis-
sociate photo-induced electron—hole (e-h) pairs [18,
64—66].MoS,-passivated FL BP crystals survived atleast
3 weeks of air-exposure and 2 h of annealing at 350 K in
an Ar environment, while exposed bare BP crystals are
severely damaged and mostly disappeared.

We then fabricate FET devices by depositing source
and drain metal electrodes on both the exposed and
MoS;-passivated regions of the same BP flake for direct
comparisons. Under dark condition, hole transport
of a 2L-BP channel is barely impacted by the MoS,-
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passivation layer on top while electron transport is
obviously improved; the influence of the MoS, layer
on the transport characteristic becomes less significant
as the thickness of BP increases. Under illumination
(A = 600nm), in general, higher photoconductivity
is detected in the MoS,-passivated regions than the
exposed BP, with photoresponse enhancement due
to the MoS; passivation is measured to be 75% in the
2L device when V,; = 0 V. These results suggest that
vdW passivation using thin Mo§S, films adds another
strategic route toward air-protected BP-based nano-
electronics with improved photoconductivity. Future
studies of chemical stability should investigate TMDCs
other than MoS, to fine-tune the band alignment
with BP for specific target applications, which should
aid in the development of air-stable high performing
optoelectronic devices.

Results and discussion

Characterization of BP-MoS$; heterojunction
BP-MoS, vertical heterostructures were constructed
by conducting dry-transfer of thin MoS, films, whose
shape was predefined in stripes, onto BP flakes which
were micromechanically exfoliated on a 100 nm
thermally grown SiO; on a highly doped Si wafer in
a Ny-filled glove box with O, concentration less than
0.5 ppm (detailed schematic illustration of the process
is provided in the supporting information). Large-
area trilayer MoS, films covered by photoresist were
grown by the CVD process using solid S and MoCls
as precursors on a sapphire substrate in a vacuum
tube furnace [47, 60-62, 67, 68]. The thickness of the
MoS; films was verified by Raman spectroscopy and
AFM height measurements, which can be found in the
supporting information. Then, standard ultraviolet
lithography was utilized to define stripes on the MoS,
film, which was followed by removal of exposed areas
of Mo§; in oxygen plasma generated by an electron
cyclotron resonance (ECR) reactive plasma etch system.
The shape-defined MoS, films were transferred
using the surface-energy-assisted method [69]. In this
technique, polystyrene (PS) with a molecule weight of
280000 g mol ! was dissolved in 100 ml of toluene and
this solution was spin-coated with 3500 rpm for 60 s on
the shaped MoS; on a sapphire substrate. This com-
posite was baked at 80 °C for 15 min. A water droplet
was placed on the edge of the substrate. Delaminat-
ing MoS,-PS film was initiated by scratching the edge
of the substrate. Once the film was detached from the
substrate, extra water was sucked away with a paper
towel. In order to avoid water exposure to BP crystals,
the peeled-off MoS,-PS film was placed on a PDMS
support and left in vacuum for 2 h before brought into
the glove box, and the rest of the transfer process were
conducted in the glove box to complete the whole pro-
cess of heterostructure fabrication without exposure to
air. PS was removed by rinsing in toluene several times.
This way, BP crystals become partially covered by MoS,
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stripes, allowing for direct comparison between the
exposed and MoS,-passivated regions on the same
BP flake, as schematically illustrated in figure 1(a).
Throughout this work, we refer to the exposed and
MoS,-passivated BP crystals as BP-only and BP-MoS,
regions or areas, respectively.

A fabricated 2L BP-MoS, heterostructure was first
identified by optical contrast, and then its layer num-
ber was verified using atomic force microscope (AFM)
image, profile,and Raman spectroscopy in air, as shown
in figures 1(b)—(d), respectively. Before the measure-
ments, it took within 20 min to identify the location
of BP with desired thickness and within 20 min to
perform take an image of AFM and Raman spectr-
oscopy respectively. The top panel of figure 1(d) shows
arepresentative Raman spectrum of the BP-only area
taken at the location marked by the yellow dot (I) in
figure 1(b) where the three signature Raman peaks of

BP, attributing to the A}g, Bjg,and Aé phonon modes, are

prominently observed. And it is clearly observed that
BP-MoS, region (the bottom panel, taken at the spot
marked by the red dot (II) in figure 1(b)) shows corre-
sponding Raman peaks of both BP and MoS, with the
peak positions barely shifted from that of each homog-
enous crystal, corroborating successful fabrication of
the heterostructure without impacting on the vibration
modes of the component layers. The AFM height pro-
file acquired along the red line marked in figure 1(b)
indicates the thickness of the BP flake is ~1.5 nm which
is slightly larger than the theoretical value of ~1.2nm
for a 2L BP. This has commonly been seen in measur-
ing thickness of other 2D materials using the AFM,
and it might have been worsened in the case of BP by
partial oxidation and water molecules adsorbed on the
crystal surface because the AFM measurements were
conducted in ambient conditions after all the electrical
measurements were completed [70].

The bilayer nature of the BP crystal was further
confirmed by representative PL spectra in air shown
in figure 1(e) taken under a green laser excitation
(A = 532nm). To minimize the photooxidation of
BP, we kept 1.9 kW cm ™2 of incident power density,
which is below the fluence that causes photooxidation
(>10 kW cm?) [48]. A strong PL signal at around
863 nm (1.43eV) wasdetected due toits direct gap char-
acter irrespective of itslayer number [31]. Notably, when
the BP is in contact with MoS,, its maximum PL inten-
sity is considerably quenched by about 29% and the
peak position is blue-shifted by ~60 nm. One possible
route for the quenching is reabsorption of the emitted
light from BP by the MoS, passivation layer. However,
considering the optical band gap of trilayer (3L) MoS, is
~1.4eV [71] as well as its indirect gap nature, the prob-
ability of the events where the emitted photons from the
2L BP with an energy of 1.43 eV are absorbed by MoS,
is expected to be insignificant. Another plausible mech-
anism for the observed quenching is the exciton dissoci-
ation by the built-in electric field formed at the BP-MoS,
interface [13]. As illustrated in the inset in figure 1(e),
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Figurel. (a) Schematicillustration of the BP-MoS, heterostructure on a SiO; (100 nm)/Si substrate where trilayer MoS, stripes
cover portions of the underlying BP flake, resulting in MoS,-passivated and exposed regions on the same BP flake. (b) Optical
microscope image of a BP-MoS; heterostructure, where BP is bilayer. (c) AFM height profile of the 2L BP crystal taken along the
red line marked in (b). (d) Representative Raman spectra taken on the exposed (top) and MoS,-passivated (bottom) BP regions.
(e) Representative PL spectra of the exposed (black) and MoS,-passivated (red) BP. The inset illustrates a band alignment at the
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the type-II band alignment forms at the hetero-interface
inwhich avalence band offset is larger than the counter-
part of the conduction band. Because the exciton bind-
ing energy of 2L BP crystals sitting on a SiO, substrate
is calculated to be 0.25eV [19-21], these sizeable band
offsets promote the exciton dissociation events, thereby
resulting in considerably reduced recombination events.
The blue shift in the PL maximum peak position upon
contacting MoS, may be due to the reduced defect states
induced by oxidation, affecting its electronic band
structures.

MoS; as a van der Waals passivation layer

To test the effectiveness of MoS, thin filmsasa protection
layer, we characterized the BP-MoS, heterostructures
using an optical microscope and Raman spectroscopy
as the samples are stored under exposure to air or an
elevated temperature (350 °C). It has been reported
that BP crystals quickly degrade in ambient conditions
within a matter of days, with a possible mechanism
involving irreversible conversion of BP into PO, by O,
and H,O [29,47,60]. The top panel of figures 2(a) and
S2, and the bottom panel of figure 2(a) show optical
microscopic images of a FL BP flake which is partially
covered by 3L CVD MoS; upon the completion of
the heterostructure fabrication, after 1 and 3 weeks
of exposure in air, respectively. In a week (figure S2),
portions of the BP-only region have undergone severe
deterioration whereas the BP-MoS; area remained

almost intact. After 3 weeks of air-exposure, as shown
in the bottom panel of figure 2(a), most of the exposed
BP was etched away barely leaving traces of a BP crystal
to be identified, but no noticeable change was observed
in the MoS,-passivated BP. Note that we observe no
significant difference of color contrastbetween edge and
center part of BP-MoS;. If the color contrast exhibited
a distinct difference within the width of MoS; stripe,
the edge degradation played a major role in the crystal
deterioration, which was not observed. Therefore, we
believe that 10 um width of Mo§; stripe is enough to
compare the performance of bare BP and BP-MoS,. To
further confirm this observation, Raman spectroscopy
measurements were taken on both the passivated (I)
and exposed (II) locations of the BP flake (figure 2(b)).
In the upper panel, MoS,-protected BP clearly shows

its signature peaks—Alg, Bjg, and Aé peaks—even after

3 weeks of air-exposure although the peak intensity of
BP peaks decreased a little when compared to that of
MoS,, which is stable enough to withstand this level
of ambient conditions over an extended period of
time. Also, the spectra of the MoS, before and after
the exposure are almost identical, in both peak shift as
well as intensity, excluding a possibility of reactions at
the BP-MoS; interface. On the other hand, the Raman
spectra acquired at the exposed BP area after 3 weeks-
exposure to air shows no discernable peaks associated
with BP crystals, corroborating the observation under
an optical microscope.
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fabrication (top) and after annealing under Ar environment at 350 °C for 2h (bottom). (d) Representative Raman spectra taken
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Figure 3. Transport characteristics of BP-MoS, heterostructures. (a) Schematic illustration of the FET devices (top) and an optical
image of the 13 nm device (bottom). (b) Transfer characteristics (at V4, = —0.1 V) of the MoS,-passivated BP channels of varying
thicknesses—1.5 (2L), 5,13, and 20 nm. (c) Detailed transport characteristics of the 2L device where red, blue, and orange circles
indicate Iys—Vj traces for the BP-only, BP-MoS,, and MoS;-only regions, respectively. (d) Transfer characteristics of the 13 nm
device where red and blue circles represent the BP-only and BP-MoS, regions, respectively. For (c) and (d), the left and right axes
correspond to log and linear scale, respectively. (e) A simplified resistor network model that represents carrier transport pathways in

Si0,/Si

In addition, the thermal stability of a thin BP passi-
vated bya3L CVD MoS; hasbeen tested at 350 °C under
an Ar environment for 2 h, as provided in figure 2(c),
where the top and bottom panels present optical images
of the BP-MoS, heterostructure before and after the
annealing, respectively. Similar to the air-stability case,
the exposed BP crystal has mostly disappeared after the
annealing while the MoS,-passivated regions can still
be observed by optical contrast. Again, Raman analysis
was conducted at both the passivated (I) and exposed
(II) locations to verify the quality of the BP crystal after
the annealing (figure 2(d)). The conspicuous signature
peaks of BP observed in the passivated region after the
annealing confirm that the BP underneath the MoS,

layer has survived the harsh annealing condition, with
somewhat reduced peak intensity, while the exposed
area has almost completely been etched away.

Transport characteristics of BP-MoS,
heterostructure-based FETs

FET devices based on the BP-MoS; heterostructures
were fabricated to investigate the influence of the MoS,
passivation layer on the electrical characteristics of the
underlying BP crystals. Figure 3(a) shows a schematic
illustration (top) and an optical image (bottom)
of the heterostructure device where the source and
drain electrodes are located on both the BP-only and
BP-MoS; regions on the same BP flake. After fabricated
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inside the glove box, on top of 100 nm SiO; on a
highly doped Si wafer which was used as a global
back gate, the heterostructures were transported for
further metal electrodes deposition in an N,-filled
container to minimize air-exposure. Then, the source
and drain metal electrodes with a channel length of
1.5 pum were patterned on both the exposed and MoS,-
passivated areas of a target BP flake using ultraviolet
photolithography, followed by the deposition of Ti
(20nm)/Au (60 nm) as the contact metal via electron
beam evaporation. This way, we were able to fabricate
exposed and MoS,-passivated BP FET devices on the
same BP flake, allowing for direct comparisons. In
order to explore the effect of BP thickness on device
performance, four different FETs out of 1.5 (2L), 5,13
and 20 nm-thick BP flakes were fabricated with the
thickness of the MoS, passivation layer kept constant
at 3L. The AFM measurements to verify the thickness
of the samples were performed in tapping mode after
the electrical testing has been completed to avoid
crystal degradation by air-exposure as well as possible
physical damage during the imaging. The electrical
measurements of the devices were carried out in an
ambient environment at room temperature. More
detailed fabrication and characterization methods are
provided in the supporting information.

The electrical measurements were carried out
using Agilent E5262A Source Measure Units for volt-
age sourcing and current measurements. In figure 3(b),
transfer characteristics of the BP-MoS, channels with
different BP thicknesses are plotted at constant source-
drainvoltage, V4, = —0.1 V.In general, we find that the
on-current increases prominently as the gate voltage
(V) sweeps towards negative voltage which we assign
to p-type transport characteristics, consistent with pre-
vious reports for BP FETs [47]. This indicates that the
metal electrodes interact with the BP channel through
the thin MoS, passivation layer and the Fermi level is
then pinned closer to the valence band of the BP. Hence,
the transport within the channel is largely determined
by the bottom BP channels rather than the top MoS,
layer. This behavior is more prominent in devices based
on thinner BP flakes as expected while electron trans-
port becomes important when BP thickness reaches
20 nm (blackcircles, figure 3(b)), showing a near ambi-
polar behavior. Also, there exists an obvious trend that
the minimum off-current monotonically increases,
whereas the on-off current ratio (I,,/I,¢) decreases as
BP thickness increases—about 5 x 10°and 3 x 10! for
the 2L and 20 nm devices, correspondingly (which is
an underestimation of the intrinsic value of the devices
given the curves do not reach the saturation within
the range of voltage sweep used in this work). This
can be explained by the combination of a significant
change in the band gap of BP with the layer number
and a consequent Schottky barrier height change at
the interface with the metal electrodes, discussed in
more detail below. The maximum on-current, how-
ever, does not exhibit the monotonic upward trend
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and even decreases as the BP thickness increases from
13 to 20 nm, which could be explained by the interplay
between charge screening and interlayer coupling that
can be used to estimate current distribution through-
out the individual layers of a 2D layered channel region
(24,25, 72-74]. The substantial interlayer resistance
reduces field effect mobility in thicker BP flake [73,75].
When the thickness of BP increases, the increased inter-
layer resistance prevents more current to flow the top
layer far away from the bottom gate. In consequence,
channel conductivity and field effect mobility conse-
quently drops as BP becomes thicker.

The field-effect mobility of the BP-MoS, regions is
estimated based on the method of trans-conductance
[73, 76]. Specifically, the trans-conductance, g, is

given by:
aIds
o,

where L and W correspond to the effective channel
length and width between drain and source electrodes,
respectively. Coy is the capacitance of the gate oxide,
I4s is the drain-source current, Vys is the drain-source
voltage, and Vs the back-gate voltage. The estimated
field-effect hole mobility values () are: 0.5, 15.7, 50.6,
and 14.7cm? V! s7! for 1.5 (2L), 5, 13, and 20 nm
devices, respectively. These are comparatively lower
than previously reported hole mobility predictions for
exposed [77] and AlO,-encapsulated [24] BP devices,
which could be due to increased scattering events from
additional defect, trap and impurity states introduced
atthe BP-MoS; interface and the imperfect dry transfer
of MoS, thin films.

More detailed results of the 2L device are provided
in figure 3(c) where direct comparisons between the
BP-only, BP-MoS,;, and MoS,-only channels can be
made. Firstly, the BP-only channel (red circles) exhib-
its an obvious p-type characteristic with a negligible
level of electron transport recorded under a positively
applied Vg up to 15 V. In contrast, the MoS,-only chan-
nel (orange circles) shows an n-type behavior with no
discernable hole transport, but with maximum I4 of
only ~7 x 10~* A um which is around a hundred
times lower than that of the BP-only and with an Ion/Iog
of mere ~50. The much lower conductance of the MoS,
channel than the BP channel even with one more layer
available for charge carrier transport could be in part
attributed to the heavier effective mass in MoS, and the
low crystal quality of the CVD-grown MoS, film, which
isa common trade-off for large area 2D films grown by
the CVD process. In the BP-MoS, region (blue circles),
under a negative back gate voltage, the current trace is
very close to that of the BP-only channel with onlyalit-
tle decrease in the currentlevel, implying that a FL-thin
MoS; passivation layer does not add noticeable imped-
ance and the tunneling barrier in the vertical direction
is relatively insignificant in comparison to the Schottky
barrier that forms in the lateral direction toward the
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Figure4. Thickness-dependent photoresponse and band diagrams. (a) Electrical characteristics of the BP-only (left) and BP-MoS,
(right) regions in the 2L device in the dark (blue circles) and under illumination (red circles, A = 600 nm) with applied

Vgs = —0.1 V. The left and right axes correspond to log and linear scale, respectively. Broken lines indicate threshold voltage, where
we define threshold voltage as the voltage that Iy is twice as off-current. (b) Electrical characterization of the 5 nm device under the
same measurement conditions as (a). (c) Band diagrams under different external conditions: carrier transport in the dark when (I)
Vg > 0and (II) V; < 0;and (III) upon illumination with V,; < 0;and conceptual explanation of the observed photo-induced doping
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channel. However, interestingly, as V, changes its
polarity and sweeps to large positive voltages, the BP-
MoS, channel begins to show distinct electron trans-
port although its magnitude is slightly lower than the
MoS,-only. Since the carrier transport through the
BP and Mo§,; layers can be considered independent in
the BP-MoS; region [47], the transport pathways can
be simplified using a resistor network schematically
illustrated in figure 3(e), where carrier injection into
the BP channel encounters an additional tunneling bar-
rier across the upper MoS; passivation layer. The total
device conductivity can be expressed as:

0= Q2pm/A+Ra)! 2)

where, Ry = Rybs, + 2p/A + Rep) ™! and gy is
the contact resistivity at the metal electrodes-MoS,
interface, Re, is the channel resistance, p, is the vertical
tunneling resistivity across the MoS, passivation layer,
A is the electrodes contact area, and Ryys, and Rgp
are the individual MoS, and BP channel resistances,
respectively.

When negative V is applied, Ryos, > Rpp which
leads to Rs,~ (2p,/A + Rpp) and, consequently,
0 = [2p + pO/A + Regp] . Hence, the BP channel
dominates the overall carrier transport, as indicated
as blue dotted arrow in figure 3(e), with the Mo$S,
acting mainly as an encapsulation layer rather than a
conductive channel for charge carrier transport. From
the observation that almost the same I~V charac-
teristics were measured for the BP-only and BP-MoS,
with a large negative applied Vy, it is expected that

Pepp ™~ Pem T+ P but, oy + p, becomes a bit more
important as a smaller magnitude of negative V, is
applied. In the positive V, regime, Ryjos, (Rpp) decreases
(increases) that carrier transport along the top Mo$S,
channel (red dotted passage in figure 3(e)) becomes
of significance. For Vg larger than ~5 V, the BP-MoS,
shows much higher channel conductivity than the
BP-only, but still lower when compared to the MoS,-
only. This may also be because of more defects, scatter-
ing sites introduced at the heterointerface as well as a
lower gating efficiency due to the charge screening by
the underlying BP channel.

Conceptual understanding of this observation can
be aided by the gate-dependent band diagrams, sche-
matically illustrated in figure 4(c). Under a positive V,
(I), the Schottky barrier for electron injection to the
conduction band of MoS; becomes thin such that the
conductivity of the Mo$S, channel increases, while hole
injection to the valence band of BP becomes favorable
when a negative Vyisapplied (II), resulting inimproved
conductivity in the BP channel. When the thickness of
BP flakes is 5nm or more (see figures 3(d), S3(d) and
S5(d), 4(a) and (b)), because a BP channel has many
more layers for current passage than MoS,, Ruos, > Rgp
over the whole range of V, so that the current flow is
largely determined by the BP channel, causing for
BP-MoS, regions to show an almost identical I3~V
curve to corresponding BP-only regions—slightly
lower current values were due to the introduced tun-
neling resistivity from the MoS, passivation and defect,
scattering sites added during the heterostructure fabri-
cation process. Thus, our results suggest that thin MoS,
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films can be considered as a candidate passivation layer
which in general does not deteriorate transport char-
acteristics of BP FETs while even boosting electron
transport when an ultrathin BP flake is used—2L in
this study.

Enhanced photoresponse by charge separation on
theinterface

The transfer characteristics were also acquired under
laser illumination (A = 600 nm;0.01 W cm2) to study
theimpact ofthe MoS; passivation on the photoresponse
of the devices. We used a supercontinuum light source
(NKT, SuperK Extreme EXR-15), which was relayed
through a 600 nm bandpass filter (FWHM = 10nm).
Broad illumination was used to cover the whole device
in the phototransistor measurements. Figures 4(a),
(b), S4(d) and S5(e) show the I3~V characteristics of
the devices under illumination as well as in the dark
measured at V4, = —0.1 V. Interestingly, the BP-only
and BP-MoS§; regions in the 2L BP device showed
apparently different responses from each other (figure
4(a)). In the BP-only region, over most of the gate
voltage sweep, a higher current was recorded upon
illumination (red line) compared to that obtained in the
dark (black line), which can be attributed to increased
conductivity due to generated extra charge carriers
upon light absorption (photoconductivity). But, this
photoconductivity decreases as a V, sweeps to a larger
negative voltage so that even a slightly lower current
was observed when V, < —12 V. This observation
becomes more prominent in the BP-MoS, region, as
presented in the right panel of figure 4(a). Compared
to the BP-only case, the degree of current enhancement
is greater in the BP-MoS; area in the positive Vg regime
as well as with a moderate negative V, up to about
—7V, at which the photoconductivity converts into a
negative response. The threshold voltage for BP-MoS,
upon illumination and in the dark rightis —1.25V
and 40.28 V, respectively, as shown in figure 4(a) right,
where we define threshold voltage as the V that I,
is twice as off-current. The shift by the illumination
is —1.53 V. With no electrostatic gating (V, = 0V),
photo-induced current of the BP-only region,
PRexp = I exp — Ip,expismeasured tobe7.3 x 10 mA
W ! while that of the BP-MoS, region was 1.3 x 1072
mA W~! and photoresponse enhancement by the
MoS; passivation layer, APR, to be 78% where the APR
is defined as:

PRy — PReyp
PReyp

_ (IL,psv - ID,psv) - (IL,exp - ID,exp)

APR(%) =

x 100
(IL,exp - ID,exp) (3)

where I (p)psvexp) 1s the current measured under
illumination (in the dark) at the BP-MoS, (BP-only)
region.

This increased photoconductivity attributed to
MoS, suggests improved exciton dissociation effi-
ciency by the built-in electric field at the BP-MoS, p-n

Y Sonetal

interface—previously evidenced by the significant PL
quenching—which exists throughout the whole active
channel area. This provides an additional driving force
for separation of photo-generated e—h pairs [78]. Some
additional light absorption by the MoS, passivation layer
may contribute to the photoconductivity by generating
additional photo-induced e} pairs, which can then be
separated for electrons (holes) to be injected into the con-
duction (valence) band of the BP, resulting in increased
channel conductivity,asillustrated in figure 4(c) (IIT). The
observed current reduction in the BP-Mo§;, region upon
illumination under alarge negative V, may originate from
aphoto-induced doping effect previously reported in 2D
materials [19-21]. Under light illumination, a portion of
the photo-generated charge carriers (holes in this case)
are trapped in localized states, as sketched in figure 4(c)
(IV).Then, the trapped holes partially screen a negatively
applied V, which reduces gating efficiency, leading to a
horizontal shift of the I~V characteristic toward a more
negative gate voltage. Therefore, the photoresponse in the
2L BP-MoS; can be interpreted as the combination of a
noticeable increase in photoconductivity as well as the
photo-induced doping effect.

Figure 4(b) shows the transfer characteristics of the
5nm devices at the BP-only (left) and BP-MoS, (right)
regions in the dark and with illumination under the
same conditions as the 2L device. Here, higher photo-
conductivity was observed compared to the 2L device
with the recorded PRy, and APR as 2.1 mA W land
229%, respectively. That is, the absolute amount of pho-
tocurrent generation was bigger and dominates while
the photoresponse enhancement due to the MoS, pas-
sivation layer decreased when zero gate voltage was
applied (Vg = 0 V). In contrast to the 2L device, the
photoconductive effect dominates the process and no
noticeable photodoping effect was observed in both
BP-only and BP-MoS; regions so that PR, and APR
of the device reached 2.5 x 10°mA W~ !and 71% at
V, = —11V.Additional results for 13 and 20 nm devices
are in the supporting information (figures S4(d) and
S5(e)). At Vg = 0V, as the thickness of BP increases,
a continued increasing trend in PRy, with 2.1 x 10!
and 3.3 x 10! mA W~ for the 13 and 20 nm devices,
respectively; but, the enhancement by the Mo§; pas-
sivation has decreased to mere 1% in the 20 nm device.
Thus, MoS; passivation is shown to have a significant
influence on carrier transport by introduction of chan-
nels for electron conduction as well as photoresponse
in atomically thin FL BP devices. As the nature of BP
crystals approaches its bulk form, the MoS, functions
primarily as a passivation layer and its role as an elec-
tron transport/photoresponse enhancer becomes rela-
tively insignificant.

Conclusions

In conclusion, in this work we study BP-MoS$, vertical
vdW heterostructure FETs and trilayer MoS, films can
impart chemical stability and enhance the apparent
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photoresponsivity. When exposed to open atmosphere
a3L CVD MoS,, preserves an underlying FL BP crystal
up to 3 weeks, while exposed portions of the same
crystal were completely deteriorated as confirmed by
Raman analysis. Moreover, the MoS, passivation layer
provided BP with improved thermal stability such that
the MoS,-passivated regions survived 2 h of annealing
at 350 °C in an Ar environment with exposed parts
completely etched. When in contact with MoS,, the PL
from a 2L BP crystal is quenched by 29% compared
to the bare BP crystal. This can be attributed to the
difference in absorption in the BP layer induced by
the interference color effect generated by the presence
of the thin MoS; layer as well as charge transfer
due to the existence of a built-in electric field at the
BP-MoS; junction. FET devices fabricated based on BP
flakes with varying thicknesses showed an interesting
thickness dependent effect of MoS, passivation layer
on electrical characteristics and photoresponse of the
devices. Under the dark condition, electron transport
of a 2L-thin BP channel was noticeably enhanced
by the MoS,; passivation layer apparently by the
addition of electron conduction channels, while no
significant change was observed in hole transport.
This effect became insignificant as the thickness of
BP increased so that the I3~V curves from MoS,-
passivated and exposed areas of the 20 nm device
barely deviated from each other. Under illumination
of A = 600 nm, apparent photoconductivity was
increased by 78% in the 2L device (V, = 0V) in the
MoS,-passivated region than the BP-only. In addition,
a noteworthy, photo-induced doping effect was
observed, becoming less significant in thicker BP
devices. Hence, these results demonstrate that BP-
MoS; vdW heterostructures provide a strategic route
towards air-protected BP-based nanoelectronics
with boosted photoconductivity. The introduction
of different combinations of 2D materials may open
up opportunities allowing for engineering of the band
alignment for specific target applications.
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