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Here, we present the fabrication and electrical analysis of InAs/WSe, van der Waals
heterojunction diodes formed by the transfer of ultrathin membranes of one material upon
another. Notably, InAs and WSe, are two materials with completely different crystal structures,
which heterojunction is inconceivable with traditional epitaxial growth techniques. Clear
rectification from the n-InAs/p-WSe, junction (forward/reverse current ratio >1O6) is observed. A low
reverse bias current <10~ '?A/um? and ideality factor of ~1.1 were achieved, suggesting near-ideal
electrically active interfaces. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4809815]

The development of heterojunctions has led to numerous
high impact discoveries and applications.'™ Heterostructures
are typically grown with epitaxial methods to ensure the
high quality and crystallinity of the participating material
layers. However in order to obtain high quality interfaces
with traditional epitaxial methods, the lattice constant and
crystal structure of each participating material must be simi-
lar. This severely limits the possible material pairs that could
be utilized in heterostructures. Many research efforts have
focused on resolving this issue.°'* One path to overcome
this limitation would be to form a heterostructure by layer
transfer of its components. The key advantage of this method
is that it would theoretically allow for the complete freedom
of material choice in the hetero-stacks. In addition, there
would be no interdiffusion of atoms at the interface, given
that the transfer is conducted at room temperature. It remains
unclear whether high quality interfaces without large density
of trap states and with near-ideal electrical characteristics
can be obtained with this method. So far, van der Waals het-
erojunctions have not been thoroughly explored for materials
other than carbon nanotubes, graphene, boron nitride, and
tungsten disulphide.'®™'* Here, we fabricate InAs/WSe, thin
film diodes by transferring their respective quantum mem-
branes (QMs) upon one another. Notably, this heterostruc-
ture consists of two materials with completely different
crystal structures (Figure 1(b)). An ideality factor of ~1.1
and low reverse bias currents were measured, suggesting a
clean interface between the two materials. Simulations were
used to investigate the band structure and I-V characteristics
of the diode.

The InAs/WSe, system was chosen to demonstrate the
viability of this layer transfer heterostructure method since
previously we have shown layer transferred InAs and WSe,
membranes exhibiting low density of interface traps. The
transfer of ultra-thin, high quality single crystalline InAs
QMs has been thoroughly explored.'”™* High performance
WSe, devices have been demonstrated with the mechanical
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exfoliation technique.”* In particular, WSe, is an ideal
bottom layer for the heterostructure because it provides a
freshly cleaved, pristine top surface, as demonstrated by the
60 mV/decade subthreshold slope exhibited by its MOSFETs.**
Given that InAs and WSe, layers are intrinsically n-type and
p-type, respectively, their combined structure will form a
diode for electrical analysis of the interface. It is particularly
important to reduce the Schottky barriers to each semicon-
ductor, as Schottky diodes might mask the pn-junction diode
performance. Low resistance metal contacts are readily formed
to InAs as previously reported due to its low conduction band
edge.” On the other hand, it is hard to form ohmic metal con-
tacts with WSe, due to its large bandgap. Previous studies by
our group have shown that the Schottky barrier to WSe, can
be significantly thinned by NO, doping,* thereby enabling
formation of low resistance contacts for hole injection.

The fabrication process of the InAs/WSe, van der
Waals stack is as follows. WSe, QMs were first mechani-
cally exfoliated onto a Si/SiO, (270 nm) substrate as previ-
ously described.”* InAs QMs were then transferred from an
epitaxial substrate onto the WSe, QMs.15 The InAs QMs
were dipped in 1%HF for ~1 min to clean its surface right
before being transferred onto the WSe, QMs. Pd contacts
(~40nm thick) were defined on the InAs and WSe, QMs
by electron beam lithography, metallization, and lift-off.
The Si substrate is heavily doped and serves as the global
back gate. Figure 1(a) shows a cross-sectional diagram of
the fabricated devices.

Figure 1(c) shows a transmission electron microscopy
(TEM) image of an InAs/WSe, stack. From the TEM image,
we see a distinct InAs single-crystal membrane stacked on a
layered WSe, crystal with a ~2.4nm thick intermediate
layer in-between. Previous InAs QM studies suggest that the
intermediate layer is the native oxide of InAs.'> WSe, is a
2D crystal that perfectly terminates on its surface and does
not form native oxides under ambient conditions. The InAs/
WSe, stack appears conformal, with no voids formed
between the layers at least within the area examined by
TEM. Through device simulations later in this paper, we
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demonstrate that this system can be treated as though the
InAs was stacked directly on top of WSe,, and the effect of
the ultra-thin intermediate oxide on the diode characteristics
is negligible.

Scanning electron microscopy (SEM) image of an
InAs/WSe, diode is depicted in Figure 1(d) and electrical
characterization of a representative device (junction area
~2.5 um?®) is shown in Figure 2. Without any post-fabrication
treatment (i.e., no surface doping of WSe,), the device
exhibits clear rectifying behavior (Fig. 2(a)). The reverse
bias current was below the noise floor of the measurement.
The relatively low forward bias current can be ascribed to
the large contact resistance from the WSe,/Pd junction. By
grounding the WSe, electrode and increasing Vgg, we
observe an increase in forward bias current caused by the
modulation of the WSe,/Pd Schottky junction contact resist-
ance (Fig. 2(a)). The lack of gate dependence of the ideal
diode region suggests that Vgg has a negligible effect on the
InAs/WSe, junction and its band alignments. An ideality fac-
tor of ~1.1 is obtained, indicating a clean interface between
the InAs and WSe, QMs. In order to reduce the WSe,/Pd
contact resistance, we exposed the devices to NO, gas
(Fig. 2(b)). As previously reported, NO, molecules cause
strong p-doping of WSe, and result in near ohmic Pd con-
tacts to the valence band of WSe,. On the other hand, NO,
treatment does not affect the InAs conductivity and InAs/Pd
junction. Previous studies have shown that InAs conduction
changes <2x under exposure to NO, gas.?® The 15 nm thick
InAs membrane which is the top layer of the junction should
prevent NO, from reaching the InAs/WSe, junction. After
exposure to NO,, the diode exhibited ~10° higher forward
bias currents while maintaining an ideality factor of ~1.1
and a reverse bias current below the noise floor. In total, the
diode exhibits a forward/reverse current ratio >10° for an
applied voltage range of 2V to —2 V. The slight gate de-
pendence of the forward bias current indicates the change in

FIG. 1. (a) Cross-sectional schematic of
an InAs/WSe, device explored in this
study. (b) Ideal atomic cross-sectional
view of InAs/WSe, interface, depicting
2 different crystal structures. (¢) HRTEM
image of fabricated InAs/WSe, hetero-
structure. (d) False color SEM image of
fabricated InAs/WSe, device.

the band-offset between the semiconductors by the gate
potential.

In order to better understand the IV characteristics, elec-
trostatic simulations were performed with TCAD Sentaurus
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FIG. 2. Ip vs Vgp plots for an InAs/WSe, diode device with a [—4:2:4] Vs
bias (a) without NO, gas doping and (b) with NO, gas doping. The insets
show the cross sectional schematics of the measured devices.
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2012 to simulate the band structure of the InAs/WSe, diode
with and without NO, doping. Hole and electron concentra-
tions of 5 x 10cm™ and 1.5 x 10"%cm > were used for
WSe, and InAs, respectively, in the absence of NO, doping,
as suggested by reports of their respective undoped thin
films.?>?” The WSe,/Pd Schottky barrier height was deter-
mined by the difference between the semiconductor electron
affinity and metal work function. The InAs/Pd Schottky bar-
rier to the conduction band was assumed to be pinned at
—0.15eV as suggested by literature.”® The simulation results
without doping (Fig. 3(a)) suggest that the WSe,/InAs p-n
junction dominates the behavior at low forward biases, while
a significant Schottky barrier to the WSe, valence band (i.e., a
large parasitic resistance) will dominate at higher forward
biases as observed experimentally. This is expected for any
given diode in that the parasitic resistances lead to current sat-
uration under large forward bias. From the band bending, we
see that the majority of the depletion region lies in WSe,. In
order to simulate the band structure under NO, doping, a
highly doped WSe, layer (Na=1 x 10"”cm)** was intro-
duced as shown in the inset of Figure 3(b). As discussed previ-
ously, it is assumed that the NO, has no effects on the InAs,
InAs/Pd contact, and InAs/WSe, junction (since InAs is on
top of WSe, and protects it from exposure to NO, in the junc-
tion area). The resulting band structure (Fig. 3(b)) shows dra-
matic thinning of the WSe, Schottky barrier, thus promoting
hole tunneling through the barrier and reducing the WSe,/Pd
contact resistance. This finding is consistent with the experi-
mental I-V curves (Fig. 2(b)), where the forward bias current
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FIG. 3. Electrostatic band structure simulation results for an InAs/WSe,
stack (a) without NO, gas doping and (b) with NO, gas doping. The insets
show cross sectional schematics of the simulated structures. Important cur-
rent processes are also shown.
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is drastically enhanced by ~3 orders of magnitude upon NO,
exposure.

In addition to a quantitative simulation of the diode band
diagram, we analyze the heterodiode I-V characteristics to
further understand the effect of each junction. Specifically,
a standard diode’s I-V characteristics can be described by
five different regimes:29 (1) reverse-bias, dominated by
recombination-generation (R-G) current as well as drift cur-
rent; (ii) low-voltage forward-bias, governed by R-G current;
(iii) forward-bias, described by the ideal diode equations; (iv)
high-injection forward-bias region, where diffusion current
levels become so great that the injected minority carrier con-
centration equals the majority carrier concentration; and (v)
series-resistance forward-bias region, where current is limited
by parasitic resistances. The processes that drive these regimes
in our device are depicted in Figure 3: specifically, R-G mech-
anisms (i, ii), diffusion over the p-n junction barrier (iii),
and the parasitic resistance due to the Schottky barrier of the
Pd/WSe, junction (v).

First, the reverse-bias current and low-voltage forward-
bias current of the heterodiode will be considered. It should
be noted that the measured current in reverse-bias is
extremely low, below the 10712 A/,um2 noise floor of the
measurement setup, and no R-G current dominated forward-
bias regime is observed, suggesting that the RG current is
nearly negligible in our devices. Such low RG current values
can be ascribed to: first, the depletion region occurring
entirely in the higher bandgap WSe, due to the higher carrier
concentration in InAs; second, the small volume of the
depletion region due to the relatively thin body of the WSe»;
and third, it is hypothesized that the density of interface traps
existing at the InAs/WSe, interface must be low. Electron
concentration levels previously extracted from similar InAs
membranes without intentional doping20 indicate that the
InAs is doped high enough such that the depletion region is
pushed mostly into the WSe,, as shown in the band diagram
simulations. Furthermore, WSe, Schottky FETs previously
fabricated also show extremely low off currents, suggesting
that WSe, R-G currents are below the noise floor of our
measurements.”* Next, we discuss the ideal diode region.
This region is often described by the ideality factor, 1, which
ranges from n =1 for an ideal diode to 1 =2 for a R-G cur-
rent dominated diode. Our device exhibits = 1.1, further
supporting the conclusion that the device has R-G current
levels significantly lower than the diffusion current. Finally,
the high forward bias region is dominated by the WSe,/Pd
Schottky barrier, which ultimately limits the forward-bias
current. Note that the series resistance and high injection
regimes cannot be clearly distinguished here given the rela-
tively large resistance arising from the WSe,/Pd Schottky
contacts. In summary, our device exhibits an extremely low
reverse bias RG current region, a nearly ideal diode region
and a high forward bias region dominated by the WSe,/Pd
Schottky barrier, also supported by the experimental and
simulation results in Figure 4. 2D simulations coupling
Poisson’s and drift diffusion relations were performed with
TCAD Sentaurus 2012 to analyze the electrical characteris-
tics of the heterostructure diode after NO, doping (Fig. 4).
Ohmic contacts were assumed for the InAs/Pd and WSe,/Pd
junctions.”**> The forward current was fit with a series
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FIG. 4. Experimental and simulation results for an InAs/WSe, diode under NO,
gas doping, depicting 3 areas of operation dominated by different processes:
(1) recombination-generation, (2) ideal diode, and (3) parasitic resistances.

resistance of 5 kQ/um to account for parasitic resistances and
the residual WSe,/Pd Schottky barrier resistance, even after
doping. The same doping concentrations mentioned in the
previous paragraph were used. A low field minority carrier
lifetime of 3 x 10~ %s and 10™s was assumed for InAs and
WSe,, respectively.’®' A uniform density of traps across
the InAs bandgap at the InAs/WSe, interface with 10~ "cm?
capture cross sections was assumed.>> A density of interface
traps of 10" cm2eV ' was used as a fitting parameter. The
reasonable fit between simulation and experimental results
indicates that the InAs/WSe, diode electrical behavior can
be described well by standard diode theory.

In summary, a novel InAs/WSe, heterostructure, incon-
ceivable by traditional epitaxial techniques alone, was fabri-
cated by the layer transfer of each material. It exhibits an on/
off current ratio >10° after reducing the WSe,/Pd contact re-
sistance with NO, doping, a clear indication of rectification
from the InAs/WSe, junction. An ideality factor of ~1.1 was
observed, indicating a clean interface between the two mate-
rials. Simulations of the observed IV characteristics indicate
that its behavior can be explained by standard diode theory.
This study paves way for the electrical analysis and under-
standing of a whole new avenue of heterojunctions previ-
ously thought impossible.
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