Band alignment at GaN/single-layer WSe: interface
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ABSTRACT: We study the band discontinuity at the GaN/single-layer (SL) WSe: heterointerface.
The GaN thin layer is epitaxially grown by molecular beam epitaxy on chemically vapor deposited
SL-WSe»/c-sapphire. We confirm that the WSe> was formed as an SL from structural and optical
analyses using atomic force microscopy, scanning transmission electron microscopy, micro-
Raman, absorbance, and micro-photoluminescence spectra. The determination of band offset
parameters at the GaN/SL-W Se; heterojunction is obtained by high-resolution x-ray photoelectron
spectroscopy, electron affinities and the electronic bandgap values of SL-WSe, and GaN. The
valence band and conduction band offset values are determined to be 2.25+0.15 and 0.80+0.15 eV
respectively, with type II band alignment. The band alignment parameters determined here provide
a route towards the integration of group III nitride semiconducting materials with transition metal
dichalcogenides (TMDs) for designing and modeling of their heterojunction based electronic and

optoelectronic devices.
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1. INTRODUCTION

Group-III nitrides, GaN as a primary material, are well demonstrated with enormous
applications in high efficiency electronic and optoelectronics devices such as high electron
mobility transistors, light emitting diodes, and laser diodes.!™* Recently, group VI transition metal
dichalcogenides (TMDs) in the form of MX> has emerged as a novel atomic layered material
system with challenging thermoelectric, electronic and optoelectronic properties.”® Among the
TMDs, tungsten diselenide (WSe2) in a single layer form is of potential interest for such devices
owing to its direct bandgap of =1.65 eV and prominent transport properties.”!® GaN has small
lattice mismatch of =3.2%, =1.0% and =0.8% with majorly studied TMDs such as WSe, tungsten
disulfide (WS;) and molybdenum disulfide (MoS2)'!, respectively, in comparison to commonly
used substrates such as sapphire, SiC and Si.'*!*> Moreover, recent advances in the integration of
2D-layered materials with wide band gap group III nitride semiconductors is exciting due to
their variety of applications in high current tunnel diodes.'*!> Several efforts were made to grow
GaN on closely lattice matched TMDs. Yamada et al. presented the growth of GaN on bulk MoS:
by plasma-enhanced molecular beam epitaxy'¢. There were recent attempts to grow GaN on large
area MoS> and WS layers, ! layered MoS, on GaN epilayers'® by chemical vapor deposition
(CVD) growth techniques and layer transferred p-MoS> on GaN'#. Though the deposition of large
area single-layer WSe, on sapphire exhibiting direct bandgap has been demonstrated,”!® the
growth of GaN on such large area monolayered WSe> has not yet been explored.

So far, the band offset parameters were determined for either group III nitrides on various
other semiconducting materials or solely TMDs based dissimilar heterostructures using X-ray
photoemission spectroscopic core-levels evaluated with respect to the valence band maximum and
bandgap studies. Though, the band offset parameters (junction type: valence band offset- AEy &
conduction band offset- AE.) are measured for various heterojunctions in the literature.?’>
Recently we have reported the growth of GaN on SL-MoS: and the band alignment parameters
(Type-II: 1.86+0.08 & 0.56+0.10 eV) for GaN/SL-MoS, hetero-interface.’® The band offset
parameters (valence band offset (VBO)-AE, and conduction band offset (CBO)-AEc) and type of
junction by HRXPS for epitaxially formed GaN/SL-WSe> hetero-interface is yet to be
experimentally investigated. The determination of band offset parameters is required to study the
group III nitride/TMDs heterojunction based devices. These hybrid heterojunctions, exhibiting

type I and II band alignments, can be utilized as TMD quantum well based light emitting devices



and the tunnel diodes, respectively.ﬁ’15 Thus, the growth of GaN/SL-WSe: and the determination
of band offsets are necessary to provide a route towards the integration of group III nitrides with
TMDs for designing the electronic and optoelectronic devices.

In this report, in order to study the band discontinuity at the GaN/SL-W Se» heterointerface,
thin GaN layers were epitaxially grown on a CVD prepared SL-WSe». The sustainability of SL-
WSe, during GaN growth is confirmed by the atomic force microscopy (AFM), micro-
photoluminescence (uPL) and Raman spectroscopies. In addition, the band offset parameters for
GaN/SL-WSe; heterojunction were determined using high-resolution x-ray photoelectron
spectroscopy (HRXPS) and electronic band gap values of respective constituent layers in the

heterojunction.

2. EXPERIMENTAL SECTION

The growth experiments of GaN on W Sez/c-sapphire substrates were carried out by Veeco
930 Gen plasma assisted molecular beam epitaxy (PAMBE) system at substrate temperature of
500 "C. The large area WSez SLs were prepared on c-sapphire substrates using CVD and the details
can be found elsewhere!®. The ion and a cryo pumps were employed to attain a base pressure of
3x107!! Torr and oxygen partial pressure <107'! Torr, as obtained by a residual gas analyzer (RGA).
The substrates were thermally outgassed in introduction chamber at 200 ‘C for 30 mins, further
cleaning was carried out in preparation chamber at 300 ‘C for 60 mins and in the growth chamber
at 400 °C for 30 mins. For GaN growth, the nitrogen plasma source was operated with the flow
rate of 1 standard cubic centimeter per minute (sccm) and RF power of 300 W and Ga metal was
evaporated by standard Knudsen cell with beam equivalent pressure (BEP) value of 2.10x10®
Torr. Prior to this, thin AIN buffer layer was grown. The corresponding chamber pressure was
~2.5%107 Torr. The thickness of the GaN epilayer (sample C) is measured to be =500 nm. The
thickness of GaN layer in sample B was estimated to be 61 nm from growth rate calibrations.
The Agilent technologies 5400 atomic force microscopy was used in tapping mode to acquire the
surface morphology of the samples. Structural quality of GaN epilayer was investigated by CuKq
High Resolution X-ray Diffraction (HRXRD) having four-bounce Ge(022) monochromator. High-
angle annular dark field scanning transmission electron microscopy (HAADF-STEM) was utilized
by operating a probe-corrected FEI Titan at an acceleration voltage of 300 kV. A cross- sectional

TEM specimen of sample B was prepared by using FEI’s Helios Dual Beam focused ion beam



(FIB)/SEM equipped with an Omniprobe. Electron energy loss spectroscopy (EELS) acquisition
was performed by using Gatan’s GIF Quantum of Model 966. Using Horiba Aramis room
temperature (RT) uPL, the emission of GaN and WSe> layers was deduced with excitation lines
of He-Cd laser of 325 nm and He-Ne laser of 633 nm, respectively. Absorbance spectra were
acquired with a Shimadzu UV3600 spectrophotometer equipped with integrating sphere. The high-
resolution XPS measurements were carried out using a Kratos Axis Ultra DLD spectrometer
equipped with a monochromatic Al K, X-ray source (hv=1486.6 ¢V) operating at 150 W, a multi-
channel plate and delay line detector under a vacuum of ~10" mbar. The high-resolution spectra
were collected within the limits of spatial resolution at a fixed analyzer pass energy of 20 eV. In
order to eliminate the shifts in the HRXPS spectra associated with the surface charging effect, the
measurements were acquired both with and without electron beam charge compensation. For both
cases, no changes were observed in the determined band alignment. In absence of electron beam
charge, the surface of samples was electrically connected with a clean copper (Cu) foil. The
remnant binding energy shifts were referenced to the adventitious carbon (C 1s) signal.?’”? In this
study, CVD grown SL-WSe> (sample A), MBE grown GaN on SL-WSe; (sample B) and GaN

epilayer (sample C) were used to determine the band offsets at GaN/SL-W Se; hetero-interface.

3. RESULTS AND DISCUSSION

To investigate the surface morphology, root mean square (rms) roughness of GaN/WSe?2
(B) and GaN epilayer (C), and thickness of WSe; layer (A), AFM scans were carried out in tapping
mode. Figures 1(a-c) show the AFM surface topography scans collected on samples C, A and B,
respectively. The AFM images were obtained at different scales to view the fine features according
to surface smoothness of the formed films. Color bars on top of the respective images in Figure 1
show height contrast of the features. From Figure 1(a), the root mean square (rms) surface
roughness for GaN film is =2 nm. Moreover, AFM is one of the most commonly used technique
to determine the number of monolayers of TMDs samples. The thickness of the large area WSe>
layer is found to be =0.76 nm from the line profile as shown in Figure 1(b) for sample A, which is
in agreement with the thickness of Se-W-Se single-layer.!” The inset to Figure 1(b) displays the
optical microscopy image of large area WSe> layer. Figure 1(c) shows the AFM surface
morphology for sample B exhibiting surface rms roughness of =4 nm which is higher than that of

relaxed GaN epilayer (sample C) that results from the lattice mismatch between thin GaN and



WSe;. Thus, AFM study confirms that the CVD deposited large area WSe: is in the form of a
single layer. Further, HRXRD measurements were performed to investigate the crystalline
structure and quality of the GaN epilayer (sample C). Figure 1(d) presents the 20-® scans, which
were obtained on the symmetric (on-axis) and asymmetric (off-axis) planes of sample C.
Asymmetric planes were studied in skew symmetric geometry.* Figure 1(d) displays c-oriented
peaks: at GaN(0002) at 34.52°, GaN(0004) at 73.20° along with the buffer layer AIN(0002) at
35.89° and Al>Os3 substrate (0006) at 41.45°, respectively. The asymmetric reflection shows GaN(

1011) peak at 36.81° GaN(2022) at 78.77° along with the
buffer layer peak AIN(1011) at 38.50° and substrate peak Al,O3(1123) at 43.08°, respectively.

The respective inset shows the ® scans for on-axis GaN(0002) and off-axis GaN(1011)
reflections, with broadening values of =350 and ~980 arc-sec, respectively. Thus, from HRXRD
analysis, sample C possess single crystalline wurtzite structure grown along c-axis exhibiting
moderate crystal quality.

HAADEFE-STEM studies were performed on sample B (GaN/WSe»/c-sapphire) to confirm
the existence and the thickness of GaN and WSe; layers. Figure 2(a) shows the cross sectional
HAADEF-STEM image recorded on sample B which is prepared by FIB. Prior to this, the Ti metal
layer having thickness of =500 nm was deposited on sample B by e-beam evaporation method to
avoid any physical damage of thin GaN and WSe; layers at the heterojunction caused by focused
ion beams while the sample preparation was done for STEM studies. This reveals that the thickness
of GaN/WSe; heterojunction is =7 nm. Figure 2(b) shows the magnified STEM image of Figure
2(a) obtained across the GaN/W Se>/c-sapphire heterojunction (sample B). STEM-EELS imaging
data sets were acquired to generate the elemental maps of W, Se, Ga and Al elements by employing
W-M (1809 eV), Se-L (1436 eV), Ga-L (1117 eV), and Al-K (1560 eV) EELS edges, respectively.
The elements W, Se, Ga and Al across the junction are, respectively, represented by Blue, Green,
Red, and Yellow colored pixels. Figure 2(c) depicts the elemental mapping of heterojunction showing
the existence of both W and Se atoms at the interface. A STEM-EDS line profile was generated to
re-confirm the presence of SL-WSe2 that is sandwiched between sapphire substrate and GaN thin
film. Figure 2(d) represents the EDS line profiles obtained for elements Al, Ga, W and Se across
the junction. The intensity of line profiles for W and Se atoms increases in the region of SL-WSe>
whereas the line profiles for Ga and Al elements exhibit high intensity in the regions of overgrown

GaN and underlying sapphire substrates, respectively, as shown in Figure 2(d). Therefore, it is
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noted that the line profiles in Figure 2(d) were in accordance with the respective elemental color
mapping as depicted in Figure 2(c). Thus, Figures 2 (b-d) depict the existence of WSe: in the form
of single layer having thickness of =0.78 nm which is in corroboration with AFM analysis. Overall,
the HAADF-STEM analysis is a clear evidence of the formation of GaN/SL-WSe> heterojunction.

Micro-Raman spectroscopy was used to investigate the optical quality as well as to ensure
that the CVD grown WSe; is an SL. Figure 3(a-d) shows the Raman spectra for WSez/c-sapphire,
GaN/WSe»/c-sapphire and GaN/c-sapphire. In order to obtain the enhanced Raman signal from
GaN and WSe; layers, the measurements were carried out with excitation lines of 325 and 633 nm
by which signal can overcome the reduced resonant excitation effect.?®* Thus, both the excitation
sources are required to collect the high intensity phonon modes from the individual layer in

GalN/SL-WSe: heterojunction as described in Figure 3(b and c). The two characteristic peaks in

Figure 3(a and b) observed at 248 cm™ and 259 cm™ are attributed to E; . and Aig phonon
modes.'*!*. These modes correspond to the in plane vibration of W and Se atoms ( E,, ) and out of

plane vibration of Se atoms (4,,) in WSe:. The intensity ratio (Ia/Ig) of these modes is higher than

the reported values which can be attributed to the variation in doping levels.! The observed peaks
at 222, 241, 377 and 398 cm™! stem from the WSe: layer which are consistent with the previous
studies.!®3? The peaks represented by asterisks are from the sapphire substrate. The absence of a
peak at 307 cm™! confirms that the formed WSe: is a single layer which is corroborated by AFM

studies. These results also show the sustainability of WSe> layer during the growth of GaN in

PAMBE. In consequence of the reduced resonant excitation effect?, in Figure 3(b), EX mode of
GaN exhibits lower intensity than the E, . and A1, phonon modes of WSe; while the sample B is
excited with 633 nm line. In contrast, in Figure 3(c), the intensity of £." mode for GaN is higher

than that of the phonon modes ( E, . and Ajg) of WSe> with 325 nm excitation. Further, Figure

3(c) shows a low intensity single peak for both E; . and Ajg phonon modes which is in good

agreement with the literature.** In Figure 3(b and c), the E2" peak of thin GaN grown on WSe;
is significantly blue shifted from that of the bulk GaN (sample C) having the peak at 568.5+0.5
cm™' which results from the strain accompanied by the pseudomorphic growth of GaN on SL-
WSeo/c-sapphire. Thus, AFM, STEM and micro-Raman measurements confirm that the existence

of SL-WSe; during the growth of GaN.



In order to investigate the optical quality of both WSe», bulk like GaN epilayer and
GaN/WSe> (samples A-C) room temperature ¢ PL and absorbance measurements were performed.

Figure 4 (a and b) show the RT ¢PL and optical absorbance spectra acquired on GaN epilayer and

WSes. The optical band edge emissions (Eocj,“tN and Eflft_wsez) for GaN and WSe: are observed at

=3.43 and =1.63 eV, respectively. The low intensity PL for sample B could be due to the presence
of octahedral phase of WSe», which will be discussed later. The WSe> (A) and GaN/WSe: (B)
exhibits the direct optical bandgap which is matching with the value of single layer®®. As
represented in Figure 4(b) the observed states Xa, Xg , Xa' and Xp' for sample A at =1.63, =2.08,
=2.44 and =2.91 eV in the absorbance spectrum are the exciton resonances corresponding to the
transitions from broken inversion symmetry induced two spin-split valence sub-bands to the
conduction band and vice versa®®8. Thus, the spin splitting of WSe: is observed to be =0.45 eV
which is smaller than that of MoSe. exhibiting the largest value of =0.55 eV among MX:
family***°. Hence, this observation confirms that the CVD grown WSe> sample is in the form of
SL, as corroborated by earlier AFM, STEM and micro-Raman measurements. However, these are
not an exact band to band transitions due to the involvement of excitons. The electronic band gap
is measure of actual gap of a material which is the summation of optical bandgap and exciton

).40

(electron-hole) binding energy (Eq.=Eop+Eb).™ Hence, these observed optical bandgap values

differ from reported electronic bandgap values of E;was@ =2.08 eV and E;“N =3.45 eV by their

respective exciton binding energy (Ep) values of =0.450 and =0.023 eV as reported in the
literature. 234142

High-resolution XPS measurements were extensively used to measure the valence band
offset (VBO) of a heterointerface. In order to evaluate VBO at GaN/SL-WSe: interface, the energy
difference between the Ga and W core levels from the GaN/SL- WSe: heterojunction sample and
the energy of core levels relative to the respective valence band maximum (VBM) of the GaN
epilayer and SL- WSe2 samples need to be acquired. As the escape depth of photo emitted electrons
in HRXPS is significantly low, over grown GaN layer of heterojunction sample has to be thin
enough so that the electrons removed from both thin overgrown GaN and underlying SL- WSe>
layers can be easily examined.** However, the surface area of SL-WSe is large enough to carry

out the XPS measurements, due to the non-continuity of the WSe: film on sapphire substrate, the

region of interest on WSez/sapphire and GaN/WSe: samples was selectively chosen within the



spatial resolution of HRXPS measurements.>*** This is executed by comparing the intensity of Ga
2p, W 4f and Al 2p core-levels which allowed us to collect the photoemission signal from solely
SL-WSe/sapphire and GaN/SL- WSe> heterostructures for samples A and B, respectively. Since
LMM auger line of Ga at =397 eV N overlaps with N 1s core level for Al K, anode as x-ray source
in HRXPS measurements, the N 1s core levels are not considered for the analysis of VBO
determination. Furthermore, Ga 3d is also excluded from the analysis as it exists close to the
valence band states.* Thus, in order to determine the VBO, the core levels W 4f, Se 3d and Ga 2p
were used for the analysis. The valence band offset (VBO) for GaN/SL-WSe; heterojunction, can

be calculated by the method provided by Kraut et al.*®

_(pWse, WS@Z) ( GaN/WSe, GaN/WSez)_( GaN GaN)
AEv_(EW4f7,2 Epp )+ EGa2p3/2 EW4f7,2 EGa2p3/2 Eypy (D

, expressed as

From Figure Sa (i and 11), the first term of equation (1) deduced by taking into account the
position of W 4f7, core-level referenced with respect to the VBM, which is measured to be
31.56+0.10 eV. The values of the valence band maxima (VBM) are determined by extrapolating
the linear fit to the leading edge of the valence band to the base level.*’*® Prior to this, W 4f core-
level is deconvoluted so as to access the accurate value that contributed solely from W-Se bonding
in SL-WSe;. In this peak deconvolution process, we use Voigt (mixed Lorentzian-Gaussian) line
shapes for fitting the W-Se (trigonal prismatic -2H) and W-O chemical states, respectively,
centered at 32.52+0.10 and 36.15+£0.10 eV. The later state with low intensity results from WOs
precursor or excess W metal bonding with the oxygen of c-AlO3 at the interface of WSe»/c-
sapphire during high temperature CVD growth.

In order to evaluate the subsequent term, GaN/SL-W Se; sample is used for XPS measurements
where we consider the difference between Ga 2p32 and W 4f7,2 core-levels. Figure 5b (i and 11)
depicts the Ga 2p and W 4f core-levels which are acquired on GaN/SL-WSe; heterointerface.
Figure 5(b-i) represents the Ga 2p core-level which is deconvoluted with Ga-N bonding and any
other states are not observed. The Figure 5(b-ii) shows the fitting of W 4f core-level equipped with
three W 4f7, chemical states at 30.81+0.10, 31.94+0.10 and 36.17+0.10 eV, ascribed to the W-Se
bonding in 1T-WSe: (octahedral), W-Se bonding in 2H-WSe> (trigonal prismatic), and W-O
bonding in WO3, respectively.*” The W 4fs; core-level has similar deconvolutions at higher
binding energy values differed by =2.16 eV from W 4f7, bonding states. The octahedral phase
could be due to unintentional N-plasma intercalation of WSe; single layer during GaN growth

which is as similar as lithium intercalation reported for the case of MoS>*’. The presence of

8



octahedral phase results in the low intensity PL signal for sample B as presented in Figure 4(b).
The W-Se bonding peak infers that the sustainability of SL-WSe, at GaN growth temperature
under UHV oxygen free environment. The absence of any other chemical state associated with W
or Se in Ga 2p core-level spectrum is a clear evidence of Vander Waal epitaxy. Thus, the energy
difference between W 4f7, and Ga 2ps» core-levels is observed to be 1085.92+0.10 eV as
described in Figure 5(b).

The last term indicates the core-level energy 1115.23+0.10 eV of Ga 2p3,2 measured relative
to the respective VBM of 2.2740.15 eV as shown in Figure 5(c). This VBM measured with respect
to the Fermi level for nearly intrinsic GaN which was utilized in the present study is lower than
that of the n-type GaN in the literature (2.7 eV).*’ In Figure 5c(i), Ga 2ps.2 and 2pi,2 core-levels
are deconvoluted with Ga-N bonding state at 1117.50+0.10 and 1144.40+0.10 eV, respectively.
The Fermi level position with respect to the VBM as shown in Figure 5(a-ii and c-ii) infers that
GaN epilayer and SL-WSe; are nearly intrinsic materials. Thus, the VBO from equation (1) is
determined to be =2.25+0.15 eV. The VBO is also confirmed by using VB spectrum, Se 3d and
Ga 2p core levels of samples A and B (see supporting information).

As a result, the substitution of VBO (AEy) obtained from HRXPS analysis (Figure 5) and

electronic bandgap (Eg) values of SL-WSe> and GaN epilayer in equation (2), allows to measure

the conduction band offset (CBO) AE, for GaN/SL-WSe; heterostructure.
_ WSe __ rGaN
AE. =E . ot AE —E . 2)

Thus, the CBO (AE,) is determined to be 0.88+0.10 eV. Furthermore, the measured CBO value is
verified by the Anderson’s affinity rule which is defined as the difference between electron affinity

values of constituent semiconductors of heterojuction.”® The electron affinity (the energy
separation between vacuum level and CBM) values y“", »**"*% of GaN and SL-WSe> were
=4.1 and =3.3 eV, respectively.’’>> UPS measurements were performed to measure the electron
affinity of GaN. Here, electron affinity (y ) of SL-WSe: is extracted using the formula
x¥=¢—(E, —E.;)from our earlier reported work function value deduced by ultraviolet
photoelectron spectroscopic (UPS) measuremetns>2, where ¢ is the work function (3.61 eV) and

E; is the electronic bandgap (2.08 eV) and Er is the Fermi level position with respect to VBM (1.8

eV) of an SL-WSe;. For more details see the supporting information. It should be noted that
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electron affinity is material specific and independent of the Fermi level position. Hence, from
Anderson’s rule, calculated CBO for GaN/SL-WSe; heterojunction is 0.8 eV. The determined
CBO value of 0.88+0.15 eV from HRXPS studies in the present study is consistent with the value
(0.8 eV) obtained by affinity rule, which facilitates in understanding the electron transport

properties across the heterojunction.

Thereby, the experimentally measured offset parameters from this study are presented as a

schematic of band discontinuity diagram in Figure 6 which pertains to type-1I heterostructure.
4. CONCLUSIONS

In conclusion, GaN epitaxial thin layers were deposited on SL-W Se»/c-sapphire substrates
by PAMBE to study the band discontinuity at GaN/SL-W Se; heterointerface. We confirm that the
CVD deposited WSe: is a single-layer by complementary characterization tools such as AFM,
HAADEF-STEM, micro-Raman modes, absorbance and 4PL studies. The determination of band
offset parameters at GaN/SL-WSe: heterostructure was carried out by utilizing the HRXPS,
electron affinities and electronic band gap values. We determine the valence band and conduction
band offset values, respectively, of 2.25+0.15 eV and 0.8+0.15 eV with type Il band alignment at
GaN/SL-WSe> heterostructure. This demonstration of unprecedented band offset parameters
renders a route towards the integration of 3D group III nitride materials with 2D transition metal

dichalcogenide layers.
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Figures and captions.
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Figure 1 shows the AFM scans for (a) GaN epilayer, (b) WSe> and (c) GaN/WSe> samples,

respectively. The line profile of 1(b) represents the thickness of WSe: layer. The inset to Figure
1(b) is optical microscopy image of WSe> sample. Figure 1(d) shows the HRXRD 26-w scans of
on-axis and off-axis reflections and the inset shows the respective w-scans acquired on GaN

epilayer.
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Figure 2 (a and b) show the low and high magnification cross-sectional images of high-angle
annular dark field - scanning transmission electron microscopy (HAADF-STEM) for sample B.
(c) shows the STEM-EELS elemental color maps (W-Blue, Se-Green, Ga-Red, and Al-Yellow).
Figure 2(d) represents the STEM-EDS elemental line profiles acquired across the GaN/WSe>/c-

sapphire heterojunction.
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Figure 3(a-d) show the micro-Raman spectra of samples A-C collected on WSe>, GaN/WSe; and
bulk like GaN samples, respectively. Here, He-Cd (325 nm) and He-Ne (633 nm) excitation

sources (Eexc > Eg) were used to enhance the Raman signal based on the band gap of each material.
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Figure 4(a and b) show the micro-photoluminescence (right y-axis) and absorbance spectra (left
y-axis) of GaN and WSe; samples. The green colored PL peak in Figure 4(b) is for GaN/W Se:

sample.
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Figure 5a (i and ii) present the W 4f core-level and valence band spectra for SL-WSe>. b(i and ii)
show the spectra of Ga 2p and W 4f core-levels for GaN/SL-WSe;. c(i and ii) show Ga 2p core-
level and valence band spectra acquired on GaN epilayer. The peak positions of core-levels are

shown in parentheses.
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Figure 6 shows the schematic representation of type II band alignment at GaN/SL-WSe;

heterointerface.
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