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ABSTRACT: Heterostructures comprising silicon, molybdenum
disulfide (MoS2), and graphene are investigated with respect to the
vertical current conduction mechanism. The measured current−
voltage (I−V) characteristics exhibit temperature-dependent
asymmetric current, indicating thermally activated charge carrier
transport. The data are compared and fitted to a current transport
model that confirms thermionic emission as the responsible
transport mechanism across devices. Theoretical calculations in
combination with the experimental data suggest that the heterojunction barrier from Si to MoS2 is linearly temperature-dependent
for T = 200−300 K with a positive temperature coefficient. The temperature dependence may be attributed to a change in band gap
difference between Si and MoS2, strain at the Si/MoS2 interface, or different electron effective masses in Si and MoS2, leading to a
possible entropy change stemming from variation in density of states as electrons move from Si to MoS2. The low barrier formed
between Si and MoS2 and the resultant thermionic emission demonstrated here make the present devices potential candidates as the
emitter diode of graphene base hot electron transistors for future high-speed electronics.

KEYWORDS: 2D materials, TMD, MoS2, graphene, vertical heterostructures, electron transport, charge carrier transport,
thermionic emission

I. INTRODUCTION

Hot electron transistors (HETs) have been proposed first by
Mead in the 1960s as potential high-performance electron
devices.1 Such transistors rely on vertical device structures with
cross-plane transport of high-energy electrons (hot electrons).
The first HETs comprised a metal emitter, a base, and a
collector, isolated from each other by thin oxide layers. The
cutoff frequency in these devices is limited by the base transit
time. While thinning down the metallic base mitigates this
issue, it increases the base resistance, resulting in high RC
delay and self-bias crowding. Graphene base transistors
(GBTs), where graphene replaces the metallic base electrodes,
have been proposed to exploit the high conductivity and
ultrathinness of graphene as the base material in HETs to
minimize the base transit time and achieve high cutoff
frequencies.2−10 Although experimental demonstration of
GBTs is limited to direct current (DC) characteristics,
simulations clearly show that the performance greatly depends
on the properties of the injection barrier that isolates the
emitter and the base. In fact, high-level on-state collector
currents (ION) can be achieved only by choosing injection
barriers that form relatively small conduction band (CB)
offsets with respect to the emitter.11−14 Thus, vertical
heterostructures with low barriers, similar to compound

semiconductor structures investigated by Heiblum et al.,15,16

have been proposed to enable high-frequency performance
reaching (theoretically) the THz regime.11−13 An illustration
of the structure and operation of a GBT with molybdenum
disulfide (MoS2) as the emission barrier is shown in Figure S1.
The two-dimensional (2D) material MoS2 is one of the most

explored 2D transition-metal dichalcogenides due to its
electronic properties that have made it a potential choice for
future nanoelectronic, optoelectronic, and flexible electronic
devices.5,17−23 Unlike graphene, MoS2 is known for its intrinsic
semiconducting behavior and sizeable band gap (i.e., 1.3 eV in
bulk and as high as 2.16 eV in monolayer).21,24 According to
theory, MoS2 can provide a desirable low barrier for carrier
injection in GBTs in combination with highly doped silicon
(Si) emitters and graphene base electrodes. The electron
affinity of bulk MoS2 is reported to be 4 eV,25,26 indicating the
small band offset it would make with respect to Si that has an
electron affinity of 4.05 eV. Also, based on the literature values
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of the band gaps of Si (1.1 eV as mentioned elsewhere) and
bulk MoS2 (1.3 eV21), there would only be ∼0.2 eV to be
distributed between the electron and hole barriers at the Si/
MoS2 interface. According to our previous study, the electron
barrier is much smaller than the hole barrier.27 Hence, the CB
offset at the Si/MoS2 interface should be small enough to make
MoS2 an efficient injection barrier in devices like GBTs.
Charge transport across vertical “metal/exfoliated-MoS2/
metal” structures has been reported to involve Fowler−
Nordheim and thermal injections at high and low electric
fields, respectively.28 However, detailed studies on the vertical
transport properties across Si/MoS2 interfaces are not
available. In this work, we experimentally investigate vertical
electron transport across vapor-phase-grown layered MoS2
sandwiched between highly doped silicon and graphene. The
Si/MoS2/graphene heterostructures, which we call semi-
conductor−semiconductor−graphene (SSG) structures, were
fabricated with a scalable process and characterized electrically.
These devices are believed to serve as efficient emitter diodes
for GBTs. As GBTs operate in the forward-bias regime, where
hot electrons from the n+-Si emitter are injected into the
graphene base and then to the collector, the focus of this work
is the investigation of the electron transport in the forward-bias
regime. The charge carrier transport mechanism is explained
through calculations and analyses based on the measured data.
Furthermore, electron barrier height values were determined
using two different methods: (1) from thermal activation plots
and (2) by fitting voltage-dependent barrier heights to the
current−voltage (I−V) characteristics measured at different
temperatures.

II. EXPERIMENTS AND MODELING
II-A. Device Fabrication. The SSG heterostructures were

fabricated as follows: first, Si active areas of various sizes were
defined on Si(100) wafers through photolithography followed by Si
etching to form trenches. The trenches were then filled with thick
silicon oxide (SiO2) layer deposited by the high-density plasma
chemical vapor deposition (CVD) technique. The SiO2 layer serves as
a shallow trench isolation that separates neighboring devices and also
helps to avoid direct leakage paths from the metal pads to the
underlying Si. After SiO2 deposition, chemical mechanical polishing
was employed to planarize the wafer surface. Then, to create locally
doped n+-Si active regions, phosphorous ion implantation was carried
out using silicon nitride as a hard mask. After dicing the wafers into
small chips (1.5 cm × 1.5 cm) and performing a standard cleaning
procedure, photolithography was used to define larger windows
covering the Si active areas. Then, native oxide was removed from the
active areas using a 7:1 buffered oxide etch solution, followed by
deposition of ∼5 nm molybdenum (Mo) films using an e-beam
evaporation. After a liftoff process to complete the Mo film patterning,
a thermally assisted conversion of the Mo films was carried out at a
temperature of 800 °C inside a CVD furnace in a sulfur atmosphere.
This process resulted in ∼15 nm MoS2 films, as confirmed by atomic
force microscopy (AFM) inspections (Figure S2 in the Supporting
Information). Also, transmission electron microscopy (TEM)
investigations were carried out to inspect the structural formation of
the MoS2 film. The resulting TEM cross-sectional image and the
corresponding electron diffraction pattern indicate the polycrystalline
nature of the film (Figure S3 in the Supporting Information). Next, a
CVD-grown single-layer graphene (SLG) was transferred onto the Si/
MoS2 target samples using a polymer-assisted wet chemical etching
transfer technique.29,30 Afterward, the SLG was patterned using a step
of photolithography followed by reactive ion etching in oxygen
plasma. Then, metal contacts were formed at two ends of the SLG
through a sequence of photolithography, evaporation of 20/120 nm
chromium/gold (Cr/Au) stack, and liftoff processes. Finally, the

device fabrication was concluded by depositing Cr/Au metal back-
contacts to the Si substrates. Schematics of the isometric view of the
SSG device are presented in Figure 1a,b. In addition, a top-view

optical micrograph of the as-fabricated device is shown in Figure 1c.
To inspect the presence and quality of the MoS2 and SLG layers,
Raman spectroscopy was performed on the samples, and the
corresponding Raman spectra are presented in Figure 1d, confirming
a 2H-MoS2 phase formation and the monolayer nature of the
graphene.

II-B. Modeling Thermionic Emission (TE) across Small
Electron Barriers. The early understanding of thermionic emission
of charge carriers from solid-state materials began in the 1930s during
the development of vacuum tube electronics. Later in 1949, Herring
and Nichols summarized the basic formulation of a theory describing
the flow of electrons from metals into vacuum.31 With some
refinements over the years, the theory is still being used to describe
thermionic emission between metals and semiconductors.32−37 In the
former case, the electron needs to overcome a barrier constituted by
the metal work function, which allows to assume isotropic electronic
properties, parabolic energy bands, and thus Maxwellian velocity
distributions of electrons on both sides of the barrier. For a metal/
silicon Schottky structure, a similar assumption can be adopted for the
metal, while ellipsoidal constant energy surfaces need to be
considered for the silicon CB.38 This is required to maintain the
Maxwellian velocity distribution of charge carriers as a basis for the
description of thermionic emission.

In this paper, we investigate electron transport from a highly doped
Si into 15 nm layered MoS2 by assuming a Maxwellian distribution of
electrons in the Si passing over a voltage- and temperature-dependent
barrier ΦB that varies from ∼0.3 eV down to 0 eV. Schematic
diagrams illustrating the charge distribution in the present system and
the associated band alignments are shown in Figure 2. If the right-
hand side of the Si/MoS2 barrier geometry in Figure 2 were vacuum,
the electrons from Si would continue into a new isotropic and
parabolic energy band. However, in the present sample, they enter an
indirect gap polycrystalline MoS2 with more than one possible
CB.36,37,39 During the charge carrier transfer process, electrons with
velocity components in the x direction and energy larger than ΦB are
injected into the MoS2 layer. At high voltages, ΦB approaches values
lower than the 3 kT limit, below which the Boltzmann statistics is not
valid. Therefore, Fermi statistics is needed to be used in our

Figure 1. (a) Schematic of an isometric view of the as-fabricated SSG
structure, where MoS2 is used as an emission barrier (the red vertical
arrow indicates the electron transport direction). (b) Magnified view
of the SSG heterojunction in the active region marked by the blue
dashed box in (a). (c) Optical micrograph of the top view of the
actual SSG device. (d) Raman spectrum of the MoS2 and single-layer
graphene. The E2g

1 and Ag
1 peaks indicate the MoS2 phase formation,

whereas an intense 2D band with 2D/G intensity ratio > 1 confirms
the presence of a single-layer graphene of reasonable quality.
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calculations to obtain more reliable current data. The injected current
is considered proportional to the product f(E)g(E) of the Fermi
function, f(E), and the density of states, g(E), integrated along energy,
E, of the Si CB from the barrier energy value up to infinity. Hence, the
current density, J, becomes
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where B is a constant, EF is the Fermi level of Si, k is the Boltzmann
constant, and T is the temperature. The solution of the integral in eq
1 gives rise to an additional prefactor T such that J becomes
proportional to T2. The assumption, which eq 1 is based on, requires
that the electron transmission probability is independent of electron
energy and that the two materials have similar density of states as a
function of energy.
The Fermi level of the Si emitter is close to the CB edge due to the

high doping level, and that makes it possible to treat the structure
similar to a Schottky diode. Therefore, for ΦB larger than about 3 kT,
t h e s t a n d a r d S c h o t t k y d i o d e e q u a t i o n ,Ä
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, can be used to determine the

current density. However, the factor
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approaches a

value of −1 for voltages used in the present case, as small as −0.1 V.
Hence, the full diode equation is simplified to a version similar to the
Richardson expression given by34,35
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where A* is a pre-exponential coefficient known as the effective
Richardson constant.
As will be demonstrated later in the Results and Discussion section,

the heterojunction barrier in the present case has both temperature
and bias dependence that can be described as

V T V V T T( , ) ( ) ( , )B B0 αΦ = Φ + (3)

where α(V,T) is a proportionality factor and ΦB0(V) is the bias-
dependent barrier height at T = 0 K, provided that α is temperature-
independent. Combining the Richardson expression in eq 2 with eq 3,
one can get
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Hence, an Arrhenius plot of ln( )J
T2 vs

kT
1 would give a slope

determined by ΦB0.

II-C. Influence of Charge on the MoS2 Band Diagram. In the
present structure, a small electron barrier (i.e., <100 meV) forms at
the Si/MoS2 interface at thermal equilibrium. Hence, electrons
injected from the Si into MoS2 face this low-energy barrier (EB1),
provided that the MoS2 layer is neutral (Figure 2a). However, as was
found in our earlier work,27 negative charge exists inside the MoS2
bulk that influences the shape of the MoS2 CB by inducing an
additional barrier (EB2) for electrons (Figure 2b). This moves the
barrier maximum from the interface to a point on the CB edge on the
MoS2 layer. The influence of the aforementioned charge on the
electron barrier can be modeled using the Poisson equation. To
maintain charge conservation, the net charge in the Si/MoS2/
graphene (Gr) structure should be zero. This implies that the MoS2
bulk charge, QB(x), is compensated by charges at the Si/MoS2 and
MoS2/Gr interfaces, as illustrated by the schematic diagram in Figure
2c. If the charge at the Si/MoS2 interface, QSi, is a fraction, a, of the
total bulk charge, QB, so that

Q aQ x( )Si B= (5)

then the charge at the MoS2/Gr interface would be

Q a Q x(1 ) ( )Gr B= − (6)

where x is the distance from the Si interface into the MoS2 bulk. For
an arbitrary depth distribution, N(x), of negative charges inside MoS2,
the total bulk charge would be

Q x q N x x( ) ( )d
x

B 0

d∫= −
(7)

where the minus sign is due to the negative bulk charge in the present
case, and xd is the maximum distance from the Si/MoS2 interface. For
a known depth distribution of the bulk charge, eqs 5−7 can be used to
derive an expression for the electric field, F(x), as

F x Q x Q
x

( )
1

( ( ) )
( )

0
B Si

Gr Si

dεε
= + +

Φ −Φ
(8)

where ε0 is the permittivity of vacuum, ε is the electronic dielectric
constant of MoS2, and ΦGr and ΦSi are the work functions of
graphene and Si, respectively. Once the electric field is obtained using
eq 8, the bending of the MoS2 CB, EC[eV] can be calculated using the
expression

E x F x x( ) ( )d
x

C
0

d∫=
(9)

Accounting for the effect of image force barrier lowering due to
image charges building up in the Si as electrons leave, eq 9 can be
rewritten as
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d∫ πεε
= −

(10)

Figure 2. Schematic diagram illustrating the geometrical representation of the Si−MoS2 band alignment at thermal equilibrium and the associated
charge distribution for (a) a neutral MoS2 layer and (b) MoS2 with negative charge in its bulk. (c) Schematic diagram for a simple demonstration of
the charge distribution in the SSG structure.
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For the EC(x) calculations, an electronic dielectric constant value of εi
= 3 was used with the following considerations. A large concentration
of electrons with lower thermal energies are injected into MoS2 at
higher voltages due to the lowering of the barrier maximum (EB2).
This gives rise to a lower electron velocity in the MoS2 crystal. As the
dielectric constant depends on carrier velocity, it is possible that the
electronic dielectric constant of the MoS2 in the present case
approaches the static value.27

III. RESULTS AND DISCUSSION
I−V characterizations were conducted on the final SSG devices
in a Lakeshore cryogenic probe station connected to a Keithley
4200SCS parameter analyzer and a Lakeshore 336 temperature
controller. During the measurements, the chuck temperature
was varied from 200 to 300 K at intervals of 20 K. The device
schematic with the associated wiring setup used during the
measurements is shown in Figure 3a. Temperature-dependent

I−V measurements are presented in Figure 3b as current
density versus voltage (J−V) plots. The graphs exhibit
considerable temperature dependence in both positive and
negative branches, indicating thermally assisted transfer of
charge carriers. The J−V plots also show a clear asymmetry,
that is, a diode behavior with a high slope and a very small
voltage at the lowest current levels. The observed rectification
behavior can be attributed to the asymmetric electron barriers
present at the Si/MoS2 junction during the forward-bias
condition and at the SLG/MoS2 junction during the reverse-
biased condition. We have also checked if the SLG/MoS2
junction has an influence on the forward-bias current
conduction using analytical simulations. The results have
verified that no electron barrier actually exists at that junction
in the forward-bias condition (Figure S4, in the Supporting
Information). In addition, the current scales with device size
(Figure S5, in the Supporting Information). A comparison of

the room-temperature I−V characteristics of the present
devices with the corresponding results from “graphene/n-Si”
Schottky diodes intensively studied by our research group40−44

clearly indicates the electrical impact of MoS2 in the present
structures. Unlike the results in the present work, the I−V
characteristics of the graphene/n-Si Schottky diodes in those
reports consistently show a nearly flat reverse-biased dark
current with higher rectification.
The measured forward-bias I−V data were analyzed using

the classic current transport models in semiconductor physics.
In this regard, Fowler−Nordheim tunneling (FNT),32 direct
tunneling (DT),45,46 space-charge-limited transport (SCL),32

trap-assisted tunneling (TAT),47 and thermionic emission
(TE)32 were examined for correlations with the experimental
data. The strong temperature dependence that is evident from
the measured J−V characteristics (Figure 3b) rules out FNT
and DT, as both conduction mechanisms should not exhibit
temperature dependence. Moreover, the MoS2 layer is thick
enough (∼15 nm) to suppress DT.46 Besides FNT and DT,
SCL is also ruled out due to the lack of a V2 dependence in the
current.48 This was verified by analyzing the data using the
FNT, DT, and TAT models (not shown here) from which no
correlations were found. This leaves TE as the most probable
transport mechanism for current conduction across the SSG
heterostructures. According to the conventional TE model (eq
2), plots of “ln(J/T2) versus 1/(kBT)” at given biases are
expected to yield linear curves with negative slopes. The
measured J−V data were replotted in this form, resulting in a
set of Richardson plots (Figure 3c). The linearities observed in
these plots strongly support that current conduction across the
SSG heterostructures is mainly due to thermally stimulated
transfer of charge carriers. The heterojunction emission barrier
height was extracted from both the Richardson plot and
modeled I−V characteristics. The slope of each Richardson
plot provides the respective activation energy, which in the
current case corresponds to the heterojunction barrier height
at 0 K, ΦB0 (V), for a temperature-independent α. To
demonstrate how ΦB0(V) reacts to bias, the extracted
activation energies are plotted as a function of voltage in
Figure 3d, where a decrease in ΦB0 is exhibited for increasing
bias. This behavior is a clear manifestation of a bias-dependent
barrier lowering, which is an essential part of the TE
mechanism. The effective Richardson constant values were
also extracted from the intercepts of Figure 3c and were found
to be bias-dependent with values ranging from 30 A cm−2 K−2

at 0.4 V to 120 A cm−2 K−2 at 0.9 V. This effect can be
attributed to the bias-dependent proportionality factor, α,
given in eqs 3 and 4. By combining eqs 2 and 4, it can be
shown that the measured effective Richardson constant from
eq 4, which we call now A*m, becomes a function of α such
that A*m = A* exp(−α/k). Since eq 2 is not valid for barrier
values smaller than 3 kT, as emphasized in Modeling
Thermionic Emission (TE) across Small Electron Barriers
section, and the A*m values are calculated using this equation,
the resulting A*m values for voltages above ∼0.9 V are not
valid for the present system. Above this voltage, the barrier ΦB
crosses the 3 kT limit, below which eq 1 will govern the system
instead of eq 2. As a demonstration of how the TE transport
mechanism operates in the SSG structure, illustrative band
diagrams are shown in Figure 4a,b for thermal equilibrium and
forward-bias conditions, respectively.
The barrier heights were also obtained by modeling. The

schematics in Figure 5a,b demonstrate the charge carrier

Figure 3. (a) Schematic of isometric view of the SSG structure with a
wiring setup used for the I−V measurements. (b) I−V characteristics
measured on the SSG devices in vacuum at temperatures ranging from
200 to 300 K with a 20 K interval showing asymmetric and
temperature-dependent current with low turn-on voltages (VON). (c)
ln[J/T2] vs (KBT)

−1, Richardson plots with high linearities indicating
a major contribution of thermionic emission to the overall current
across the SSG devices. (d) Activation energy, Ea, versus forward-bias
voltage V from which the zero-bias heterojunction barrier height, ΦB0,
value is extracted.
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transfer in which thermally excited electrons leave the Si crystal
and escape over the energy barrier at the Si/MoS2 interface.
The electron energy distributions in both materials are also
illustrated in the schematics. To calculate the I−V character-
istics, it was assumed that the ballistic part of the electron
transport from Si into the MoS2 CB maximum is proportional
to the total concentration of electrons in the energy range
above the barrier maximum (i.e., hatched area in Figure 5a).
Ballistic transport is generally used for transport without
scattering. In a more rigorous treatment, one would take

scattering processes into account. However, such attempts can
be done only more information about the interface than what
is available for the present system. Based on the consistency of
the data shown in the present work, we believe that the
approximation used here is adequate. The energy distribution
of electrons heading toward the barrier is given by the product
of the Fermi function and the density of states in the Si
parabolic CB, which is proportional to (E − EF)

1/2 for a
Maxwellian electron gas. The I−V characteristics were then
calculated for 200 K (black), 260 K (blue), and 300 K (red),
using a model (eq 1) analogous to the reasoning in ref 49 and
fitted to the corresponding experimental data using bias-
dependent barrier height functions as fitting parameters
(Figure 5c). The solid and dotted curves in this figure
represent I−V characteristics calculated using Fermi and
Boltzmann distributions, respectively. The Fermi distribution
fits the measured data better than the Boltzmann distribution,
especially in the higher bias range. As depicted in Figure 5d,
different “ΦB vs V” curves (black, blue, and red) were needed
to reproduce the measured I−V characteristics at 200, 260, and
300 K, respectively. A maximum difference of ∼45 meV is
noted at about 0.4 V between the shapes of the barrier curves,
which eventually merge for V ≥ ∼1 V.
As described in the Experiments and Modeling Sction, the

negative charge accommodated within the MoS2 layer
influences the shape of its CB, and thereby limits the current
across the SSG heterostructures. Assuming a Gaussian depth
distribution of this charge as shown in Figure 6a, the electric
field, F(x), was calculated for various voltage values using eq 8.
The MoS2 CB, EC, was then calculated from the resulting F(x)

Figure 4. Schematics of band diagrams of an SSG structure in (a)
thermal equilibrium and (b) forward-bias conditions with illustrations
of the electron transfer process from Si to MoS2 via thermionic
emission (TE).

Figure 5. Boltzmann versus Fermi−Dirac statistics for low-energy
barriers: (a) “f.g vs E” graph showing distribution of carriers at the Si
CB edge. (b) Graph illustrating the MoS2 CB bending as a function of
distance into the MoS2 depth. The schematic on top of the highest
potential (EB2) is the Fermi tail of distribution of electron states in
the MoS2, resembling that of Si at similar energy values. The
horizontal red arrows illustrate the transfer of electrons from Si to
MoS2, while the dashed line marks the barrier maximum to indicate
that only electrons having energies above this line will be injected into
MoS2. The hatched region shows the concentration of electrons that
can be injected into MoS2. (c) Comparison of measured I−V (dots)
and simulated I−V (lines) for 200 K (black), 260 K (blue), and 300 K
(red) measurement temperatures. The solid I−V curves in (c) are
calculated using Fermi distribution, while the dashed ones are based
on Boltzmann distribution. (d) Comparison of barrier functions used
to calculate I−V curves and fit them to the measured data at different
temperatures as shown in (c). The barrier curves are seen to merge
for V ≥ 1 V.

Figure 6. (a) Gaussian distribution of negative charges inside the
MoS2 bulk. (b) MoS2 CB bending as a function of voltage across the
layer depicting the formation of the electron barrier EB2, which is
determined by the negative charge in the bulk. (c) Magnified version
of the graph in (b) along the vertical axis for better visibility of the CB
maxima in determining the value of EB2Max at different voltages. (d)
Comparison of the maxima of the potential barrier plots in (c)
(symbols) and the barrier function used to fit the calculated I−V with
the measured data at 300 K (red solid curve) entailing that the
charge-induced barrier (EB2) determines the current across the
present structures. The red and black curves and points represent
calculations with and without consideration, respectively, of the effect
of image force barrier lowering (IFL). The parameters used to
calculate the MoS2 CB are: xd = 15 nm, QB (concentration of charge
in the MoS2 bulk) = −7.097 × 1024 m−3, ε = 3, and ΦG − ΦSi = ∼0.45
eV.
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values using eq 9. The black curves in Figure 6b,c show the
calculated MoS2 CB demonstrating a band bending that
increases with increasing bias. To account for the effect of
image force lowering on the MoS2 CB bending, calculations
were also done using eq 10, which includes Schottky lowering.
The resulting CB bending curves are presented as the red
curves in Figure 6b,c. The maximum points of the CB curves
were extracted from Figure 6c and compared to the barrier
function obtained by fitting the calculated I−V to the
measured data at room temperature. Figure 6d presents a
comparison in which the barrier data without image force
lowering (black points) fit well, while the corresponding data
with image force lowering (red points) do not.
The heterojunction barrier heights extracted using Richard-

son’s analysis from activation energies (Figure 3c) and those
obtained by calculating I−V curves and fitting them to the
measured data (Figure 5c) lead to different results: the values
obtained from thermal activation data (Figure 3d) are
considerably smaller than those obtained from I−V fitting
(Figure 5d). This aspect requires further discussion. At barrier
heights larger than ∼3 kT, the Fermi distribution can be
approximated by the Boltzmann distribution to obtain the
Richardson expression (eq 2). However, as shown in Figure 5a,
the Boltzmann distribution assumes a larger electron
concentration than actually is available at very low energy
barriers and thus overestimates the current. Therefore, this
approximation would be in jeopardy for barriers lower than ∼3
kT, which corresponds to the red dashed line in Figure 5a,b. As
depicted in Figure 5c, the calculated current based on
Boltzmann distribution diverges from the measured data at
high voltages, while the data established by the Fermi
distribution show a better agreement. The discrepancy
between the current calculated using the Boltzmann
distribution and the measured data for V < 0.4 V might
originate from the assumption on the electron transition
probability and density of states, as pointed out in the
Experiments and Modeling Section.
Approximating the Gaussian distribution of the MoS2 charge

(Figure 6a) by a sheet charge and multiplying its full width at
half-maximum by its amplitude, one would obtain a
concentration of about 2.8 × 1016 m−2. Moving this charge
between the Si/graphene and Si/MoS2 interfaces would
introduce a voltage variation of ∼1.4 V across the MoS2
layer. This is in the range of the flat-band voltage (VFB) shift
due to the negative charges in the MoS2 bulk as observed in
our earlier work.27,50,51 It is worth noting here that, for a
nonhomogeneous charge distribution across the SSG structure
(Figure 2c), the electric field at the Si/MoS2 interface differs
considerably from V/d. As demonstrated in Figure 6b,c, the
negative charges in MoS2 induce a barrier (EB2) whose
maximum point gradually shifts toward the Si/MoS2 interface
for increasing applied voltage. The height of this barrier also
decreases with increasing voltage and eventually disappears as
can be noted from the figures. As electrons leave Si and
approach the Si/MoS2 interface, they may experience an
attraction force from the image charges that build up in the Si.
An image force associated with these charges can slightly lower
the effective height of the heterojunction barrier (EB2), and
the lowering may increase with increasing bias as demonstrated
by the red curves in Figure 6b,c. However, the comparison in
Figure 6d asserts that the charge-induced barrier (EB2)
dominates the interface barrier (EB1) and determines the
current conduction across the SSG structure. Also, this result

ratifies that the image force lowering may not be applicable to
the present case.52

From the differences exhibited among the barrier height
values obtained by modeling the I−V data at different
temperatures (Figure 7a,b), we found that the heterojunction

barrier height, ΦB, is temperature-dependent. As shown in
Figure 7c,d, ΦB has a nearly linear temperature dependence
that can be formulated using a first-order approximation as in
eq 3. The proportionality factor α in eq 3 could be related to
the change in entropy taking place in the electron ensemble
during its transfer from Si to MoS2. According to eqs 3 and 4,
barrier height values obtained from activation plots based on
the conventional Richardson expression can be identified as
ΦB0, which corresponds to the intercepts of the ΦB(T) vs T
plots shown in Figure 7c,d. Other possibilities to explain the
temperature dependence of the barrier height could be one or
more of the following: change in the difference between the
band gaps of Si and MoS2, strain at the Si/MoS2 interface,
and/or barrier inhomogeneity across the sample area. Also, as
reported in previous works, strain influences the effective mass
of electrons in MoS2,

53 which makes its contribution to the
observed temperature dependence under discussion a
possibility.
Throughout the discussion in the paper, the overall charge

carrier transfer between Si and MoS2 has been considered
unaffected by the interfacial silicon oxide layer lying between
the two materials, as revealed by the TEM cross section
(Supporting Information Figure S3). This layer is found to be
very leaky compared to the standard SiO2 of similar thickness
and bias level,54 leading to the assumption that it is nearly
transparent to electrons under DC bias. This assures that the
bottleneck for the current conduction across the SSG structure
is the charge carrier injection across the MoS2 layer.

IV. CONCLUSIONS
Semiconductor−semiconductor−graphene (SSG) vertical het-
erostructures were investigated with respect to the vertical

Figure 7. Comparison of barrier height values extracted from
activation plots (symbols) with barrier height functions used to fit
the measured I−V curves at 200 K (black), 260 K (blue) and 300 K
(red) for (a) sample D1 and (b) sample D2. Barrier height, ΦB, as a
function of temperature, T, at different voltages for (c) sample D1 and
(d) sample D2 showing a linear dependence of ΦB on temperature.
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current conduction mechanism to assess their potential as the
emitter diodes in vertical hot electron transistors. The SSG
structures were fabricated using a scalable and CMOS-
compatible process. The measured electrical data exhibit
asymmetric I−V characteristics with clear temperature depend-
ence. Richardson plots of the measured data confirmed
thermionic emission as the main conduction mechanism,
which is the desired mechanism for high-performance hot
electron transistors. This result was confirmed through
analytical modeling of the I−V characteristics. The hetero-
junction barrier height was extracted by both methods. The
value obtained through the former method is considerably
smaller than that from the latter. In fact, the heterojunction
barrier height was found to have a linear dependence on
temperature, and the values obtained from Richardson plots
appear to correspond to values at T = 0 K. The presented
extraction method and model may serve as a guideline for
future experiments on the electronic properties of 2D
heterostructures. In particular, the presented data suggest
MoS2 as a thermionic emission barrier material for vertical hot
electron transistors.
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