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ABSTRACT

The knowledge of energy band alignment in heterojunctions with atomically thin transition metal dichalcogenides (TMDs) is critical for
their use in advanced electronic and optoelectronic devices. Despite considerable efforts, the measurement of energy band offset across het-
erojunctions has been challenging, especially for van der Waals bonded stacks. Key obstacles are related to the scarce and often inconsistent
information regarding the bandgap of the TMD layer and the offset between the conduction and valence bands, which is usually inferred
from different measurement techniques and samples. To overcome this obstacle, we report combined internal photoemission (IPE) and pho-
toconductivity measurements from 3-monolayer (ML) MoS, films, grown by chemical vapor deposition on sapphire and transferred onto
HfO,-covered silicon. We compare the spectral threshold of electron IPE in this heterostructure with IPE data from the Si/HfO, interface,
yielding the value of the electrostatic potential variation. To improve band offset predictions, we examine the applicability of the classical
electron affinity rule by deriving characteristic energies. Our results show that electronic properties at 2D TMD/insulator interfaces depend g
on the interface processing prior to the 2D material transfer, allowing for the modification of band offsets by adjusting the interface.
Furthermore, the measured photoconductivity spectra of 3ML MoS, allow us to evaluate the bandgap of the TMD layer, which, combined
with the IPE barriers, establishes the interface band diagram of a heterojunction. The presented IPE-based experimental approach can be
extended to other two-dimensional TMDs for determining the corresponding band alignment schemes. It evaluates the impact of process-
ing, such as solvent-based MoS, transfer, which introduces a dipole and alters band alignment.
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I. INTRODUCTION advantage of these materials lies in their chemically inert sur-
faces,'™'® which facilitate ultra-fast charge transport in few-
monolayer (ML) thickness range compared to traditional semicon-
ductors such as silicon'” and indium gallium zinc oxide."®

Despite their promising properties, the integration of 2D
materials with insulating layers faces critical challenges due to the
screening and Coulomb scattering of charge carriers arising from
impurities and defects at the interface. For example, empirical

The emergence of two-dimensional (2D) semiconductors has
opened new avenues for next-generation electronic and optoelec-
tronic devices, offering a compelling alternative to conventional
silicon technologies.l’l With their atomically thin structure, these
materials exhibit exceptional electronic and optical properties,
making them prime candidates for field-effect transistors,”® spin-

. . 7,8 . . 9 ..
tronic devices,”" and sensor applications.” Notably, transition studies have demonstrated that amorphous dielectric substrates,
metal dichalcogenides (TMDs) such as MoS,, MoSe,, WS, and  such as SiO,, can significantly reduce charge-carrier mobility in
WSe, stand out owing to their intrinsic semiconducting proper- TMDs due to enhanced scattering.lg’B
ties,'"" well-defined bandgap that can be tuned by changing the Conversely, high-k dielectrics®">** and atomically flat 2D insu-

10,12

number of layers and high charge-carrier mobility.'>'* A key lators like hexagonal boron nitride (hBN) have been shown to
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mitigate these effects, leading to superior electrical performance.
However, assessing these performance metrics often requires device
fabrication, where processing steps can introduce additional noni-
dealities, complicating direct electrical characterization.”” ™’

An important issue associated with the characterization of
TMDs is related to the energy band alignment. In heterojunctions
of 2D materials with 3D insulating oxides, electronic transport is
influenced by the weak van der Waals (vdW) bonding between
them. Crucial parameters that need to be known, and eventually
controlled, to enable the fabrication of low-voltage devices, are the
energy band offsets for electrons and holes. These offsets are deter-
mined by the relative alignment of the energy bands.

Energy band alignment at the interface between 2D materials
and insulators is particularly intricate due to the unique nature of
these weakly bonded heterostructures. Unlike conventional cova-
lently bonded metal-oxide-semiconductor (MOS) systems, where
defect states and interface trap densities can be well characterized,
2D materials introduce additional complexities. For example, SiO,
is known to host defect bands at 2.6 and 4.6 eV below the conduc-
tion band (CB),”® while HfO, possesses defect states approximately
2eV below the CB.”” In the case of 2D materials, interfacial
species, such as water and hydrocarbons introduced during mate-
rial transfer or exfoliation, can further influence energy band align-
ment.””’"  Additionally, polar hydroxyl (OH) groups on oxide
surfaces have been linked to dipole formation and midgap trap
states, as observed in transferred Mo$S, layers.3 132 Unlike traditional
high-temperature SiO, growth on silicon, which forms a robust
covalently bonded interface free of residual contaminants, the van
der Waals interaction between 2D materials and insulators inher-
ently permits the persistence of interfacial species, compromising
interface passivation and stability.”

From a technological standpoint, the use of multilayer 2D
semiconductors instead of monolayers (MLs) can offer advantages
in mitigating some of these interface-related challenges. Thicker
layers exhibit reduced susceptibility to ambient degradation,”
lower contact resistance due to a smaller bandgap,”*® and
enhanced current densities. In this study, we investigate the ballistic
transport properties of photo-excited electrons across multilayer
MoS, interfaces with two technologically relevant dielectrics, SiO,
and HfO,. Furthermore, we propose a methodology to qualitatively
assess band discontinuities at these interfaces, providing insight
into optimizing 2D material integration with insulating substrates
for device applications.

Il. EXPERIMENTAL DETAILS

Large-area (cm? scale) 3ML MoS, films were synthesized via
DC magnetron sputtering of Mo in a sulfur vapor ambient’” on
boron-doped (10" cm™) (100)-oriented silicon, on which 25 nm
oxide was grown by thermal oxidation. The quality of these films,
assessed by x-ray photoelectron spectroscopy, Raman scattering,
atomic force microscopy (AFM), and other methods, is detailed
elsewhere.”™"

As an alternative to direct growth on SiO,/Si, a second series
of MoS, films were synthesized on c-plane sapphire by metalor-
ganic chemical vapor deposition (MOCVD) with Mo(CO)s, H,S,
H,, and N, precursors at 850 °C and then transferred to HfO,/TiN/
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SiO,/p-Si substrates via a two-step water intercalation process."’
The average thickness of the MoS, film was 2.5nm that corre-
sponds to three monolayers, as determined by Rutherford backscat-
tering spectrometry and AFM."' The target substrate comprised
20 nm of TiN, formed by physical vapor deposition onto 50 nm of
SiO, that was thermally grown on p-type Si(100). TiN acted as a
buried metal gate, decoupling the high-k HfO, (12 nm) grown by
atomic layer deposition (ALD) using HfCl, and water precursors
from the Si/SiO, substrate. Before MoS, transfer, the HfO, surface
was annealed in a forming gas (95:5, N:H,) at 450 °C for 15 min.
For internal photoemission (IPE) measurements, both MOS capaci-
tor structures [Fig. 1(a)] had ~100nm thick Au pads that are
known to form reliable electrical contacts with MoS,,">"’ while a
blanket Al layer on the silicon wafer’s backside served as the back
contact.

The Au pads were thermally evaporated through a shadow
mask to prevent MoS, damage. This measurement geometry allows
charge carrier generation studies in monolayer semiconductors
beneath 10-20 nm thick semitransparent metal electrodes.”™** It
further enables detecting the photogeneration of charge carriers in
discontinuous semiconductor layers, which is otherwise impossible.

The quantum yield Y(hv) of IPE was defined as photocurrent
normalized to the incident photon flux and analyzed as a function
of photon energy. Photocurrent was measured at room temperature
by applying a gate bias V,, and illuminating the sample with mono-
chromatic light from a 150 W Xe arc lamp and Czerny-Turner
monochromator. The photocurrent was recorded with a Keithley
6517 A electrometer. The use of Si and MoS, electrodes in the
same capacitor allows one to use the Si(100) valence band (VB) top
edge as reliable energy reference level, enabling the evaluation of
conduction band positions in $i0,, AL,Os,">*” and HfO, insulators
with an accuracy of approximately 50-100 meV. The stability of the
Si VB across interface conditions stems from minimal dipole or
charge effects.*>*

To accurately estimate the voltage drop across the insulating
oxides, the flatband voltage, corresponding to zero strength of the
electric field in the oxide insulator, is determined from IPE
current-voltage measurements under illumination with a specific
photon energy, at which the photocurrent changes sign. The
applied bias, corrected for the flatband voltage, is then divided
by the oxide thickness to calculate the average electric field
strength. For the 3ML MoS,/HfO,/TiN/SiO,/p-Si stack, the
flatband voltage was measured as Vp=-045+0.1V, while for the
3ML MoS,/SiO,/p-Si stack structure, it was Vg, =—0.2+0.1 V.

lll. RESULTS AND DISCUSSION

In MOS capacitors, a 2D TMD film can function as both a
light absorber and photo-electron emitter.'>*>*” Figure 2(a) shows
the photocurrent spectrum, plotted in the Powell coordinates
Y3(hv),*® measured at —1.5 V for the 3ML MoS,/HfO,/TiN/SiO,/
p-Si structure. The spectrum features three distinct regions corre-
sponding to different electronic excitation processes. The first
region, spanning 1.5-3 eV, is attributed to transient photoconduc-
tivity, including the generation of A and B excitons*’ [see the inset
in Fig. 2(a)], dissociation, trapping, and carrier collection.
Transient photoconductivity is linked to trap states, as evidenced

8€:2H'GL 920z Asenuer og

J. Appl. Phys. 137, 244304 (2025); doi: 10.1063/5.0279067
© Author(s) 2025

137, 244304-2


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

-50
Light source
-55
Au contact &5
2D TMD film <
— =
R ed
Insulator £ 65
£
-
&)
-70
Ienc

75 L

0.0 02 04 06 08 1.0 1.2 14 1.6 1.8 20 22 24 26 28 3.0 3.2

ARTICLE pubs.aip.org/aip/jap
T T T T T T T T T T T T T T T
M K Vg=-1.5V
B A=890 nm i
K
i On_V T
E] i
A=616 nm at Ml off
3 [ g

A=670 nm

Light ON W
| (b)

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Time (min)

FIG. 1. (a) Schematic of a photocapacitor incorporating a transition metal dichalcogenide (TMD) transferred on top of an insulating layer. (b) The observed relaxation tran-
sient of the displacement current in an Au/3ML MoS,/HfO, (12 nm)/TiN/p-type Si structure under a voltage of —1.5V applied to the 2D layer through an Au contact, illumi-
nated with 616, 670, or 890 nm light. The inset displays the square-shaped light pulse generated by the Xe lamp when the shutter is open. The rising and falling edges of
the signal reflect the dynamics of charge trapping at the interface during transitions between illuminated and dark states. The resulting photocurrent arises from carrier

transport, followed by the trapping and release (detrapping) of electrons (under negative

by transient current behavior, observed for short time delays
between opening the light shutter and reading the current
[Fig. 1(b)]. Upon turning off the light, the trapped carriers are
released from oxide traps at the interface, generating a current in
the opposite direction and thereby inverting the overall current
polarity. Our relaxation current measurements show the depen-
dence of the signal amplitude on the excitation light wavelength
[Fig. 1(b)]. Furthermore, when the illumination wavelength is
downshifted to 890 nm—below the energy threshold for indirect
bandgap transitions in MoS,—the optical absorption drops dramat-
ically. Consequently, fewer photoexcited carriers are generated, pre-
venting the trap filling and effectively suppressing the observed
photocurrent. For photon energies in the range 1.85-2 ¢V, close to
the 3ML indirect gap bandgap, we observe an increase in transient
photoconductivity. In contrast, at lower excitation energies (below
1.5eV), the transient photoconductivity decreases. This indicates
the high sensitivity of the measurements to the MoS, absorption
spectrum.'”

As photon energy increases, the green curve [(2) in Fig. 2(a)]
reveals the IPE of electrons from the MoS, VB to the HfO, CB.
Electrons absorbing photons with energy greater than 3.5eV can
overcome the MoS,/HfO, barrier, contributing to the measured
current. At photon energies above 5.5 eV, a further increase in the
quantum yield is observed and attributed to intrinsic photoconduc-
tivity in the m-phase of HfO,, i.e., to electron transitions from the
oxide VB to the CB as schematically shown in Fig. 2(b). We elabo-
rate this 5.5 eV threshold in Fig. 3, which is discussed below.

Intrinsic photoconductivity in TMDs requires exciton dissoci-
ation into free carriers, achieved by applying a DC electric field

bias) or holes (under positive bias) at the TMD/insulator interface.

across the capacitor. The photocurrent is generated by the transport
and subsequent trapping or detrapping of electrons at the TMD/
insulator interface (Vg<0).44 Hence, this technique allows us to
identify excitonic fingerprints and study photoconductivity in
TMDs.

We begin by extracting the IPE spectral thresholds from the
yield spectra of 3ML MoS, transferred onto HfO,, as depicted in
Fig. 3(a). The Y"*(hv) spectra exhibit a linear relationship within
the energy range of 3.6-4.7 eV. This linearity enables the determi-
nation of the IPE spectral thresholds, which reflect the energy dif-
ference between the top of the MoS, VB and the bottom of the
HfO, CB. The thresholds are identified by extrapolating the IPE
yield to zero for each applied bias.

Initial measurements on similar capacitors indicated that the
maximum safe applied bias was —2.75 V. Bias values beyond this
threshold lead to the breakdown of the insulating layer. With
increasing applied bias, the IPE spectra of the 3ML MoS, layers
develop a tail that extends down to approximately 1.3 eV below the
main IPE threshold. This suggests the presence of localized states
in the bandgap at the interface or within the oxide layer. It has
been confirmed that crystallized HfO, films contain deep
electron-trapping gap states, which are not eliminated even after
annealing at 450°C. Photo-depopulation spectroscopy on
ALD-grown HfO, films demonstrates that even after a 15min
anneal at 1000 °C in nitrogen, these trap states remain largely unaf-
fected, indicating their intrinsic nature.”’

To determine the HfO, bandgap, we analyze the photocurrent
spectral threshold using the Y2 (hv) plot (Fig. S3 in the
supplementary material), which is appropriate for indirect optical
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FIG. 2. (a) Cube root of photoemission quantum yield (Y) vs photon energy (hv) for the 3ML MoS,/HfO,/TiN/SiO,/p-Si structure under a —1.5V bias applied to the top
Au electrode. Electrons are injected from the MoS, photoemitter into the HfO, layer. The spectrum shows several contributions: (1) photoconductivity (PhC) of 3ML MoS,,
(2) internal photoemission (IPE) from the MoS; valence band (VB) to the HfO, conduction band (CB), and (3) intrinsic photoconductivity of HfO,. The inset highlights that
in the range 1.5-2.5 eV, the measured quantum yield is dominated by the A and B excitons, which dissociate in the applied electric field. (b) Simplified band diagram of
the 3ML MoS,/HfO,/TiN/SiO,/p-Si capacitor under negative bias (V, < 0). (1) The PhC contribution corresponds to electronic transitions from VB states to the CB of MoS,.
(2) The energy barrier between the MoS, VB and the collector CB represents the IPE threshold for electrons. (3) Oxide photoconductivity involves electron excitation to
states within the collector’s band structure. E, .. stands for electron energy in vacuum.

transitions, given that electron crystal momentum is not conserved
in optical transitions in amorphous or disordered materials. This
inference is consistent with the low dispersion of electron states at
the top of the VB of non-magnetic oxides derived from the lone-
pair Oy, orbitals, which makes the indirect transition model uni-
versally applicable to oxide insulators.”” From the PhC spectra, a
threshold is identified by a steep line that marks the band-to-band
excitation within the 5.5-6 eV range in the insulator (Fig. S3 in the
supplementary material). This allows us to estimate the bandgap as
5.5 eV with an experimental uncertainty of 0.1 eV. This gap width
value is consistent with the presence of the monoclinic m-HfO,
phase, as established previously through a combination of x-ray dif-
fraction, optical, and photoconductivity measurements.’"”* The
optical transitions at around 5.5 eV across the HfO, bandgap indi-
cate a significant degree of crystallization in the HfO, layer upon
annealing at 450 °C.

To determine the bandgap of the 3ML MoS, using the mea-
sured displacement photocurrent, we separated the excitonic and
free carrier components of the photocurrent and extracted the
bandgap of synthetic 3ML MoS, films by fitting the spectra to the
Tauc model."* Figure S2(b) in the supplementary material shows
the photocurrent spectra of a 3ML MoS,/HfO,/TiN/SiO,/p-Si
capacitor, measured at gate voltages of —1 and —1.5V, normalized
to the A exciton peak. An additional B peak at 2.01 eV appears

above the A peak. The Tauc plot for the 3ML MoS,/HfO,/TiN/
SiO,/p-Si capacitor [Fig. 3(b)] was obtained by removing the exci-
tonic component using a linear combination of photocurrent
spectra at Vo=—1 and —1.5V. Since the photocurrent I, is pro-
portional to the absorption coefficient @,'* the bandgap values can
be extracted using the following equation:

Uphe - hv)* = C- (hv — E), (1)

where hv is the incident photon energy, E, is the bandgap, C is a
constant, and the exponent b equals 2 or 1/2 for the direct or indi-
rect bandgap in a 3D semiconductor, respectively. Then, E, is
extracted by extrapolating the linear region of a (I, x hv)’ vs hv
plot to zero current.

This procedure, validated across several capacitors with SiO,
and HfO, insulators and Tauc exponents b =1/2 and b =2, yields
indirect and direct bandgaps of 1.8 £0.1 and 2.4+ 0.1 eV, respec-
tively. From the Tauc plot and excitonic transition energies, we
determine the binding energy of A exciton as Epq=Eg— Ecx.
For 3ML MoS,, this gives E;,;=0.55 eV, consistent with values of
0.3-0.6 eV reported for similar 3ML Mo$, systems.' >

In multilayer MoS,, both direct and indirect transitions arise
due to its complex band structure. As the number of layers increases,

8€:2H'GL 920z Asenuer og

J. Appl. Phys. 137, 244304 (2025); doi: 10.1063/5.0279067
© Author(s) 2025

137, 244304-4


https://doi.org/10.60893/figshare.jap.c.7858883
https://doi.org/10.60893/figshare.jap.c.7858883
https://pubs.aip.org/aip/jap

Journal of
Applied Physics

0-35 T T T T T % T ¥ T % WIAA
2 3ML MoS,/HfO, 4 /s |
0.30 | — t X,.= YN
0.25 4 A? L
o F Ec H AA‘_‘A A
/:? I De | Ec i
S 020 | Ev S 4\‘ i
o £
205} ; .
< MoSz2| i | si A
— H
0.10 L—T’—J : Eg 4
Vg<0
0.05 - i
: Ve=-0.15vi (@)
0.00 EEEEEEEEE ' ' i

20 25 30 35 40 45 50 55 60 65
Photon energy (eV)

ARTICLE pubs.aip.org/aip/jap

30 3 ML Mos,/HfO, )
251 Fg indirect ~1.8eV /'/;
- ~24eV 5 &
:; 20L g, direct / ":'_
= &
o o b=12 Ve 2
Z15 _ ol &
E:) b_2 ’,' /
= .0

0.5

i o
.. 1 4
$
6 F
.

7

20 22 24
Photon energy (eV)

0.0

FIG. 3. (a) Cube root of the IPE yield plotted vs photon energy for 3ML MoS,/m-HfO, capacitors under negative biases from —0.15 to —2.75 V. The inset shows a sche-
matic of electronic transitions from the MoS, valence band (VB) to the m-HfO, conduction band (CB) and its photoconductivity (PhC). The vertical line marks the onset of
intrinsic PhC of the oxide with Eg(HfO,) =5.5+0.1eV. (b) Corresponding Tauc plots, where b equals 2 for direct allowed and 1/2 for indirect allowed optical transitions.
The extrapolation of the linear region for b=1/2 and b =2 yields 1.8 £ 0.1 and 2.4 + 0.1 eV for the indirect and direct bandgaps, respectively.

strong spin-orbit coupling and interlayer interactions induce a tran-
sition from a direct to an indirect bandgap. Specifically, conduction
band splitting along the K-I" direction in the Brillouin zone lowers
the conduction band minimum away from the K point,”* making
indirect transitions energetically favorable. Therefore, for the conduc-
tion band offset estimated from IPE, we use the indirect bandgap
value of 1.8 eV, as it reflects the dominant excitation pathway and
provides a realistic estimate of the carrier injection barrier at the
MoS,/insulator interface. Importantly, the energy barrier extracted
from IPE measurements corresponds to the lowest energy required
for electrons to overcome the interface barrier in the 3ML MoS,/
HfO, system. This barrier represents an electronic transition from
the global valence band maximum at the I” point in MoS, to con-
duction band states in the insulator. This is because photoemission
is governed by the highest occupied electronic states, and in multi-
layer MoS,, the absolute valence band maximum lies at I, not at the
K point. As a result, transitions involving states at " dominate the
onset of photoemission, even though the direct transition at K is
optically allowed.

The energy of IPE thresholds @,, extracted using the Y3 (hy)
plot at different applied voltages for both MoS,/a-SiO, and MoS,/
HfO, interfaces, linearly decreases with the square root of electric
field F in the oxide [Fig. 3(a)], as expected within the image-force
model. This model,”” also known as the Schottky effect, predicts

that @, = @y — g4/~

Frrwen where g is the electron charge, g, is the
vacuum dielectric permittivity, and &; is the effective image-force
constant that corresponds to the dielectric function inside the
barrier region and accounts for different polarization processes
at the MoS,/dielectric interface. For the relatively clean 3ML

MoS,/a-SiO, interface, where MoS, was synthesized under C-free

and H-free conditions (slow sputtering of Mo in sulfur vapor),
£;~2 is close to & ~ n? where n=146 is the refractive index of
Si0,,*>*>*" and the IPE barrier height is 3.6 +0.05 eV. Combined
with experimentally determined indirect gap of 1.8eV for 3ML
MoS, and electron affinity of a-SiO, y=0.9 eV, inferred from the
combination of IPE and external photoemission spectral thresh-
olds,”® this results in a CB offset of ca. 1.85¢eV [Fig. 4(b)]. This
value closely matches the CB offset derived from the IPE threshold
for the 3ML MoS,/SiO, interface,'>">" considering the 1.8eV
bandgap that we determined for 3ML MoS, from the Tauc plots of
Fig. 3(b). The y value of 3ML MoS,, determined using IPE barrier
data, the EA of SiO,, and the bandgap value of 3ML MoS,, equals
2.7eV. By contrast, much weaker barrier lowering occurs at the
MoS,/HfO, interface with &;~ 25. Such a weak field dependence
results in an attenuated image-force interaction between a photo-
emitted electron and 2D photoemitter. It has been previously
observed for MoS,/a-Al,O; interface’” and indicates the presence
of charge traps at the oxide surface.

The above observation can be further correlated with the corre-
sponding sub-threshold tail in the electron IPE spectra observed for
both MoS,/HfO, and MoS,/a-AL,O; interfaces. As compared to the
IPE barrier at the MoS,/a-SiO, interface, a considerably higher IPE
threshold of =4.1¢eV is found for the MoS,/HfO, case [Fig. 4(a)].
The y;,,(HfO,) =2 eV value can be estimated using the reported ioni-
zation energy of silicon of 5.15eV"" and the electron barrier at the Si/
HfO, interface of 3.1eV">*°—the energy between the top of Si VB
and the bottom edge of HfO, CB. Taking into account the obtained
IPE threshold and the bandgap of 3ML MoS,, the value of the CB
offset at the 3ML MoS,/HfO, interface can be estimated as
E.= ®(F) — Eg~ 2.3 eV. When combined with the y value of hafnia,
the CB offset results in the electron affinity y ~ 4.3 eV for 3ML MoS,.
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FIG. 4. (a) Schottky plots of the field dependence of the IPE thresholds. Black triangles correspond to an Au/3ML MoS,/HfO, (12 nm)/TiN (20 nm)/a-SiO, (50 nm)/p-Si
(100) capacitor, while blue circles represent 3ML MoS,/a-SiO, (25 nm)/p-Si (100). Dashed lines show the linear extrapolation to zero field, and the brown dotted line marks
the expected VB edge position of 3ML MoS, at the m-HfO, interface. (b) Band alignments for Si/a-SiO,/3ML MoS; and (c) Si/a-SiO,/TiN/HfO,/3ML MoS, structures under
flatband conditions at the Sioxide interface, assuming no oxide charges. The measured IPE barriers (®,) and corresponding electron affinities (y) are shown for each
structure. (c) The hypothesized dipole layer at the 3ML MoS,/HfO, interface. All energies are in eV.

8
]
Our measurements demonstrate that, contrary to the case of the CB offsets, given by AE.(Si/a-SiO,) — AE(Si/HfO,) =1.15¢€V, g
chemically bonded interfaces, the difference in IPE barrier heights directly reflects the variation in y values of the two oxides predicted x
for 3ML MoS, does not corrt_esl_)(_)nfi to the difference in the y by the Electron Affinity Rule (EAR). This observation indicates §
values of the insulating films.">"""°° Note that the difference in a barrier increase of about 0.6-0.7 eV for the 3ML MoS,/HfO, £
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FIG. 5. (a) Cross-sectional TEM micrograph of the TiN/HfO,/MoS, stack showing three complete MLs of MoS, with a total thickness of 2.5 nm. A carbon interlayer is
seen as a dark contrast at the HfO,/MoS, interface. (b) EDX analysis along the cutline confirms the presence of a 1-2 nm thick carbon-based interlayer.
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TABLE |. Summary of the experimental IPE data obtained for the vdW-bonded MoS, interfaces as compared to the chemically bonded interfaces with silicon. The @, values
correspond to the electron barrier heights between the VB top in the semiconductor and CB bottom in the oxide. IPE experiments revealed no measurable dipole contribution

« m

for the MoS; films grown in C-free and H-free conditions using magnetron sputtering, as indicated by the “..." symbol. This observation also applies to chemically bonded inter-
faces. However, surface dipoles with a magnitude of 0.6-1 eV are typically observed for both sulfurization-grown and transferred MoS, films. PW stands for the present work.

Interface D, (eV) Oxide Eg(eV) Oxide y(eV) q-A Vdipole (eV) Reference
(1) Van der Waals bonded

1ML MoS,/a-SiO, 4 8.9 0.9 45

3ML MoS,/a-SiO, 36 8.9 )

1ML MOSZ/a-A1203 4.1 6.2 1.9 ~1 45

3ML MoS,/m-HfO, 4.1 5.5 2 ~0.6 PW
(2) Chemically bonded (bulk)

Si(100)/a-SiO, 425 45

Si(100)/a-AL,O5 325 45

Si(100)/m-HfO, 3.1 46 and 47

heterojunction compared to the EAR prediction. Hence, an
additional electrostatic potential variation may be present at the
MoS,/m-HfO, interface, which we attribute to an interface dipole
layer. Therefore, the EAR needs to be corrected by including the
additional term g A Vdipole,

AEc =y, — x, + q - AVdipole, )

where y; and y, are the y values of 3ML MoS, and HfO, layers,
and the term g-A Vdipole corresponds to an additional drop of
approximately 0.7 V in the electrostatic potential across the studied
3ML MoS,/HfO, interface. A possible origin of this dipole is
discussed below. It is important to note that a direct comparison
of IPE barriers for the two cases—the direct synthesis of 3ML
MoS, on SiO, and the transfer of 3ML MoS, onto the HfO,
(12 nm)/TiN (20 nm)/a-SiO,(50 nm)/p-Si (100) structure—is not
straightforward. This is because, in the latter case, the energy band
alignment is influenced by two factors: the intrinsic states at the
interface between 3ML MoS, and HfO, (12 nm), as well as poten-
tial interface contamination resulting from the MoS, transfer.

To better understand the possible origin of the observed IPE
barrier increase as a result of TMD layer transfer and indicate pos-
sible factors disturbing the electrostatic potential distribution across
the MoS,/HfO, interface, cross-sectional transmission electron
microscopy (TEM) and energy-dispersive x-ray spectroscopy
(EDX) analysis was performed (Fig. 5). TEM and EDX analysis of
the investigated MoS,/HfO,/TiN/SiO,/p-Si stack revealed the pres-
ence of a ca. 1-2nm thick carbon-rich interlayer, probably result-
ing from the wet transfer processing and the use of a polymethyl
methacrylate protective layer during processing. This is in stark
contrast to the interface quality observed when few-ML MoS, was
directly grown on SiO, by DC magnetron sputtering of Mo in
sulfur vapor (Mo+S process) without the MoS, layer transfer
(Fig. $4 in the supplementary material). Hence, the behavior of the
IPE threshold at MoS,/HfO, interface and the observed failure of
the EAR due to the electroneutrality violation may be explained by
the incorporation of carbon residuals and water interaction

with the oxide surface as a result of MoS, layer transfer. It suggests
that the carbon residuals along with the interstitial water molecules
and the surface hydroxyl (O-H) groups are the potential factors to
account for the observed electroneutrality violation, which is detri-
mental to e electrostatics of the van der Waals bonded MoS,/oxide
interfaces.

Using the inferred IPE barriers @, measured for the van der
Waals bonded interfaces between 2D TMD and three different
insulating oxides, and for the chemically bonded bulk interfaces,
i.e., the 3ML MoS,/a-SiO, vs the Si/a-SiO, case, the 3ML
MoS,/HfO, vs the Si/HfO, interface, etc., we constructed
the band alignment schematics shown in Figs. 4(b) and 4(c).
The value of the IPE barrier measured at the Si/HfO, interface
and the Si bandgap are either taken from the literature*>*>*>*% or
measured in the present work. As can be seen from Fig. 4, the
barriers at the Si/a-SiO, and Si/HfO, interfaces are sensitive to
changes in y values of the oxide insulator, and, therefore, the
EAR remains pertinent for these 3D chemically bonded hetero-
junctions. By contrast, the ideal affinity rule fails for both the
MoS,/a-Al,0; and the MoS,/HfO, interfaces by predicting signif-
icantly lower barriers than the experimentally observed ones. IPE
data are summarized in Table 1.

IV. CONCLUSIONS

Analysis of 3ML MoS, interfaces with a-SiO, and HfO, reveals
a deviation from the expected ideal Schottky—Mott scenario when
3ML MoS, is transferred onto HfO,. This deviation is primarily
attributed to violations of interface electroneutrality, stemming from
chemical modification of the oxide surface and the presence of a ca.
1 nm interlayer that contains carbon polymer and water residues
from the 2D layer transfer process. Such interfacial contaminations
can significantly affect the performance of TMD-based transistors, as
they may lead to increased carrier scattering and the threshold
voltage shift. Furthermore, the presence of these contaminants intro-
duces electron states accessible for charge carriers in the TMD layer
raising reliability concerns due to charge trapping. The IPE data
indicate the existence of a polarization layer with a net negative
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charge that results in an electrostatic potential variation of approxi-
mately 0.7V across the interface. Our findings demonstrate that
band alignment at 2D TMD/insulator interfaces is not only deter-
mined by the intrinsic properties of the 2D materials but is signifi-
cantly affected by interfacial chemistry and processing conditions,
which particularly affects the insulating oxide surface. The Schottky-
Mott model and electron affinity rule are insufficient for describing
these interfaces, highlighting the necessity for interface barrier height
monitoring to enable interfacial engineering to control the band
offsets and built-in potentials. Processing improvements, such as
enhanced surface cleaning and dry transfer techniques, are essential
for reducing interface contamination.

SUPPLEMENTARY MATERIAL

See the supplementary material for photoconductivity mea-
surements and bandgap determination.
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