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Abstract— Van der Waals structures made of layered
semiconductor materials, such as transition metal dichalcogenides
(TMDC:s), have been proposed for the development of ultra-thin
solar cells. The performance of these devices was initially limited
by low open-circuit voltages (Voc), a problem that has been
recently overcome with the demonstration of a Voc of 1 V in a
MoS2 homojunction. However, the conversion efficiency of that
proof-of-concept device was still limited, especially by the quality
of the metal/semiconductor contacts. It was found that in this type
of solar cells the presence of photoactive Schottky barriers at the
contacts reduces the Voc and the fill factor (FF). Also, MoS2
homojunctions suffer from high reflectance at the front surface
due to the large refractive index of this material. Here we present
two MoSz homojunctions, one with metallic contacts deposited
onto the MoS: flakes, and the second with the flakes placed onto
pre-patterned contacts. We demonstrate that it is possible to
achieve ideal contacts that follow the Schottky-Mott rule in the
second case if the metal is deposited with a photolithography
process that produces perfectly flat surfaces. We also show that
light absorption in MoS2 homojunction solar cells can be
significantly enhanced by introducing a hexagonal boron nitride
(h-BN) top layer.
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l. INTRODUCTION

Layered TMDCs are attractive for photovoltaic applications
due to their strong light-matter interaction and their simple
handling. Their structure is composed by multiple layers weakly
bonded through van der Waals forces. Because of the weakness
of these joining forces, layered materials can be easily
exfoliated. Then, devices such as p-n junctions can be readily
built by stacking layers of different materials.

Different ultra-thin solar cells based on layered materials
have been reported in the literature. The use of WSe; together
with MoS: in a heterojunction produces devices able to interact
with light considerably [1], [2]. However, despite showing a
high photocurrent for their thickness, none of those
heterojunction devices provided Voc values over 0.55 V, which
is a low value compared to the material band gap energies (1.2
and 1.9 eV for MoS; in bulk form and monolayer, respectively;
1.2 and 1.7 eV in the case of WSe,) [3].

The use of homojunctions based on MoS; instead of
heterojunctions produces a more favorable band alignment that
enables higher Voc values than the WSe»>-MoS; heterojunction.
A Voc of 1 V under an illumination equivalent to 40 suns has
been demonstrated in a MoS, homojunction [4]. However, the
performance, particularly de FF, of that device is limited
because of the presence of Schottky barriers at the MoS,/metal
interface in the contacts. Also, it can only achieve a high Voc in
four-wire measurements and with no illumination on the contact



area (because the Schottky barriers are photoactive and their
photogeneration reduces the Voc of the device). In the same
study it was estimated that eliminating the Schottky barriers at
the contacts would raise the efficiency from 2% to~6%.

It this work we present two MoS; homojunction where the
Schottky barriers have been mitigated by an appropriate
selection of metals for the electrical contacts. In the first one, the
metals are deposited onto the MoS; surface, and on the second
one the MoS; flakes have been deposited onto pre-patterned
metal contacts. In the first case the Schottky barriers are only
mitigated, whereas in the second case we achieve perfectly
ohmic contacts. When using pre-patterned contacts, we show the
importance of achieving a flat and spotless metal surface in order
to allow the semiconductor to adapt correctly to the shape of the
pad. Furthermore, we show that the addition of an anti-reflection
layer (ARL) of h-BN increases the absorption of the devices,
enhancing their photocurrent.
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Fig. 1: Schematic (a) and micrograph (b) of a MoS, homojunction device with
metal contacts deposited on top of the semiconductor flakes.

II.  P-N HOMOJUNCTION AND THE IMPORTANCE OF THE
CONTACT TEHCNOLOGY

MoS; is naturally an n-type semiconductor. Here we have
used n-MoS, doped with 0.5% Fe and a stable p-type MoS;
produced using Nb as substitutional dopant also in a 0.5%
concentration [5].

The method to build the MoS; p-n homojunctions is
explained in our previous work [4]. It has been adapted from the
hot pick-up technique [6]. Semiconductors are directly
exfoliated from a bulk fresh crystal onto a SiO,/Si substrate. The
flakes are picked with a PDMS (Polydimethylsiloxane) stamp
coated with PPC (Polypropylene carbonate) at 45 °C building
the p-n junction on the stamp. Then, they are deposited onto a
sapphire substrate and the substrate is heated to 95°C to detach
the PPC from the PDMS stamp. Following this step, PPC
residues are removed using chloroform. In our first device, after
releasing the p-n junction on the substrate, metal contacts are
deposited using maskless photolithography and a physical vapor
deposition (PVD) technique. Four electrical contacts are made,
two for each flake, using platinum for the p-material (deposited
by sputtering) and chromium for the n-material (deposited by
thermal evaporation). The resulting device has the structure
represented in Fig. 1a. A micrograph is shown in Fig. 1b. The
thicknesses are 45 nm for the p-MoS; flake and 60 nm for the n-
MoS; flake, as measured by atomic force microscopy (AFM).

The thickness of TMDCs layers in ultra-thin solar cells are
frequently under 60 nm. Unlike bulk devices, TMDC-based
devices are so thin that there is no chance of introducing a highly
doped buffer layer between semiconductor and metal that
facilitates an effective ohmic contact. This feature makes ultra-
thin solar cells different from conventional ones because the
band alignment between metal and semiconductor must be
correct to obtain an ohmic contact. The choice of metal for each
contact is based on the metal work function [7]. Pt, with a work
function of 5.6 eV, is a good choice for contacting the p-material
(valence band maximum at 5.6 eV). For the n-material, a low
work function metal should be selected (the conduction band
minimum is at 4.2 eV). Cr is a good choice for this contact with
a work function of 4.5 eV [8]. The Cr surface is coated with a
gold layer to avoid oxidation and facilitate the measurement of
the device.

To improve the contact adhesion, the device is annealed at
100 °C for 30 min. As we have two terminals on each flake, it is
possible to measure each TMDC/metal contact individually to
check if it is ohmic. Fig. 2 shows the current density-voltage (J-
V) characteristics measured between the two contacts of the n-
MoS; flake and between the two contacts of the p-MoS; flake
under illumination with a broad-band light source (they are
tested under illumination because if a Schottky barrier is present,
it can be photoactive). The n-contact is perfectly ohmic and
shows a high conductivity. The p-side shows a non-ohmic
behavior. Still, the conductivity in the current density range that
is useful for photovoltaic applications is high enough to produce
acceptable losses in a proof-of-concept device.

During the thermal deposition process, the surface of
semiconductors could be affected. There is a difference in the
process of fabrication of both contacts. Cr contacts are
implemented by thermal evaporation whereas Pt contacts are
made by sputtering. Sputtering process involves the use of
plasma that can be more aggressive than conventional thermal
evaporation. Therefore, Pt deposition is more susceptible to
damage the semiconductor affecting the quality of the contact.
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Fig 2. J-V curves measured between the two contact pads of each flake under
broadband illumination with 4 W/cm? to test the metal/semiconductor contacts.
The n-MoS,-Cr contact in purple and the p-MoS,-Pt contact in green.

I1l.  IMPROVING DEVICE ABSORPTION

To increase the photocurrent of these ultra-thin solar cells it
is necessary to maximize the optical absorption. The main
optical loss in a MoS; homojunction device with thickness in the
100 nm range is the strong front surface reflection, which results
from the high refractive index of MoS; [4]. To reduce the
reflection, an ARL can be added, which should have a refractive
index close to the geometrical mean of the indexes of MoS; and
air. h-BN is a good candidate to fabricate an ARL because it has
a suitable refractive index, and it is a layered material that can
be easily stacked onto the p-n junction using the pick-up
technique described above. Besides, h-BN has been reported to
passivate the surfaces of 2D materials and improve their
optoelectronic properties [9].

We have calculated the optical absorption of the device using
the transfer matrix method [10]. With this method it is possible
to calculate the light flux in each layer of a multilayer structure,
from a matrix whose elements are obtained from the Fresnel
equations for each material and each interface. Fig. 3 shows the
absorbance of a 105 nm think MoS; layer over a 500 pum
sapphire substrate with no h-BN ARL (orange), with a 30 nm h-
BN flake (blue) and with a 60 nm h-BN flake (yellow). The
calculations with the h-BN ARL show a higher absorbance,
especially in the case of the 60 nm flake. By integrating the
product of the absorbance and the AM1.5G spectrum, we
estimate that the addition of a 30 nm-thick h-BN ARL increases
the one-sun photocurrent by a factor of 1.5, and by 1.75 if the
ARL is 60 nm thick. Although a thinner h-BN layer enhances
the absorption in the ultraviolet range, a thicker h-BN improves
the absorption in the visible range, where the AM1.5G spectrum
has a higher number of photons.

We have tested the effect of the h-BN ARL on the device
shown in Fig. 1. Fig. 4 shows micrographs of the device before
and after depositing a 30 nm thick h-BN flake that covers the
whole p-n junction. J-V curves measured before and after adding
the 30 nm h-BN ARL are presented in Fig 4.b. They have been
measured under a broadband illumination (halogen lamp) with
4 W/cm? power density.
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Fig. 3. Modeled absorbance for a 105 nm MoS; layer over a 500 um sapphire
substrate without h-BN ARL (orange), with a 30 nm h-BN ARL (blue) or with a
60 nm h-BN ARL (yellow).
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Fig 4 (a) Micrographs of the MoS, homojunction device before (left) and after
(right) depositing the h-BN flake. (b) J-V curves of the device under broadband
light with 4 W/cm? power density, before (red) and after (blue) placing the h-
BN.

The FF of the J-V curves is 48%, significantly better than
previous results [4]. Notice also that these curves were measured
with illumination on the whole chip, and they do not show the
detrimental contribution of photoactive Schottky barriers at the
contacts. Also, the comparison between the blue and red curves
shows that the short-circuit current density increases by almost
a 1.5 factor after the deposition of the 30 nm thick h-BN flake,
in agreement with the theoretical model. Also, the photocurrent



enhancement produces a slight increase in the Voc, as expected
from the superposition principle.

IV. IMPROVING THE METAL-SEMICONDUCTOR INTERFACE

In the device presented previously, the metallic contacts are
directly evaporated onto the previously built p-n junction.
Although the J-V curve from Fig 2 for the n-MoS,-Cr contact is
ohmic, this is not the case of the p-MoS; pair. According to the
Schottky-Mott rule, platinum should make an ohmic contact to
p-MoS:; as its work function matches the maximum of the MoS;
valence band. We find the following explanation has been
proposed for this phenomenon [11]. 2D materials are
characterized by having autopassivated surfaces with no
dangling bonds. However, when metals are deposited on the
semiconductors, metal atoms hit the surface of the
semiconductor breaking the continuity of the lattice and
generating defects. Because of these defects, an intermediate
energy level is generated so the properties of the
metal/semiconductor contact are no longer dependent on the
metal work function, inducing a Fermi level pinning
Consequently, the Schottky-Mott rule is not useful to predict the
band alignment [12]. A schematic of what is happening during
the PVD process is depicted in Fig 5.a.

Our approach to overcome this problem is to change the
structure of the device and look for a defect-free interface
between semiconductor and metal. Liu et al. [12] have reported
TMDC/ metal contacts that fulfil the Schottky-Mott rule
obtained by transferring the metal onto the semiconductor flake
with a polymer stamp. However, the process involves several
steps where metal pads are peeled and transferred, making it
hard and costly. Here we present a simpler technique. Instead of
transferring the metal, the semiconductor flakes will be
transferred onto pre-patterned metal pads as it is presented in Fig
5b. Metal pads are fabricated using a maskless
photolithography process (SmartPrint). We have found that the
fabrication technique of these metal pads is critical for the
achievement of ideal metal/semiconductor contacts.

Fig 6.a shows the process flow of a standard contact
fabrication.. A negative photoresist, AZ1512 HS is spun over the
surface of the substrate and baked at 100°C for two minutes.
After this step, the substrate is exposed selectively to ultraviolet
light in order to create a specific pattern over the photoresist.
The exposed photoresist is removed with devoloper, the metal is
deposited by PVD, and the remaining photoresist is cleaned off
with organic solvents. We find that this method, which is
sufficient for conventional solar cells, produces defects that can
be detrimental for the metal/semiconductor interface in our
application. During the metal deposition, the material tends to
deposit on the borders of the pads. The accumulation of leftover
material results in defective borders as shown Fig 6.a. The
semiconductor flakes cannot adapt to the steep edges of the
metallic pads, and they come into contact with the metal only in
few points generating hot spots. As a result of this, devices
degrade under current flow. Fig 7.a shows a schematic of a
semiconductor layer on defective contacts and in Fig 7.b there is
an example of MoS; homojunction where the semiconductor is
burnt because of the current concentration on hot spots at the
metal borders.
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Fig 5. Atomic disposition of metal and MoS,. (a) Metal deposition by PVD onto
previously placed MoS,. (b) MoS; transferred onto a pre-patterned metal pad.
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Fig 6. Schematic of photolithography processes(a) Single-layer resist process.
(b) bilayer resist process.
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Fig 7. (a) Schematic of MoS; on non-ideal metal pads. (b) MoS, homojunction
on non-ideal metal pads: current flow at the hot spots on the borders destroys the
semiconductor.

The accumulation of leftover material caused by
photolithography can be avoided by adding an additional step to
this process. Fig 6 shows the results of two processes of
photolithography, in Fig.6.a the conventional one and in Fig 6.b
an alternative which implies the use of two photoresists. These
two photoresists are the previously mentioned A1512HS used as
top resist, and the LOR7B which is the bottom one. LOR7B is
spun and baked at 180°C for three minutes and after that,
AZ1512HS is spun and baked at 100°C for two minutes. LOR7B
resist is more sensitive to the light so that, when both are
exposed, the bottom one is affected in a larger area developing
an undercut once both resists are removed with a developer, as
it can be appreciated in Fig 7.b. The presence of this undercut
allows the metal to deposit under the top photoresist without
sticking to the borders of the pattern. Fig. 8 shows the
comparison between two metallic contacts created either by
simple photolithography or by bilayer photolithography, along
with their respective profiles measured by AFM. In Fig 8.b, it is
visible that the accumulation of metal at the border results in
steep edges, which would force the flakes to bend excessively to
follow the morphology of the pads. In Fig 8.d, it is appreciable
that the bilayer resist process produces smoother borders that
can allow the semiconductor to perfectly stick to the metal
surface.
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Fig 8. AFM characterization comparing single-resist and double-resist
fabrication processes. (a) Topography scan on pre-patterned contacts fabricated
with single layer. (b) Profile along the blue line shown in a. (c) Topography scan
on pre-patterned contacts fabricated with bilayer resist. (d) Profile along the blue
line shown in c.

V. OHMIC CONTACTS TO 2D MATERIALS

In Section Il we have presented J-V curves of
metal/semiconductor junctions showing an ohmic contact for
the n-MoS; with chromium, while the junction between p-MoS;
and platinum is clearly less conductive. According to the
Schottky-Mott rule, both metals should make an ohmic contact,
but this is not the case of the p-MoS,-Pt combination, because
of the defects caused by the thermal deposition process.

With the implementation of bilayer-resist photolithography
and by building the device over already fabricated metal pads, a
perfect physical contact between metal and semiconductor can
be obtained as depicted in Fig 9.a, which enables a contact
behavior following the Schottky-Mott rule. Fig 9.b and Fig 9.c
show two devices in which a flake of semiconductor has been
deposited between two electrical contacts made of Cr for n-
MoS; and made of Pt for p-MoS,, both fabricated using bilayer
resist. The J-V curve for each device is plotted in Fig 9.d.

In this case, both J-V curves are as predicted by the Schottky-
Mott rule However, the Cr contact can be problematic as this
metal develops an oxide passivating layer in air that damages the
quality of the contact. We have found that keeping the pre-made
metal pads are kept in a N2 atmosphere until the semiconductor
flakes are deposited preserves the surface free of oxide and
allows us to achieve a good electrical contact. The fabrication
procedure presented here produces metal/ TMDC contacts of
quality comparable to the ones reported in [12] with a process
that is more robust and easier to implement.
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Fig 9. (a) Schematic of a MoS; flake on perfectly flat pre-patterned metallic
surfaces. (b) Micrograph of n-MoS; flake on chromium contacts. (c) Micrograph
of p-MoS; flake on platinum contacts. (d) J-V curve of both metal/semiconductor
contacts under illumination with a broadband 4 W/cm? source, purple Cr-n-
MoS2 and green Pt-p-MoS2.

VI. CONCLUSIONS

We have demonstrated the fabrication of metallic contacts to
MoS, homojunctions with reduced Schottky barriers or total
absence of Schottky barriers, and the implementation of an h-

BN ARL to enhance their photocurrent. We have developed a
fabrication process that produces perfectly ohmic contacts to n
and p-doped MoS; by: (i) choosing metals of specific work
function (Cr and Pt, respectively), (ii) fabricating perfectly flat
metal pads with a bilayer resist, and (iii) depositing the flakes
onto the pre-patterned contacts. This process is easier and faster
that the procedure previously reported, as metal transfer from
polymer stamps is avoided. These results pave the way for the
achievement of high efficiencies in the emerging technology
TMDC-based ultra-thin, ultra-light solar cells.
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