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In recent years, van der Waals heterojunctions between two-dimensional (2D) materials have garnered signifi-
cant attention for their unique electronic and optoelectronic properties and have opened avenues for innovative
device architectures and applications. Among them, the heterojunction formed by black phosphorus (BP) and
molybdenum disulfide (MoS;) stands out as a promising candidate for advanced optoelectronic devices. This
study unravels the interplay between BP, MoS,, and Cr contacts to explain the electrical behavior of a BP/MoS,
heterojunction showing rectifying behavior with dominant n-type conduction, and a high ON/OFF current ratio
around 10* at 4 20 V. The higher unexpected current observed when applying a negative bias to either MoS, or
BP side is elucidated by an energy band model incorporating a type II heterojunction at the BP/MoS; interface
with Cr forming a Schottky contact with MoS; and an ohmic contact with BP. The BP/MoS; heterojunction shows
pronounced photoresponse, linearly dependent on the incident laser power, with a responsivity of 100 nA/W
under white light at 50 uW incident power. Time-resolved photocurrent measurements reveal a relatively fast
response with characteristic rise times less than 200 ms. This work demonstrates that BP/MoS; van der Waals
heterojunctions have unique electrical and photoresponse characteristics that are promising for advanced op-
toelectronic applications.

1. Introduction

Two-dimensional (2D) layered materials, including graphene, tran-
sition metal dichalcogenides (TMDCs), black phosphorus (BP), and
hexagonal boron nitride (h-BN), have been widely exploited for the
development of a new class of 2D heterojunction devices [1-7]. The
absence of dangling bonds on the 2D material surface and the weak van
der Waals (vdW) interactions between layers provide opportunities for
constructing new functional devices, without the constraints of lattice
matching [8]. Unlike conventional heterojunctions, 2D heterojunctions
exploit only vdW interactions and can be realized without extra engi-
neering to cope with lattice mismatches [9,10].

Researchers have explored various heterostructures, such as 2D p-n
heterojunctions fabricated using vdW assembly of p-type WSe, and n-
type MoS,, demonstrating gate-tunable diode-like current rectification
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[11]. Heterostructures based on MoS; and other TMDCs, graphene or
carbon nanotubes [12-23] have shown similar features. In the realm of
these heterojunctions, rectification, and photovoltaic processes result
from the establishment of either a Schottky or a p-n barrier that facili-
tates the efficient separation and collection of photocarriers. Binary and
ternary inverters, leveraging p-n-p junctions comprising BP/ReS,/BP
and other structures, have showcased multifunctionality [24].
Moreover, 2D heterojunctions have been included in on-chip pho-
tonic integrated circuits for optical computing, communications,
chemical/bio-sensing, and LiDARs [25]. For example, p-n hetero-
junctions of 2D materials on optical waveguides can be created by
stacking few-layer BP and MoTe,, where the ultrathin thickness and
steep charge carrier gradient of these heterojunctions enable electro-
static doping to enhance rectification behavior and improve photo-
detection performance [26]. Similarly, BP/MoS; heterojunctions have
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been proposed for high-performance sensing and energy harvesting
applications in wireless power supply micro/nano-systems [27].

In the field of optoelectronics, photodetectors based on 2D materials
offer advantages over traditional silicon-based ones, extending the
detection range to the mid-IR spectral region [28]. Indeed, the band
alignment of such layered structures can be controlled by strain, number
of layers, chemical doping, and externally applied fields. The practical
applications strongly depend on the type of band alignment. 2D material
heterojunctions with large bandgap offsets and high built-in fields can
achieve power conversion efficiencies exceeding 25 % and can be used
for micro/nanoscale solar energy conversion. The formation of a type II
heterojunction is desirable for photovoltaics and photodetectors because
the conduction band minimum and the valence band maximum are in
different materials [29].

In this context, MoS; as a large bandgap n-type and BP as a narrow
bandgap p-type 2D semiconductor can be integrated to achieve large
bandgap offsets, facilitating efficient rectifying behavior. Gate-tunable
p-n diodes based on BP/MoS; vertical heterostructures have demon-
strated significant rectification [9,10,19,27,30]. BP/MoS; hetero-
junctions have been exploited for the realization of tunnel field effect
transistors (FETs) [31,32]. Furthermore, BP/MoS; heterojunctions have
shown promising properties for photodetection. Photoresponsivities
from few mA/W to A/W have been achieved with few-layer BP/MoS,
heterojunctions [10,27,30].

In this work, we fabricate and investigate a BP/MoS; heterojunction
to explore the electrical and optoelectronic features of the expected p-n
junction. Indeed, the device displays rectifying behavior, with favorable
ON/OFF current ratio representing the highest (lowest) current level
achieved by the device. However, the heterostructure exhibits unex-
pected higher current when a negative bias is applied on either MoS; or
BP side. This behavior is elucidated through a model that considers the
band alignment of MoS,, BP, and Cr, which is the metal used to contact
the heterostructure. Indeed, it is shown that the formation of an electron
Schottky barrier at the Cr/MoS; interface and the high hole barrier at the
BP/MoS; interface play an important role in shaping the current-voltage
characteristics of the device. Under illumination, the heterojunction
exhibits a noteworthy increase in drain current, linearly depending on
the incident laser power. Time-resolved photocurrent measurements
reveal a relatively fast response with characteristic rise times less than
200 ms, and a responsivity of 100 uA/W at 50 uW incident laser power.
The high responsivity and shorter relaxation time compared to similar
MoS; devices imply an enhanced capability to generate and collect
photo-charge, attributed to the presence of BP. Our findings valuably
contribute to the understanding of van der Waals heterojunctions,
necessary for future advances in 2D material-based electronic and op-
toelectronic devices.

2. Device fabrication

The MoS; flakes were grown on p-type doped silicon (p-Si) capped by
285 nm silicon dioxide (SiO3) following an optimized variation of the
procedure described by Pollman et al. [33,34]. For this work, the growth
utilized atmospheric pressure chemical vapor deposition (APCVD) in a
two-zone split tube furnace, employing argon (Ar) as a carrier gas.
Ammonium heptamolybdate (AHM) solution served as the molybdenum
precursor, while sulfur powder was placed in the upstream zone of the
tube furnace. The temperature of the sulfur zone and AHM zone was set
to 170 °C and 750 °C, respectively. After a growth time of 30 min, the
process was halted, and the sample was allowed to cool down for 40-60
min. Few-layer BP flakes were obtained through mechanical exfoliation
from bulk material onto a SiO,/Si substrate. Then, selected BP flakes
were transferred onto the SiO,/Si substrate with the previously grown
MoS; flakes using a dry stacking process that involved an aligned
transfer platform (HQ graphene) and a polypropylene carbonate (PPC)
film as the carrier. A micro-UV light maskless lithography (Smartprint
UV) was employed to define the contact patterns. Cr (10 nm) and Au
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(110 nm) were deposited using thermal and electron evaporation to
form the Cr/Au source and drain electrodes with low contact resistance
[35]. Fig. 1a illustrates the schematic of the device and its electrical
connections. The optical image in Fig. 1b provides a top view of the
device, showing the overlap of the BP and MoS; flakes. In Fig. 1c, a
false-color Atomic Force Microscope (AFM, NaioAFM by Nanosurf AG)
image of the device is presented. From this image, multiple profiles were
extracted to estimate the thicknesses of both BP and MoS,. Represen-
tative height profiles are shown in Fig. 1d, indicating a BP thickness of
~150 nm and a MoS; thickness of ~1.9 nm. Considering the monolayer
thicknesses of 0.7 nm for BP [36], it can be deduced that BP exists in the
form of multilayer film. In the case of MoSy, the measured thickness is
typical for a monolayer despite the apparent difference to the nominal
thickness of 0.67 nm [37], which can be attributed to process residues
and ubiquitous water layers [38,39]. To avoid any unambiguity, the
monolayer nature of MoS; was confirmed by PL measurements (see
Fig. le).

Fig. le illustrates the photoluminescence (PL) from MoS; and from
the BP/MoS; heterojunction. A noticeable PL quenching from the region
of the BP/MoS; heterojunction is evident. The reduction of the peak
intensity compared to the pristine MoS, material is attributed to exciton
dissociation and charge transfer at the BP/MoS, interface [30]. The
Raman spectra of MoS,, BP, and the BP/MoS; heterojunction are pre-
sented in different colors in Fig. 1f.

Peaks observed at approximately 383 cm™! and 408 cm™! corre-
spond to the E%g and A;; phonon modes of MoS,, respectively. Peaks
observed at around 361 cm™ !, 439 em ™, and 466 cm ™! correspond to
the Aé, Bag, and Ag phonon modes of BP [9,10]. Both MoS; and BP peaks
are evident in the Raman spectrum from the overlapping region (black
curve in Fig. 1f) with a minimal shift in the Raman modes of MoS,
compared to the reference ones.

Indeed, the difference of modes in both the MoS; spectrum and the
BP/MoS; heterojunction spectrum is 21 em ™}, as indicated in Fig. 1f.
This difference is consistent with values reported in the literature for
monolayer flakes of MoSy [40-42]. It is worth noting that this consis-
tency is within the expected experimental error of 0.5 cm™!. Addition-
ally, the use of low laser power during the measurement may have
influenced the observed modes, potentially affecting the accuracy of the
measurement. Furthermore, from the full width at half maximum
(FWHM) of the two main Raman modes of the MoS, flake, it can be
inferred that it exhibits a polycrystalline structure (see Supplementary
Information, Figure S1). The Raman spectra confirm the high quality of
the flakes and the formation of a BP/MoS; heterojunction.

3. Results and discussion

We performed the electrical characterization of the BP/MoS; heter-
ostructure in vacuum, at a pressure of 0.7 mbar, to prevent the degra-
dation of BP by oxidation [43]. The electrical measurements were
performed in two-probe configuration (Fig. 1a). The Cr/Au source and
drain were grounded and biased at a voltage (Vqs) ranging from —20 to
20 V, respectively. Figs. 2a and 2b illustrate the drain current (Ig) as a
function of V4s when the drain, i.e. the forcing electrode, is connected to
the MoS; or the BP flake, respectively. The black curves, which in both
plots represent the device characteristic in dark, exhibit good rectifying
behavior with the higher current occurring at negative voltages and the
ON/OFF current ratio, evalued at + 20 V, of the order of 10* when the
drain is connected either to MoS, or BP.

Figs. 2a and 2b also include the current-voltage (I-V) characteristics
of the BP/MoS; heterostructure measured under illumination by a white
laser (450-2400 nm wavelength range) at different incident laser
powers, ranging from 10 to 50 uW. At both positive and negative biases,
an increase in photocurrent with increasing incident laser power occurs,
emphasizing a strong photoresponse.

Similarly, Figs. 2c and 2d display the output characteristics, which
show Ig as a function of Vs at different gate voltage (Vgs). With the drain
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Fig. 1. (a) Schematic of the device with the electrical measurement setup. (b) Processed optical image and (c) AFM image (false-color) of the BP/MoS, hetero-
junction contacted with Cr/Au leads. (d) AFM profiles of BP (green, left panel) and MoS, (blue, right panel). (e) PL spectra of MoS; (blue) and BP/MoS, hetero-
junction (black). (f) Raman spectrum of the MoS, (blue), BP (green), and BP/MoS, heterojunction (black).

on either MoS; or BP, Iy rises when Vg increases from 0 to 30 V, indi-
cating the dominant n-type behavior of the BP/MoS; device. Moreover,
a loss of rectification is observed, particularly when the drain is con-
nected to BP (see Fig. 2d). The ability of the gate to modulate the current
and the rectifying behavior of the device is noteworthy; it shows that the
gate voltage can affect the Schottky barriers at the interface Cr/MoS; in
the BP/MoS; device and lead to a more balanced bidirectional charge
transport [44].

The presented electrical behavior of the BP/MoS;, heterostructure
differs from the usual behavior reported in the literature [9,10,19,26,27,
30]. Surprisingly, the current reaches the highest values at negative Vg,
regardless of the drain being on MoS; or BP. We notice that a similar
behavior has been reported for MoS; transistors with asymmetric con-
tacts [45,46]. These results can be explained by considering the band

alignment of the two involved semiconductors and Cr that is the metal
used for the source and drain electrodes. Fig. 3a depicts the band dia-
grams of MoS; and BP, referred to the vacuum level at thermal equi-
librium. Considering the thickness of the two flakes extracted
previously, the work function (®), electron affinity ()), and energy
bandgap (Egap) for MoS; are 4.5, 4.2, and 1.8 eV [10,47-49], while for
BP, they are 4.2, 4, and 0.3 eV [10,43,50], respectively. According to
Anderson’s rule, the combination of MoS, and BP results in the forma-
tion of a staggered gap heterojunction (type II heterojunction) [10,51],
as depicted in Fig. 3b. It can be noted that at the BP/MoS; interface there
is a barrier for electrons around 0.15 eV that cannot significantly
hamper the electron flow. The band bending favors the accumulation of
electrons from MoS, and holes from BP at the BP/MoS, interface; thus,
electrons that enter the BP region surmounting the small barrier can
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Fig. 2. I-V in dark (black curve) and at different incident laser powers (colored curves) at T = 295 K and P = 0.7 mbar of the BP/MoS heterostructure with the drain
connected to (a) MoS; and (b) BP. Output characteristics at T = 295 K and P = 0.7 mbar of the BP/MoS, heterostructure at fixed Vg between 0 and 30 V with the

forcing electrode connected to (c) MoS; and (d) BP.

recombine with holes. The recombination rate increases when BP is
positively biased (see Fig. 3c) with respect to MoS; as BP bands move
down, and more electrons and holes are injected in the interface region.
Vice versa, when BP is negatively biased (see Fig. 3d) with respect to
MoS,, the current from the BP/MoS;, heterojunction is mainly due to
electron-hole generation and electron injected from the Cr contact that
reach the BP/MoS; overlap region. Since the lowest energy state for
holes is on the BP side and the lowest energy state for electrons is on the
MoS; side of the heterojunction, charge separation can readily occur,
causing also a significative photoresponse, as observed in Fig. 2, when
the device is illuminated with white light (see Fig. 3e) [52].

The Fermi level of Cr is also indicated in the schematic in Figure 3b;
its work function is 4.5 eV [53]. As indicated in the Supplementary In-
formation (see Figures S2a,b) and as reported in many other works, Cr
forms an ohmic contact with BP [54,55]. The ohmic contact is due to the
favorable alignment of the Cr Fermi level with the top of the valence
band of BP which enables hole injection. Moreover, it has been reported
that, due to possible pinning effect, the electron barrier formed by Cr
with multilayer BP can decrease below 0.1 eV with the increasing
number of layers [56]. Conversely, the combination of MoS, and Cr
results in the formation of a Schottky contact for electrons, which is
characterized by a barrier that is 0.4-0.5 eV [57,58]. The presence of a
Schottky barrier at the Cr/MoS; interface is discussed in the Supple-
mentary Information, along with the electrical characterization of a
MoS; FET with Cr/Au electrodes (see Figures S2c-f). The Schottky bar-
rier at the Cr/MoS; interface limits the electron flow when the drain on

BP is positively biased. In this case, the current in the device is limited by
electron injection over the Cr/MoS; Schottky barrier and electron/hole
recombination at the BP/MoS, interface.

Vice versa, when the drain on BP is negatively biased, the current
flow is due to electron injection over the low Cr/BP barrier and electron-
hole generation in the MoSy/BP depletion region, resulting in a total
current higher than in the previous case as the electron barrier at the Cr/
BP is lower than at Cr/MoS; interface. Similarly, electrons are easily
injected into the MoS; conduction band and recombine with holes in BP
at the BP/MoS; interface when the drain on MoS; is negatively biased,
thus yielding a pronounced current. Instead, with a positive bias on
MoS,, the electron-hole generation current at BP/MoS; interface limits
the current flow; in this case, there is no hole current because of the high
barrier for holes at the Cr/MoS, interface.

According to the just described model, the charge flow in the device
is dominated by the electron flow in MoS;, which is also the most
resistive component of the heterojunction. The contact resistance was
estimated to be 8.9 x 1072 Qm for Cr/BP and 2 Qm for Cr/MoS,, as
described in the Supplementary Information. This is the main reason for
the overall n-type conducting behavior evidenced by the effect of the
gate voltage in Figs. 2c¢ and 2d. However, we highlight that, related to
the narrower bandgap, most of the electron-hole (photo)generation and
recombination processes occur in BP, which plays a significant role also
in enhancing the photoresponse and the speed of the BP/MoS; device.

To investigate the BP/MoS, heterojunction as a photodetector, we
performed time-resolved measurements to study the photocarrier
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Fig. 3. (a) Band profiles of MoS, (light blue) and BP (green) when the two flakes are separated. The work function and the electron affinity of MoS, and BP are
referred to the vacuum level. Band alignment of BP/MoS, heterojunction and Cr (b) in thermal equilibrium state, (c) with a positive bias on BP, (d) with a negative
bias on BP, and (e) with a negative bias on BP under illumination (the Cr contact on MoS, is assumed to be grounded).
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dynamics under illumination by a supercontinuum white laser
(450-2400 nm wavelength range, Superk Compact, NKT Photonics).
Heterojunction-based photodetectors are renowned for their high pho-
toresponse compared to phototransistors, primarily because photoex-
cited carriers are easily separated and transported in the depletion layer
of the junction [9]. Therefore, we illustrate the time-dependent nature of
the photocurrent, Iy, as a function of time with the drain on the BP side
at two distinct voltage biases, i.e. Vqs = 5 V (Fig. 4a) and Vgs = -5V
(Fig. 4b), under exposure to 30 s laser pulses of increasing power. As
expected from the already discussed band model, due to the favorable
separation and collection of photogenerated electron-hole pairs, the
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device showcases greater photocurrent at negative V4s. Moreover, these
pulses can be fitted by a double exponential growth/decay in the rising

and falling part, I, = Ip + a1 exp( - %) + azexp(— %), as shown

both in Ref. [37] and by the red dashed curve in Figure S4a-b in the
Supplementary Information.

The photocurrent exhibits an average characteristic rise time (t;) of
~300 ms and a decay time (t2) of ~1400 ms at Vqs = 5 V (Fig. 4c), and a
rise time (t1) of ~200 ms and a decay time (t3) of ~1000 ms at Vgs = —5
V (Fig. 4d). Notably, both photocurrent rise (t1) and decay (t3) times are
smaller than those observed in recently reported phototransistors with
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Fig. 4. Photocurrent vs time at T = 295 K and P = 0.7 mbar with the drain electrode on BP and at fixed voltage (a) V4s = 5V and (b) V4 = —5 V. Relaxation time as a
function of the incident laser power for the rising and falling part of the pulses at (c) V4s = 5 V and (d) V4s = —5 V. (e) Photocurrent and (f) Responsivity vs incident
laser power at V45 = 5 V (blue) and V43 = —5 V (magenta). In (e) and (f), the red dashed curves represent a linear fit.
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MoS; channel [37]. These shorter relaxation times suggest that the faster
photoresponse of the BP/MoS; device is due to the presence of BP which
has a mobility more than an order of magnitude higher than MoS; [37,
43,59]. We point out that the response time can be further lowered by
reducing the carrier path to the electrodes for instance by reducing the
BP or MoS; extensions out of the junction region or by changing the
device layout to obtain a truly vertical device.

Fig. 4e shows that the photocurrent, which results to be higher at
negative Vgs, depends linearly on the incident laser power (from 10 to 50
uW). This is a desirable feature in a photodetector, related to its ability to
distinguish varying light intensities. The linear dependence of photo-
current on the incident laser power aligns with results reported for both
phototransistors with 2D single [37,60] or heterojunction channel [26,
30].

Finally, we determined the device responsivity as a function of the
incident laser power as shown in Fig. 4f. The responsivity is calculated as
R= (hiight~ Idark)/ (Pincident); where Pincident = (Plaser/ Sspot) * Sactives Plaser 18
the maximum laser power, Sgpor = 1 rnmz, and Sactive = 490 um* is the
active area, i.e., the area covered by semiconducting material between
the two electrodes, extracted from the optical image in Figure 1(b). At
both positive and negative Vg, the responsivity increases linearly with
the incident laser power up to 100 pA/W at V45 = —5 V and Pjncident = 50
uW, as depicted by the linear fit in Fig. 4f. The lower responsivity
compared to results in the literature [10,27,30] (see Table 1) can be
attributed to monolayer MoS,. The responsivity can be increased by
enhancing light absorption using multilayer MoS,.

4. Conclusions

In this study, the electrical transport and photo response properties
of a BP/MoS; heterojunction were studied. The heterostructure exhibi-
ted good rectifying behavior. Differently from a conventional p-n junc-
tion, the BP/MoS; heterostructure showed an unexpected higher current
when a negative voltage bias was applied on either BP or MoS; side. The
observed behavior was explained through an energy band model
including a type II BP/MoS; heterojunction with Schottky and ohmic Cr
contacts on MoS, and BP, respectively.

The photoresponse of the heterojunction, investigated by time-
resolved measurements, revealed a linear increase in drain current
with the incident laser power and relatively faster photoresponse times
compared to MoSy-based phototransistors, attributed to the high
mobility that characterizes BP. Moreover, a responsivity of 100 pA/W at
50 uW incident power confirmed efficient carrier separation and trans-
port. Overall, the results on the BP/MoS; heterostructure demonstrated
promising electrical and optoelectronic characteristics that can
contribute to the understanding of van der Waals heterojunctions for
future advances in optoelectronic devices based on 2D materials.
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Table 1
BP/MoS, responsivities from literature and this work.
Reference BP/MoS, Power/Power Wavelength Responsivity
Thickness density
Ref. [10] 5.9 nm/4.6 nm 0.75 nW 500 nm 8500 mA/W
Ref. [27] 20.71 nm/7.05 7.2 mW 830 nm 27.43 mA/W
nm
Ref. [30] 8 nm/3 nm 3.6 W cm ™2 375-1550 3.0 x 10° A/
nm w
This work 150 nm/0.67 50 uyW 450-2400 0.1 mA/W
nm nm
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