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In order to investigate the effect of different doping types on the band alignment of heterojunctions, we pre-
pared PtSe,/n-GaN, PtSe,/p-GaN, and PtSe;/u-GaN heterojunctions by wet transfer technique. The valence band offsets
(VBO) of the three heterojunctions were measured by x-ray photoelectron spectroscopy (XPS), while the PtSe,/n-GaN is
3.70£0.15 eV, PtSe,/p-GaN is 0.264+0.15 eV, and PtSe;/u-GaN is 3.02+0.15 eV. The conduction band offset (CBO) of
the three heterojunctions was calculated from the material bandgap and VBO, while the PtSe,/n-GaN is 0.6110.15 eV,
PtSe,/p-GaN is 2.83+0.15 eV, and PtSe,/u-GaN is 0.07+£0.15 eV. This signifies that both PtSe,/u-GaN and PtSe,/p-GaN
exhibit type-I band alignment, but the PtSe,/n-GaN heterojunction has type-III band alignment. This signifies that the band
engineering of PtSe;/GaN heterojunction can be achieved by manipulating the concentration and type of doping, which is
significantly relevant for the advancement of related devices through the realization of band alignment and the modulation

of the material properties of the PtSe,/GaN heterojunction.

Keywords: van der Waals heterojunction, x-ray photoelectron spectroscopy, band alignment, gallium nitride,
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1. Introduction

In recent years, two-dimensional (2D) materials have
shown significant potential for electrical and optoelectronic
applications. Due to their distinctive physical and chemical
properties, together with their exceptional mechanical strength
and flexibility.['l The capacity to effortlessly generate very
thin layers and surfaces with dangling connections in 2D mate-
rials is deemed essential for the further progression of Moore’s
law, particularly regarding more Moore.>3! This attribute fa-
cilitates the formation of van der Waals heterojunctions (vd-
WHs) using the simple method of stacking 2D materials. Be-
cause van der Waals forces are present rather than covalent
bonds, lattice mismatch need not be considered in the context
of vdWHs. This significantly lowers the intricacy of synthesis
while broadening the spectrum of accessible materials. Vd-
WHs have been used in several electrical and optoelectronic
devices owing to their exceptional electronic and photonic
features. [+~

Gallium nitride (GaN), as a traditional wide-bandwidth
semiconductor, has exceptional physical features. These char-
acteristics include a bandgap of 3.4 eV, elevated electron mo-
bility, superior thermal conductivity, and exceptional stability.
In comparison to other traditional semiconductors, GaN-based
devices exhibit superior efficiency and are appropriate for
high-frequency applications. Furthermore, the wide bandgap
enables GaN devices to function throughout a broader fre-
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quency spectrum and voltage range. These characteristics
render GaN extensively used in optoelectronics, leading to
the successful development of several high-performance GaN-
based optoelectronic devices, including ultraviolet micro-
LEDs, ! self-powered photodiodes,[lo] and GaN metalens.['!]
Transition metal dichalcogenides (TMDs) are exten-
sively studied 2D materials. Transition metal dichalcogenides
(TMDs) are compounds characterized by the chemical for-
mula MX,, where M denotes a transition metal (e.g., Mo or
W) and X signifies a chalcogen (e.g., S or Se). These com-
pounds possess a multilayer structure and are interconnected
by van der Waals forces.!'?l TMDs offer numerous advantages
compared to other 2D materials, such as enhanced chemi-
cal stability, mechanical flexibility, high strength, controllable
bandgap, efficient light absorption, and more. These quali-
ties make TMDs highly suitable for a wide range of applica-
tions in optoelectronics and energy conversion.!'3!4l MoS, is
now the most extensively researched TMD, used in various

devices such as transistors, 19! phototransistors,[lé]

photode-
tectors with spectrum response,!'”! hydrogen sensors,[!8! and
other applications. Nevertheless, because to the poor carrier
mobility of MoS,, "] the absorbance experiences a substantial
drop as the thickness increases.?”! Additionally, the manufac-
turing method is intricate.”>!) Consequently, the genuine in-
dustrial production of the device is severely restricted. PtSe;,
an emerging TMD, surpasses MoS; in terms of carrier mobil-

22

ity and long-term air stability.??! The transition from a semi-
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conductor to a semimetal state can be achieved by decreasing
the number of layers in PtSe;. This enables the development
of electronic devices with diverse functionalities and enhances
its sensitivity to near-infrared light, resulting in a wide range
of spectral responses for optoelectronic devices.!”>*! PtSe,
may be produced using several methods and at low tempera-
tures, facilitating large-scale manufacturing. PtSe; is an ex-
ceptionally efficient material for gas sensors and field effect
transistors, and it also serves as a basis for the industrial fab-
rication of these devices.>>?® The advancement of commer-
cial synthesis methods for PtSe; necessitates the examination
of its heterostructure. GaN serves as an optimal heterostruc-
ture substrate for sensitive PtSe,, owing to its broad bandgap,
which facilitates the shifting of the absorption edges of the
PtSe,/GaN heterojunction into the deep UV region. This re-
sults in an augmented migration distance and a decreased car-
rier complexation rate. Simultaneously, GaN has remarkable
environmental stability, enabling the device to function well
over a broader spectrum of conditions.?”!

Undoped GaN demonstrates n-type conductivity, which
changes during doping. Furthermore, GaN exhibits significant
sensitivity to doping, with the particular kind and concentra-
tion of dopant profoundly affecting metrics like as mobility,
dislocation density, and carrier concentration. Various forms
of conductive GaN used as the PtSe, substrate result in dis-
tinct band orientations in the heterojunction. The device’s ap-
plication and performance are governed by the regulation of
the impurity type and concentration of the band alignment. (8]
Hence, in order to advance the progress of PtSe,/GaN devices,
it is essential to assess the impact of different doping types of
GaN substrates on the band alignment of the PtSe,/GaN het-
erojunction.

We fabricated three kinds of heterojunctions using a
triple-layer PtSe, film in conjunction with Si-doped n-type
GaN (n-GaN), Mg-doped p-type GaN (p-GaN), and un-
doped GaN (u-GaN). Utilizing x-ray photoelectron spec-
troscopy (XPS), we measured the valence band maximum
(VBM) and core level (CL) of three heterojunctions. Fur-
thermore, we assessed the band alignment configurations of
these heterojunctions using the Kraut formula. This formula
may be used to several interfaces, including the insulator-
semiconductor interface!?>3°! and the organic—inorganic semi-

B11 1t effectively eradicates the surface

conductor interface.
photovoltage effect of GaN. The band structure may be pre-
cisely determined.*>33 The thickness of PtSe, was assessed
using atomic force microscopy (AFM). We investigate the in-
fluence of GaN conductivity type on PtSe,/GaN heterojunc-
tions and the band alignment of heterojunctions created by
PtSe; and GaN with differing conductivities. This study seeks
to provide insights for the advancement and fabrication of

PtSe, devices.

2. Experimental details

To evaluate the band alignment of vdWHs, seven samples
were prepared: PtSe,/u-GaN heterojunction film, PtSe,/n-
GaN heterojunction film, PtSe,/p-GaN heterojunction film,
triple-layer PtSe; film, u-GaN film, n-GaN film, and p-GaN
film. The triple layer PtSe,, u-GaN, n-GaN, and p-GaN films
used in the experiments were obtained from 6 Carbon Tech-
nology (Shenzhen) Co. All three GaN films were prepared
by metal—organic chemical vapor deposition (MOCVD) tech-
nique using sapphire as the substrate and a low-temperature
GaN buffer layer, ammonia (NH3) as the nitrogen source,
and trimethylgallium (TMGa) as the gallium source. n-GaN
films were doped with silane (SiH4) at a concentration of
5% 10'"® cm™3, while p-GaN films were doped with bis-
cyclopentadienyl magnesium (CP2Mg) at a concentration of
5% 10" em™3. u-GaN was not doped. All three GaN orien-
tations are (0001). PtSe, films were fabricated on a copper
(Cu) substrate and partially encapsulated with a polymethyl
methacrylate (PMMA) layer; the unencapsulated PtSe, were
used as XPS samples. Heterojunctions are fabricated using
the wet transfer approach, which is extensively used in het-
erojunction synthesis, and several studies have shown the effi-
cacy of this method.3*-3%! Prior to wet transfer, the GaN sur-
face was ultrasonically cleaned with acetone and ethanol to
remove contaminated carbon and oxides from the GaN sur-
face. Furthermore, this process can activate the GaN surface,
facilitating the formation of van der Waals forces inside the
heterojunction. Figure 1 shows a complete wet transfer pro-
cess. First, the PtSe, film was encapsulated in PMMA and
three GaN films were cut into squares, with the PtSe, film
slightly smaller than the GaN film. The PtSe, films were then
immersed in 0.1 mol/L freshly prepared ammonium persulfate
((NH4)S,0s) solution for 12 hours. After the Cu substrate
was completely dissolved, the PtSe, with PMMA floated to
the surface of the solution. The PtSe, film with PMMA was
washed three times in deionized water and then placed on top
of the ultrasonically cleaned GaN. The wet film and GaN were
tightly adhered to each other by capillary force, and the resid-
ual water droplets on the surface of the GaN film were contin-
uously removed by a syringe from one side. PtSe, was mixed
with ultrasonically cleaned GaN film in deionized water, and
the residual water droplets on the surface of GaN film were
continuously removed with a syringe until the two layers were
firmly bonded together. The combined heterojunctions were
then dried in a drying oven at 150 °C for 12 hours. This al-
lowed the materials to better bond together. Finally, three het-
erojunction films were prepared for testing by dissloving the

PMMA from the heterojunction surface with acetone.
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Fig. 1. Diagram of the PtSe,/GaN heterojunction preparation process.

We employed a Kratos Axis Supra XPS measuring appa-
ratus with a monochromatic Al Ko (hv = 1486.6 eV) x-ray ra-
diation source. During XPS of epitaxial GaN, the high-energy
electron beam interacts with the sample’s surface, causing a
rearrangement of the surface charge and resulting in a surface
charging effect. The charge effect is often quite pronounced,
resulting in a substantial displacement of the measurement
findings from the true peak location. To counteract this phe-
nomenon of positive charge, the prevailing approach is to cali-
brate the XPS spectra by referencing the C 1s peak at 284.8 eV.
We have used this calibration procedure consistently across all
XPS spectra.The thickness of the PtSe, coating has been de-
termined measured by AFM (Nanotec Electronica AFM). It
should be emphasized that this method of using C 1s as a ref-
erence is controversial because of the high uncertainty of C Is.
Considering that the C 1s of the three substrates used in this
study are close to each other, this calibration does not affect
the conclusions of this study.

3. Results and discussion
3.1. Thickness characterization of PtSe,

We use AFM to characterize the thickness of PtSe, films.
Before AFM testing, standardized calibrations were conducted
on the XYZ axes, including drift and noise calibration, dis-
placement measurement error calibration, displacement mea-
surement repeatability calibration, and sub-nanometer height
correction scale factor calibration. The calibrated error mar-
gin is 0.2 nm. The results of our characterization of PtSe,
layers using AFM are shown in Fig. 2, which illustrates the
height paraboloid of PtSe;. The observed height difference
is 1.57 nm, closely aligning with the thickness of triple-
layer PtSe, reported in the literature.*” Consequently, we
can demonstrate the presence of a triple layer PtSe, on Cu.
The Ga 2p and Pt 4f core levels following heterojunction cre-
ation in Fig. 3 remain largely unaltered, indicating the effec-
tive synthesis of the heterojunction and the presence of GaN

alongside post-transfer PtSe,. Considering the intrinsic corro-
sion resistance of 2D materials*®! and the stable characteris-
tics of Pt as an inert metal, it is reasonable to anticipate that
PtSe, will exhibit similar properties. Multiple investigations
have shown the superior corrosion resistance and stability of
PtSe,.3%40] Thus, it can be inferred that the chemical treat-
ment mentioned above will not cause a major change in the
thickness of PtSe, on the surface of the GaN/PtSe, hetero-
junction. In other words, the PtSe; layer on the GaN surface
will continue to have a triple layer structure. Hence, we equate
the thickness of PtSe, on the Cu surface to the thickness of the
GaN surface.

N
o

— e
[T

Height (nm)
o
o

o

0 1.0 2.0 3.0
Distance (um)

Fig. 2. AFM profile of PtSe;, showing the existence of the triple-layer
PtSe; on Cu.

3.2. Band alignment measured by XPS

The x-ray photoelectron spectroscopy (XPS) has been
extensively used in the investigation of heterojunction band
alignment, and several studies have verified its high level of
accuracy and dependability.[*=*3] Once the XPS measures the

CL of the relevant element in the sample, the valence band oft-
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set (VBO or AEy) of the heterojunction may be determined us-
ing Eq. (1) established by Kraut ez al.[**! The conduction band
offset (CBO or AE() of the heterojunction may be determined
by considering the bandgap of the material and identifying the
band orientation of the heterojunction.

PS PS H H GaN _ -GaN
AEy = (Eqp ™ — Eygy; ) + (EGa — Ep) — (Ect — Evim), (1)

where (ECP}HS(e2 — Ef,tgf/f) in Eq. (1) denotes the energy differ-

ence between CL of PtSe; and VBM, (EEN — EGaN) denotes
the energy difference between the CL of GaN and the VBM,
(EH, — Efl) denotes the difference between the CL of GaN
and the CL of PtSe; after the formation of heterojunction. Fig-
ure 3 shows the CL and valence band (VB) spectra for all sam-
ples. All spectra were obtained using Gaussian—Lorentzian
line shape fitting in a Shirley background. The spectra after
fitting are very close to the shape of the original XPS measure-

1115.21 c\)l (a) n-GaN

. Ga 2P3/2
:- 1117.54 eV

Ga 2Py )y
1144.38 eV

Intensity (arb. units)

P T e .
0 2 4 1120 1140 1160
Binding energy (eV)

[1115.39"eV

Y

(c) u-GaN
Ga 2p3/2
1117.54 eV

Ga 2pl/2
1144.38 eV

Intensity (arb. units)

4 1120 1140 1160
Binding energy (eV)

ments. Therefore, it is generally accepted that the deviation of
the CL position calculated by fit from the actual position will
be within 0.03 eV.[434%] The VBM is obtained by extrapolat-
ing the linear fit from the leading edge of the VBM spectra
to the ground state, with an uncertainty of about 0.1 eV.[*!]
This suggests that the uncertainty in the final VBO and CBO
is mainly due to the bias in the VBM.

The Ga 2p CL and VB spectra of n-GaN, p-GaN, and u-
GaN films are given in Figs. 3(a), 3(b), and 3(c), respectively.
Due to energy splitting caused by spin-orbit coupling, the 2p
peak of Ga splits into a pair of symmetrical peaks, which are
Ga 2p3, and Ga 2p;,. In general, the Ga 2p3/, with higher
peak intensity was selected as the CL of Ga. The of u-GaN is
2.15 eV, which indicates that the Er of u-GaN is in the vicinity

of the conduction band and the electrons are majority carriers.

(b) p-GaN
Ga 2p3)2
1117.24 eV

Ga 2pi)2
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|
|
|
|
|
L L | L
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Fig. 3. Ga 2p CL and VB spectra of (a) n-GaN, (b) p-GaN, and (c) u-GaN. (d) Pt 4f CL and VB spectra. Ga 2p and Pt 4f CL spectra of
(e) PtSe,/n-GaN heterojunction, (f) PtSe,/p-GaN heterojunction, (g) PtSe,/u-GaN heterojunction.

In contrast to u-GaN, the VBM of p-GaN diminishes con-
siderably to 1.19 eV, whilst the VBM of n-GaN experiences a
modest rise to 2.33 eV. This illustrates the impact of doping on
the electrical field of semiconductors, which markedly dimin-
ishes in acceptor-doped p-GaN and experiences a modest rise

in donor-doped n-GaN. This suggests that doping significantly

elevates the hole concentration in p-GaN, whilst the electron
concentration in n-GaN surpasses that of u-GaN. Given the
closeness of the Fermi level in n-GaN and u-GaN, the differ-
ence between the core level Ga 2p;, and VBM of both ma-
terials is negligible. However, the disparity between the Ga
2p3/; and VBM of p-GaN is augmented by about 0.8 eV in
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comparison to these two junctions. The reduction in the VBM
is attributed to the p-type doping, which produces a downward
shift of the Fermi level relative to the other two. This shift is
based on the reference of the Fermi level acquired by extrap-
olation from XPS observations.*”l Nevertheless, the doping
has little impact on Ga 2pj3 5, resulting in an amplified dispar-
ity between Ga 2p3/, and VBM of p-GaN.*!] In Fig. 3(d), a
triplelayer PtSe, sample exhibits only two Pt peaks: Pt 4f;
and Pt 4f5 . The Pt 4f; ; peak aligns with peaks attributed to
the Pt-Se bond in the literature, ! and the absence of distin-
guishing Pt-O (72.4 eV) and Pt—Pt (71.0 eV) peaks indicates
that the PtSe, samples are of high purity and have not under-
gone considerable oxidation. According to the literature, the
Pt 4f; , exhibiting the greatest peak intensity was selected as
the core stage.[’°! Figures 3(e), 3(f), and 3(g) show the CL
spectra of Ga 2p and Pt 4f in PtSe,/n-GaN, PtSe,/p-GaN, and
PtSes/u-GaN heterojunctions, respectively. The Pt 4f; , peak
(72.99 eV) of PtSe; before and after heterojunction formation
with u-GaN is almost unchanged, but it slightly increases to
73.34 eV and significantly decreases to 72.28 eV after hetero-
junction formation with p-GaN and n-GaN, respectively. This
contrasts with the EF patterns of the three doped GaN types,

indicating a potential correlation among them. The CL of the
two remaining GaN types diminishes to varying extents after
the development of the heterojunction, in contrast to that of
u-GaN. The creation of the heterojunction led to a substantial
alteration in the CL of the material, indicating the presence of
band bending. Furthermore, the core level of PtSe; on the u-
GaN surface demonstrates diminished strength relative to the
other two samples. The maximal intensity of the XPS surface
measurement technique is significantly affected by the surface
area under examination. The wet preparation procedure used
fails to completely remove the PMMA, leading to an incon-
sistency in the quantifiable effective surface area as assessed
by XPS. The intensity of PtSe, at the core level diminishes
on the u-GaN surface. Figure 4 shows that the surface states
of the three samples are almost the same. Even if the surface
differences are taken into account, the surface contamination
pattern is not consistent with the above difference pattern, so
the above difference is mainly a result of the shift of the Fermi
level. Substituting the values in Fig. 3 into Eq. (1), the VBO
of the PtSe;/n-GaN, PtSe,/p-GaN, and PtSe,/u-GaN hetero-
junctions were calculated as 3.70 eV, 0.26 eV, and 3.02 eV,
respectively.
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Fig. 4. Substrate broad spectra:

To calculate the conduction band offset (CBO or AE(),
use Eq. (2) after determining the VBO and sample bandgap.

AEc = EgaN —AEy 7E§tSeZ. ()

In previous studies, the bandgap of GaN was assumed inde-
pendently independent of doping for calculating CBO. Three
varieties of GaN with the same prohibited bandgap Eg‘"LN =
3.40 eV are used.l>'?] Bandgap of PtSe, may be related to
production and measuring methods.[*>%! It is generally ac-
cepted that the bandgap of bulk PtSe, is 0 eV, monolayer PtSe,
is 1.2 eV, and bilayer PtSe, is 0.21 eV. The literature indi-
cates that the bandgap of large-area triple-layer PtSe,, syn-
thesized by CVD on a silicon substrate using platinum tetra-

(a) n-GaN, (b) p-GaN, (c) u-GaN.

chloride (PtCly) and selenium (Se), was measured at 0.31 eV
a.5% We choose to accept this find-
= 0.31 eV. However, it should

be emphasized that the bandgap for different thicknesses of

based on absorption spectr

ing, which implies that Eg 15e2

PtSe; is not definitive and is currently determined by exper-
imental and theoretical calculations. Substituting AEy and
E;; tSe EZ™N into Eq. (2), the CBO of PtSe;/n-GaN, PtSe/p-
GaN, and PtSe,/u-GaN heterojunctions were determined as
0.61 eV, 2.8 eV, 0.07 eV, respectively. Figure 5 shows the
band alignment diagrams for the three heterojunctions. The
PtSe,/p-GaN and PtSe,/u-GaN heterojunctions feature type-I
band alignment. In contrast, the PtSe,/n-GaN heterojunction
features a type-III band alignment.
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Fig. 5. Band alignment diagrams of (a) PtSe,/u-GaN, (b) PtSe,/p-GaN, (c) PtSe,/n-GaN.

3.3. Heterojunction band offset

Figures 6(a) and 6(b) show the original band of n-GaN, u-
GaN, and PtSe; before heterojunction formation and the band
bending after heterojunction formation. The n-GaN and u-
GaN have the same type of conductivity, so the band bending
of GaN and PtSe, in the two heterojunctions is in the same
direction, where GaN bends down and PtSe; bends up. The
direction of band bending results from the various work func-
tions of the two materials. The work function of PtSe; is
typically measured to be 4.35 eV at a thickness of 1.4 nm,
and 4.43 eV at a thickness of 2.2 nm.3 The work func-
tion of the PtSe, triple layer that we use should fall within
a certain range. The typical electron affinity measurement of
GaN is 3.5 eV, then the work function of n-GaN is 4.57 eV
and that of u-GaN is 4.85 eV, respectively, combined with
the XPS measurement.!>*
terial increases, the energy of the electrons decreases. Conse-
quently, when a heterojunction contact is formed, the electrons
will move from the high-energy material to the low-energy
material. In other words, they will move from the material
with a lower work function to the material with a higher work
function. As a consequence, electrons progressively migrate
from PtSe, to the n-GaN and u-GaN surfaces, leading to the
accumulation of negative charges on the GaN surface and a
downward displacement of the band. The band bending pro-
cess and outcomes of the MoS,/GaN heterojunction are iden-
tical. However, the degree of bending is different. For the
PtSe,/n-GaN heterojunction, the Ec of n-GaN decreases dras-
tically and is lower than that of PtSe; by 0.61 eV, while for the
PtSes/u-GaN heterojunction, the Ec of u-GaN decreases only
slightly and remains higher than that of PtSe,. More precisely,
the size of band offset on the surface of PtSe,/n-GaN hetero-
junction is 1.54 eV (0.93 eV +0.61 eV), and for PtSe,/u-GaN
heterojunction it is only 1.04 eV (1.11 eV —0.07 eV). The
band offset of PtSe,/n-GaN heterojunction is larger, indicat-
ing that the built-in potential is larger. This is due to Si is
amphiphilic active in GaN and has a low surface density of
states and zero density, so high doping leads to saturation of
electron concentration in GaN and degradation of the GaN sur-
face, with elevated surface potentials, increasing the degree
of band bending.5*-38 On the other hand, the high Si con-
centration also causes significant tensile stresses on the GaN

1 As the work function of the ma-

159601 which can narrow the GaN bandgap and have a

surface,
direct effect on the heterojunction band offset.[61:%?! This even-
tually results in a substantial increase in EF, ultimately indicat-
ing a type-III band alignment. We assert that by meticulously
regulating the doping concentration of Si, PtSe,/n-GaN may
achieve type-II band alignment, consistent with theoretical

5.7 Figures 6(c) and 6(d) show the amount of band

simulation
bending before and after the the PtSe,/p-GaN generation het-
erojunction compared to the PtSe,/u-GaN heterojunction with
the same band alignment. The bending direction of PtSe,/p-
GaN heterojunction is opposite to that of PtSe,u-GaN, with p-
GaN bending upward and PtSe, bending downward. Both het-
erojunctions should exhibit the same direction of band bending
when considering the work function. Nevertheless, the exper-
imental findings contradict this notion. This occurrence may
be attributed to a mix of many variables, with the Fermi level
pinning effect being the primary component we hypothesize.
Several studies have confirmed the notable Fermi level pin-
ning effect in Mg-doped p-GaN.[%3:%4 This effect causes the
hole mobility to no longer be determined by the difference in
material work function, but rather by the position of the sur-
face Fermi level. The constrained Fermi level causes in the
transportation of holes to the surface of p-GaN, leading to the
accumulation of holes at the surface and the upward bending
of the surface band with positive charge. The clamped Fermi
level induces the movement of holes in p-GaN towards the
surface, leading to the buildup of holes at the surface and the
upward bending of the positively charged surface band. Sim-
ilarly, the total band offset at the PtSe,/p-GaN heterojunction
interface can be calculated to be 0.76 eV (2.83 eV —2.07 eV).
Astonishingly, the band offset of PtSe,/p-GaN heterojunction
is lower than that of PtSe,/u-GaN. This indicates that Mg-
doped p-GaN with PtSe, establishes a built-in potential that
is significantly diminished relative to its state prior to doping.
Magnesium has dual behavior in GaN: it acts as an acceptor
when substituting for a gallium atom and as a double donor in
the interstitial location. At elevated doping concentrations, the
free energy of Mg at the interstitial site decreases, resulting in
Mg’s propensity to act as a double donor. This behavior low-
ers the net hole concentration of the material, thus raising the

Fermi level and decreasing the surface potential. (%3]

047304-6



Chin. Phys. B 34, 047304 (2025)

(a) n-GaN PtSe, u-GaN
Ec— Ee
0.93 eV 1.11 eV
—————— VBM=0.17ev T B

1.98 ¢V| VBM =2.15 eV

2.16 eV Ev

(b) n-GaN PtSes u-GaN

E Ee
© N o { AEc=0.07 eV

AEc=0.61 eVy| ™ -

FEvx
F L IVBM =0.17 eV

VBM =2.33 eV VBM =2.15 eV

AFEy=3.02 eV Ev
Evy

{ ARy =3.70 eV

(c) p-GaN PtSe, u-GaN
Ec
Ec
2.07 eV l 1.11 eV
Ep e m e ____
" IVEM=0.17 eV, Er
VBM =1.19 eV 7
/ ¢ 1.98 eVIyBM = 2.15 eV
By 11.02 eV
Ev
(d) p-GaN PtSes u-GaN
E¢
Ec
AEc=2.83 eV YAEG=0.07 eV
Epp————————Cmo oo oo Er
BM=1.19 oV - VBM =0.17 eV.
[ABy=0.26 ¢V | VBM =215 eV
Ev
Ev

AEy=3.02 V|,

Fig. 6. (a) Initial band diagram of n-GaN, u-GaN, and PtSe,. (b) Schematic band bending of n-GaN, u-GaN, and PtSe; after heterojunction
formation. (c) Initial band diagram of p-GaN, u-GaN, and PtSe,. (d) Schematic diagram of band bending after heterojunction formation of
p-GaN, u-GaN, and PtSe;. As a visual reference, the Er of the material in the image above is aligned.

The C-plane (0001) of GaN is a polar surface exhibiting

1651 This generates

significant spontaneous polarization effects.
a dipole at the junction interface, leading to alterations in the
electronic energy levels next to the interface and a modifica-
tion in band bending. The interfacial dipole phenomenon pro-
duces band bending as well as interface states, which affects
the device’s long-term stability and performance,!®! and ad-
ditional research into the dipole effect on the heterojunction

structure is required.

4. Conclusion

In summary, we have used XPS to investigate the influ-
ence of different GaN doping types upon the band alignment
of the PtSe;/GaN heterojunction. We found that the PtSe,/u-
GaN and PtSe,/p-GaN heterojunctions are both type-I band
alignments, with opposite magnitudes of VBO and CBO, but
the PtSe;/n-GaN heterojunction is type-III. The high Si dop-
ing concentration degrades the GaN surface and increases the
surface potential, resulting in a higher band offset than the
PtSe>/n-GaN heterojunction. The band offset of the PtSe,/p-
GaN heterojunction is smaller than that of the undoped case,
which is due to the high concentration of Mg doping, which
causes Fermi level pinning, Ef being fixed at a higher position,
the net hole concentration decreasing, and the surface potential
decreasing. This suggests that the heterojunction band orienta-
tion is affected by both the substrate’s doping type and concen-
tration. The doping type affects the direction of band bending,
whereas the doping concentration affects the substrate surface
potential, resulting in a change in band offset. Consequently,
for narrow bandgap semiconductors like triple-layer PtSe,, it
is essential to consider the doping concentration of the sub-
strate, since even a little alteration in this concentration might

result in a shift in the kind of band alignment. This is ad-
vantageous for heterojunction band engineering and serves as
a reference for the future development of PtSe,/GaN hetero-
junction devices.
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