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Introduction

Bias-dependent layer-resolved Raman evidence
for interfacial asymmetry in vertical graphene/
MoSe,/graphene junctions on SiO,/Si substrates

Youngro Lee (22° and Jaewu Choi (2 *?

Vertical graphene/MoSe,/graphene (Gr/MoSe,/Gr) junctions are promising for tunable electronics as well
as optoelectronics based on vertical transport. To identify the junction properties of a vertically stacked
Gr/MoSe,/Gr junction on SiO,/Si, we combine in situ bias-dependent Raman spectroscopy with
temperature-dependent transport measurements. At zero bias, the Raman response of the two graphene
electrodes appears as a single overlapped feature. Under finite bias, this response separates into two
distinct contributions, which allows layer-resolved extraction of the chemical potential shifts of the two
graphene electrodes. The extracted shifts are strongly asymmetric, with Grpor showing a consistently
smaller response than Gr,, under both bias polarities. This result indicates that the junction is better
described as an asymmetric back-to-back Schottky diode with a less electrostatically tunable bottom
interface. The device also exhibits a clear hysteresis loop in the cyclic current—voltage characteristics,
indicating history-dependent hysteretic transport characteristics. At room temperature, the transport
remains nearly symmetric, but the polarity asymmetry becomes stronger at higher temperature. A
plausible origin is an asymmetric junction formed by different defect environments at the two interfaces.
MoSe, can contain intrinsic Se vacancies. Upon additional exposure of the upper MoSe, surface, some of
these vacancy sites can undergo O substitution, whereas the lower interface can retain a stronger Se
vacancy character. These in-gap Se vacancy states may contribute to Fermi level pinning. A temperature-
dependent change in this pinning condition may further change the effective barrier profile and thereby
enhance the transport asymmetry. These results show that interface quality and transfer history play a
central role in determining the electrostatic response of vertical Gr/MoSe,/Gr heterostructures.

spectroscopy or on current-voltage (I-V) characteristics alone,
which does not uniquely determine how charge redistributes

Electrically tunable stacked van der Waals heterostructure
devices based on the atomically thin two-dimensional layers
are promising for electronics, optoelectronics, sensing, memory,
and quantum applications."® Among them, vertically stacked
graphene/transition-metal-dichalcogenide/graphene (Gr/TMD/Gr)
heterostructures offer a unique platform for the aforementioned
applications.'®™ An atomically thin TMD spacer provides an
atomically defined barrier as well as electrical and optical func-
tionality, while graphene electrodes enable efficient electrostatic
tunability because the density of states near the Dirac point is
low.">"” However, bias-driven interactions in Gr/TMD/Gr junc-
tions are often inferred indirectly. Many studies rely on static
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between the upper and lower graphene layers under an applied
bias."®2° In practice, the measured vertical transport can mix
contributions from tunneling through the spacer, parasitic leak-
age paths, and contact-related effects, obscuring the connection
between device characteristics and layer-specific electrostatics.

Among common TMD spacers, MoSe, is particularly con-
venient because it provides a semiconducting barrier with strong
optical transitions in the visible and a clear Raman fingerprint
that can be used as an internal structural reference.>'>* In the
monolayer limit, MoSe, exhibits a direct optical gap near 1.55 eV,
which highlights its suitability for optoelectronic operation,
while thicker layers evolve toward a smaller indirect gap.”**®
In addition, the interlayer spacing in bulk MoSe, is about
0.65 nm,***” providing a simple geometric scale for few layer
thickness estimates in stacked junctions. These considerations
raise the question of whether the two Gr/MoSe, interfaces in a
real vertically stacked device remain electrostatically equivalent
after ambient transfer and stacking.
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In this context, bilayer MoSe, devices provide a useful plat-
form for examining whether the two Gr/MoSe, interfaces
remain electrostatically equivalent under applied bias, parti-
cularly when interfacial residues, trapped charges, and local
inhomogeneity perturb the electrostatic landscape. In this
work, we investigate a vertically stacked bilayer Gr/MoSe,/Gr
junction on SiO,/Si by combining in situ bias-dependent Raman
spectroscopy and temperature-dependent DC transport. This
approach allows us to compare the bias response of the two
graphene electrodes within the same device and to examine
how interfacial asymmetry emerges in the electrical and spec-
troscopic response.

Experimental details

Graphene was synthesized on a 35 pm thick Cu foil by chemical
vapor deposition (CVD).>*' Prior to growth, the Cu foil was
annealed at 1000 °C for 30 min under Ar (100 sccm) and H,
(50 scem). Graphene growth was then carried out at 1000 °C
using CH, (5 sccm) for 8 min. For transfer, Poly(methyl metha-
crylate) (PMMA) (40 g L™" in 1,2-dichlorobenzene) was spin
coated onto the graphene at 2000 rpm to form a PMMA-
supported film. The underlying Cu was etched in a 0.7 M FeCl;
solution. After Cu etching, the PMMA/Gr film was rinsed sequen-
tially through fresh deionized water baths several times to remove
residual FeCl; and ionic contaminants before being transferred
onto the target substrate.

The graphene film was cut into rectangular pieces of
approximately 10 mm x 2.5 mm and transferred diagonally
onto a 10 mm x 10 mm SiO,/Si substrate with a 300 nm SiO,
layer. After transfer, the sample was baked at 150 °C for 15 min,
immersed in acetone at 60 °C for 1 h to remove PMMA, and
annealed at 350 °C in an Ar and H, atmosphere for 2 h.

A commercial MoSe, film (Sixcarbon Technology, 10 mm x
10 mm on SiO,/Si substrate) was cut into approximately 5 mm x
5 mm pieces and transferred onto the bottom graphene using a
PMMA-assisted wet transfer. The MoSe, piece was aligned approxi-
mately with the edges of the substrate, without intentional
rotation, followed by the same PMMA removal and annealing
procedure. A second graphene strip of approximately 10 mm x
2.5 mm was then transferred onto the MoSe, layer using the
same method. The two graphene strips were arranged in a
crossed geometry so that their overlap occurred only through
the MoSe, region, yielding a nominal junction area of approxi-
mately A = 2.5 mm x 2.5 mm. The effective transport area may
be smaller in the presence of local interfacial inhomogeneity.
Electrical contacts to the top and bottom graphene electrodes
were made using silver paste, which was allowed to dry in
ambient conditions prior to measurements.

The Raman spectra of the device were measured using a
T64000 JobinYvon system with a 532 nm laser and an optical
power of 0.6 mW. The scattered signal was collected in a
backscattering geometry using a 100x objective, giving a spot
diameter of approximately 1 pm. In situ bias-dependent Raman
measurements were performed at V= —5, 0, and +5 V applied
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between the two graphene electrodes, where a positive bias
corresponds to applying +V to the bottom graphene electrode
with respect to the top graphene electrode.

I-V characteristics were measured using a Keithley 6430
femtoammeter under ambient conditions. In the single pass
mode, the bias was swept from —5 to +5 V in 0.25 V steps. For
cyclic measurements, the bias was swept in the sequence 0 to +5 to
0 to —5 to 0 V with the same 0.25 V step size. Throughout this
work, forward bias (V > 0) denotes the positive bias voltage
applied to the bottom graphene electrode, whereas reverse bias
(Vv < 0) denotes the negative bias voltage applied to the top
graphene electrode. Temperature-dependent measurements were
performed using the same setup with the device mounted on a hot
plate at 328 and 423 K. For each temperature, the device was held
until the current response stabilized before the voltage sweep.

Results and discussion
Device overview and baseline characterization

Fig. 1 summarizes the device geometry and baseline Raman
fingerprints of the Gr/MoSe,/Gr heterostructure on Si/SiO,.
Fig. 1(a) shows the device layout, Raman probe positions, and
an enlarged schematic of the bilayer MoSe, region between the
top and bottom graphene electrodes. The enlarged schematic
includes representative defect-related sites as a structural guide
for the later discussion of interfacial asymmetry. Fig. 1(b) shows
the optical microscope image of the fabricated device, while
Fig. 1(c) presents a representative Raman spectrum measured in
the full stack region. The spectrum contains the MoSe, vibra-
tional mode together with the graphene G and 2D bands and the
Si substrate features. No additional Raman features attributable
to PMMA residue were resolved within the measured spectral
range. The inset provides an expanded view of the MoSe, mode
region. The out-of-plane A;, mode appears at about 241.3 em Y,
consistent with bilayer MoSe,.>*"#

Fig. 1(d) compares the graphene G and 2D bands measured
in the three regions as marked in Fig. 1(a). The G and 2D bands
were fitted separately using Lorentzian functions, and the
extracted peak positions and FWHM values are summarized
in Table 1. Relative to the Gr only region (1), both peaks shift to
lower wavenumbers in the MoSe,-containing regions (2,3),
whereas the FWHM remains comparable across all three regions.
These systematic shifts indicate that the graphene Raman
response is modified by the local interfacial environment in the
Gr/MoSe,/Gr heterostructure. At V = 0 V, the graphene Raman
response is consistent with hole doping, with the Fermi level
located about 0.22 eV below the Dirac point.*®

To further support the bilayer assignment inferred from the
MoSe, A;, position in Fig. 1(c), we also consider a simple optical
attenuation estimate based on the fitted graphene Raman
intensities in Fig. 1(d). For MoSe, at 2 = 532 nm, we take k ~
1.55, corresponding to an absorption coefficient o = 4nk/. =
4.1 x 10" m .*>*" In the first approximation, the measured
Raman intensity from the Gy, scales as exp (—2ad) due to
attenuation of both the incident and scattered light through a

This journal is © The Royal Society of Chemistry 2026
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(a) Schematics of the vertical Gr/MoSe,/Gr heterostructure fabricated on a Si/SiO, substrate. Raman measurements were performed in three

representative regions: (1) Gr only (green), (2) Gr/MoSe; (blue), and (3) the full Gr/MoSe,/Gr stack (red). The enlarged schematic on the right illustrates the
bilayer MoSe, region between the top and bottom graphene electrodes, with representative Se vacancies and O-related sites included to visualize the
possible interfacial asymmetry.3233 This atomic structural image of MoSe, and graphene was drawn with the program VESTA.3 (b) Optical microscope
image of the fabricated device on the Si/SiO, substrate. The yellow dashed outline indicates the transferred strip. The pink box marks the region enlarged
in the inset, which shows the junction area in more detail. The red and blue squares indicate the laser probe positions corresponding to the regions
defined in panel (a). (c) Representative Raman spectrum measured in region (3), corresponding to the Gr/MoSe,/Gr stack. The labeled peaks identify the
corresponding spectral features. The inset highlights the MoSe, mode region. (d) Enlarged Raman spectra around the graphene G and 2D bands
measured in regions (1)-(3). Solid black lines are independent Lorentzian fits to the graphene G and 2D peaks.

Table1 Lorentzian fit results for the graphene G and 2D bands measured
in the three regions defined in Fig. 1. Values in parentheses denote the
standard deviation in the final reported digits. Uncertainty in /,p/lg was
estimated by standard error propagation from the fitted amplitude and
width parameters

Parameters Gr only Gr/MoSe, Gr/MoSe,/Gr
G position (ecm ™) 1603.40(5) 1587.90(5) 1585.00(3)

G FWHM (cm ™) 13.01(30) 16.24(17) 13.89(18)

2D position (cm ) 2703.10(5) 2695.20(5) 2694.60(10)
2D FWHM (cm™) 39.75(30) 38.30(24) 38.13(38)
Lplls 0.77(5) 1.09(4) 0.65(3)

MoSe, layer of thickness d. Using the ratio of the fitted graphene
G peak maxima between region (2) and region (1), (Igremose,/Ior =
0.90), we obtain d ~ 1.3 nm. This value is consistent with the
thickness of bilayer MoSe, (~2 x 0.65 nm).>**” Because graphene
Raman intensities can also be affected by charge transfer, optical
interference on Si/SiO,, and strain, we treat this attenuation-based
estimate only as a qualitative consistency check rather than an
independent thickness determination.

Bias-dependent interactions between graphene layers

Fig. 2 combines bias-dependent transport and Raman analyses
of the vertical Gr/MoSe,/Gr junction. Panels (a)-(c) provide an
effective electrical parameterization of the measured I-V
response, while panels (d)-(f) track the layer-resolved evolution
of the graphene Raman features under applied bias.

This journal is © The Royal Society of Chemistry 2026

The measured I-V characteristics in Fig. 2(a) suggest that the
present device is better viewed as a back-to-back Schottky
junction. For a simplified analysis, we nevertheless apply the
Cheung method within a single-diode thermionic-emission
picture.** The resulting parameters should therefore be
regarded as effective quantities rather than unique microscopic
junction properties. Fig. 2(b) shows that dV/d In I varies in slope
across the measured current range, indicating that no single
parameter set describes the full response. We therefore divide
the data into four current intervals, labeled (i) to (iv), and
perform separate linear fits in each region.

The corresponding Cheung function in Fig. 2(c) provides a
complementary effective description of the barrier-related
response. In the low-current intervals, the apparent series resis-
tance remains fairly consistent between the two analyses, with
representative values of about 38 W. The corresponding effective
barrier-related energies are on the order of 0.3-0.4 eV, whereas the
apparent ideality factor is modest only in the low-current intervals
and becomes nonphysical at higher current. Taken together, these
results further indicate that no single parameter set describes the
full I-V response. We therefore use the Cheung analysis only as an
effective parameterization of the measured junction behavior. The
full region-dependent fitting results are provided in the SI.

To probe the electrostatic state of each graphene electrode
more directly, we therefore turn to bias-dependent Raman
spectroscopy. Fig. 2(d) shows in situ Raman spectra of the
graphene G and 2D bands measured at V = +5, 0, and —5 V.

J. Mater. Chem. C
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Fig. 2 (a) /I-V characteristics of the Gr/MoSe,/Gr device. The current windows labeled (i) to (iv), defined from the interval-dependent analysis in panel (b),
are indicated for reference. (b) Cheung plot dV/d(In/) versus I, constructed from the data in panel (a). The four current windows (i) to (iv) were fitted
separately because the slope changes across the measured range. The inset shows the differential resistance dV/d/ derived from the same /-V curve. (c)
Cheung function H(l) versus I, where H(l) = V — nkgT/q x In (I/AA*T?), evaluated using the interval-dependent n values extracted from panel (b). Here A =
6.25 mm? is the nominal geometric overlap area of the junction, and A* = 2.4 x 107> A mm~2 K~2 is the Richardson constant.*> The same current
windows are indicated. (d) /n situ Raman spectra of the graphene G and 2D band recorded at applied biases of +5, 0, and —5 V. Open symbols denote the
data, and the total fits are shown by black and red curves. The fitted graphene components are shown by the pink and green curves, assigned to the Grpet
and Gryp, electrodes, respectively. (e) Peak positions of the G and 2D bands extracted from the fits at +5 V for Gryo (pink) and Griop (green), shown
together with the corresponding 0 V values. The extracted G peak positions are converted to carrier concentration and Fermi energy using the reference
calibration (solid black curve).>® Error bars are smaller than the marker size and are therefore not visible. (f) Same analysis as in panel (e) for =5V, shown

together with the 0 V values for comparison.

At 0 V, the G band is well described by a single Lorentzian,
indicating that the two graphene layers have similar Fermi
levels within the present spectral resolution. Under finite bias,
however, the G band broadens markedly and deviates from a
single-peak profile, even though the applied bias is the only
experimental parameter changed. The 2D bands show a similar
broadening and line shape evolution under finite bias. Although
strain and spatial inhomogeneity can also affect Raman line
shapes, the correlated response of the G and 2D bands is more
naturally explained by electrostatic doping.**™*°

The fitted Raman peak positions were converted to carrier
concentration using the Raman doping calibration shown by
the black solid line in Fig. 2(e) and (f).*° The carrier concen-
tration n,p was converted to the Fermi energy through

EF = th\/n\nzDL (1)

The extracted fit parameters and derived electronic quantities
are summarized in Table 2. Fig. 2(e) and (f) summarize the
extracted values at V = +5 and —5 V, respectively, together with
the corresponding 0 V position for comparison. The doping sign
was assigned as p-type based on Hall measurements reported
previously for graphene grown under comparable conditions on
Si0,/Si.>**! At V = +5 V, GIpe and Grp shift toward the Dirac
point by about AEg = 17(8) meV and 84(9) meV, respectively. At V =
—5V, GIp Shifts toward the Dirac point by about AEg = 39(8) meV,
whereas Gr,p, shifts away from it by about 74(6) meV.

These results show that the two graphene electrodes do not
respond electrostatically in an equivalent manner under applied
bias. In both bias polarities, Gry,, exhibits a consistently smaller
chemical potential shift than Grep. The finite bias Raman
response therefore reveals a clear interface-dependent asymme-
try in the electrostatic response of the junction.

Table 2 Peak positions and FWHM values extracted from Lorentzian fits to the bias-dependent Raman spectra in Fig. 2. The carrier concentration n,p
was estimated from the fitted G peak positions using the Raman doping calibration in ref. 39, and the corresponding Fermi energy Er was obtained from
the graphene Dirac relation. The values in parentheses denote the standard deviation in the final reported digits. Uncertainties in nop and Eg were
estimated by propagating the fitted G peak uncertainty

Condition G position (cm ™) G FWHM (cm ™) 2D position (em™*) 2D FWHM (cm ") nyp (10" cm™?) Ep (meV)
+5 V, GIpor 1583.8(5) 25.8(20) 2694.9(4) 37.5(9) —2.40(14) —199(6)
15V, Grop 1580.2(6) 15.1(7) 2679.6(2) 26.5(4) —1.05(13) —132(8)
0V, both Gr 1584.9(1) 15.7(4) 2694.7(2) 40.3(9) —2.84(12) —216(5)
—5V, Grpor 1582.5(3) 12.5(5) 2688.6(10) 31.3(27) —1.89(12) —177(6)
=5V, Greop 1589.5(3) 9.2(9) 2704.4(14) 41.3(32) —5.09(12) —290(3)

J. Mater. Chem. C This journal is © The Royal Society of Chemistry 2026
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This reduced bias response of Gry, is consistent with lower
electrostatic tunability at the MoSe,/Gry,¢ interface. One possi-
ble microscopic origin is a nonequivalent defect environment
at the two interfaces. In particular, additional air exposure of
the upper MoSe, surface prior to the Gry,, transfer may modify
the local defect population relative to the lower interface.

Hysteretic transport associated with interfacial trapping

Fig. 3 shows a clear hysteresis loop in the cyclic I-V response,
indicating that the transport depends on the sweep history.
Repeated cyclic measurements under the same bias protocol
showed reproducible hysteretic behavior. This behavior is con-
sistent with a history-dependent interfacial process, such as charge
trapping and detrapping, at the MoSe,/Gry,; interface.>*** Com-
bined with the reduced bias response of Gry,,: observed in the
Raman analysis, the cyclic transport curves suggest that the MoSe,/
Grypo side is less electrostatically tunable due to interfacial charge
trapping. The defect-related states near the MoSe,/Gry partially
screen the applied bias and pin the graphene Fermi level. Further-
more, the slow charging and discharging of these states during the
voltage sweep can modify the local barrier profile, producing the
observed hysteretic transport which can be viewed as a potential
defect-driven memory device. The hysteretic transport therefore
aligns with the same interfacial asymmetry identified spectro-
scopically, further indicating that the bottom interface is the less
ideally tunable side of the junction.

Temperature-dependent enhancement of transport asymmetry

The temperature-dependent transport in Fig. 4 further highlights
the interfacial asymmetry identified by Raman spectroscopy.
Under positive bias, the current increases with temperature,
whereas under negative bias the current magnitude decreases.
This contrasting temperature response leads to a marked
increase in the rectifying ratio and shows that the polarity
asymmetry becomes stronger at elevated temperature. The
temperature dependence therefore does not merely enhance
conduction, but selectively amplifies the pre-existing polarity
asymmetry of the junction.
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Fig. 3 Hysteretic transport in the vertical Gr/MoSe,/Gr junction. Cyclic
|-V characteristic measured at 300 K, showing a clear hysteresis loop. The
numbers 1 to 4 indicate the measurement sequence and corresponding
scan direction within the hysteresis loop.
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Fig. 4 Temperature-dependent enhancement of transport asymmetry in
the vertical Gr/MoSe,/Gr junction. Temperature-dependent /-V charac-
teristics measured in a separate single-pass sweep from —5 to + 5V at 300,
328, and 423 K. With increasing temperature, the response becomes more
asymmetric, with enhanced current under positive bias and suppressed
current under negative bias. The inset shows the rectifying ratio, defined as
[I(+5 V)/I(-5 V)|, as a function of temperature.

The enhancement of the rectification shown in the inset of
Fig. 4 is the central feature showing the temperature-dependent
interfacial behaviors. If the temperature dependence were
governed only by thermionic activation process, the current
increase in both polarities would be expected unlike what we
observed in Fig. 4. In contrast, the present device shows opposite
temperature trends in the bias directions. The positive-bias
branch becomes more conductive, whereas the negative-bias
branch becomes more blocking. Such opposite temperature
trends are difficult to explain solely by a global series-resistance
increase or irreversible contact degradation, since these effects
would generally be expected to suppress the current magnitude
in both bias polarities. This behavior suggests that the effective
MoSe,/Gr barrier profile changes with temperature in a polarity-
dependent manner.

Consistent with this behavior, a possible explanation is that
temperature-dependent charge redistribution at the bottom
interface changes the initial pinning condition and is associated
with a change in the effective barrier profile under negative bias.
In this picture, the additional blocking contribution under
negative bias can outweigh the usual thermal enhancement of
carrier injection, leading to a reduced current magnitude and an
increased rectifying ratio at elevated temperature.

Modeling of interfacial asymmetry

Building on the results above, we use the qualitative schematic
band diagrams in Fig. 5 to provide a unified picture of the
present junction in terms of interface-specific asymmetry. In
vertically assembled Gr/TMD/Gr junctions, the two interfaces are
not necessarily equivalent in practice, even when the nominal
stack is symmetric. Processing history and oxygen exposure can
introduce nonequivalent local environments at the top and
bottom interfaces, which in turn may lead to different electrostatic
responses under applied bias. Fig. 5(a) shows an idealized zero
bias alignment without interfacial defects, based on the bilayer
MoSe, band gap and representative energy offsets reported for
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Fig. 5 Qualitative schematic band diagrams of the vertical Gr/MoSe,/Gr junction used to guide the discussion. (a) Reference zero-bias band alignment
of the Gr/MoSe,/Gr stack, showing the MoSe, band gap and representative energy offsets used in the discussion.?>*2*347 (b) Modified zero-bias
alignment including defect-related states, illustrating the interfacial asymmetry and partial pinning inferred from experiment.2>#74€ The red gradient is
introduced schematically to represent a defect-rich interfacial region and the resulting asymmetry and partial pinning inferred from the Raman and
transport data.>2334° (c) Schematic band diagram at V = + 5V including the layer-resolved graphene chemical-potential shifts extracted from the Raman
analysis. (d) Schematic band diagram at V = —5V at 300 K including the Raman-derived chemical-potential shifts. (e) Proposed band diagramat V = -5V
at elevated temperature, illustrating a temperature-dependent change in the Gryot pinning condition and the resulting increase in the effective Schottky
barrier at the Grpoi/MoSe; interface. The effective MoSe,/Gr interfacial barriers are indicated schematically to emphasize that the vertical transport is

governed by the bias-dependent barrier profile.

graphene contacted MoSe,.”>"” Fig. 5(b) presents a more realistic
zero bias reference for the present device by introducing defect-
related states near the MoSe,/Gry,,, interface. In this schematic
picture, Se-vacancy-induced in-gap states and O-substitution-
related states below the valence band edge can give rise to Fermi
level pinning.**** Fig. 5(c) and (d) then schematically illustrate
how the band profile evolves under positive and negative bias
when the experimentally extracted graphene chemical potential
shifts are taken into account. Fig. 5(e) further extends this picture
to high temperature under negative bias, where the band profile is
modified to reflect the enhanced effective Schottky barrier
inferred from the temperature-dependent transport.

Taken together, the bias-dependent Raman shifts, the hys-
teretic transport response, and the temperature-dependent
polarity asymmetry indicate that the Gr/MoSe,/Gr junction can-
not be described as a fully symmetric vertical stack, but is better
understood as an asymmetric back-to-back Schottky junction. A
possible origin of this asymmetry lies in the different defect
environments that can develop at the two MoSe, interfaces
during device assembly. The atomic schematic in Fig. 1(a)
provides a structural basis for this picture by illustrating repre-
sentative Se vacancies and O-related sites in the bilayer MoSe,
region between the two graphene electrodes. In MoSe,, Se
vacancies are commonly formed and generally act as n-type
donor-like defects, whereas exposure of the upper MoSe, surface
to ambient conditions prior to graphene transfer can promote
partial passivation or substitution by oxygen. Such O-related
states are expected to lie below the MoSe, valence band edge.
Therefore, even a defect-containing junction can become elec-
trostatically asymmetric when the top and bottom interfaces are
exposed to different local chemical environments. Within this
picture, the Gr,/MoSe, side can retain a larger Se vacancy
contribution and therefore exhibit stronger Fermi level pinning,
so that the corresponding graphene chemical potential does not
shift as strongly under applied bias. This interpretation is
consistent with the Raman analysis, which reveals a reduced

J. Mater. Chem. C

bias induced chemical potential response for the interface
associated with the negative bias limiting branch. At elevated
temperature, a partial weakening of this pinning can increase
the effective Schottky barrier on the negative bias side, and if this
increase outweighs the usual thermally assisted carrier emission,
the current magnitude can decrease rather than increase. In this
way, the temperature-dependent transport can be understood as
a polarity-dependent evolution of the effective barrier response
within an already asymmetric back-to-back Schottky junction,
consistent with a temperature-dependent change in the pinning
condition at elevated temperature. Within this qualitative
picture, interface engineering emerges as a practical route for
controlling hysteretic transport and temperature-dependent bar-
rier modulation in vertical 2D junctions. In particular, encapsu-
lation and surface passivation may help tune defect asymmetry
and thereby modify the resulting transport response.

Conclusions

In conclusion, we identify bias-dependent interfacial asymme-
try, history-dependent hysteretic transport characteristics, and
temperature-dependent changes in the effective barrier profile in
a vertically stacked bilayer Gr/MoSe,/Gr junction by combining
in situ bias-dependent Raman spectroscopy and temperature-
dependent transport characterizations. Under finite bias, the
graphene Raman response evolves from a single-component line
shape into two distinct contributions, enabling layer-resolved
extraction of the chemical-potential shifts of the two graphene
electrodes. The extracted shifts are strongly asymmetric, with
Grpor showing a consistently smaller response than Gry,,, indi-
cating that the bottom interface is less electrostatically tunable.

The hysteretic I-V response and the polarity-dependent
temperature response are both consistent with Fermi level
pinning at the MoSe,/Gry, interface. This behavior may reflect
a nonequivalent defect environment created during transfer

This journal is © The Royal Society of Chemistry 2026
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and stacking. In particular, Se-related defects may remain more
prominent at one interface. At the other interface, additional air
exposure of the upper MoSe, surface before the transfer of Gry,,
may promote O-related defect modification, thereby producing
an asymmetric junction. At higher temperature, a temperature-
dependent change in the pinning condition at the bottom
interface may increase the effective barrier height under nega-
tive bias and further enhance the transport asymmetry.

More broadly, these results show that the electrostatic
response of vertical Gr/MoSe,/Gr is governed not only by the
nominal layer sequence but also by the interfacial condition
established during transfer and stacking. This highlights that
interface engineering, either to suppress defect-related pinning
and recover larger electrostatic chemical-potential shifts or to
control pinning in a controlled manner, could provide a useful
route to tuning the operation of future electronic and optoelec-
tronic devices.
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