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ABSTRACT

Two-dimensional  (2D)  WS2 films  were  deposited  on  SiO2 wafers,  and  the
related  interfacial  properties  were  investigated  by  high-resolution  X-ray
photoelectron spectroscopy (XPS) and first-principles calculations. Using the
direct  (indirect)  method,  the  valence  band offset  (VBO)  at  monolayer  WS2/
SiO2 interface  was  found  to  be  3.97  eV  (3.86  eV),  and  the  conduction  band
offset (CBO) was 2.70 eV (2.81 eV). Furthermore, the VBO (CBO) at bulk WS2
/SiO2 interface is found to be about 0.48 eV (0.33 eV) larger due to the inter-
layer  orbital  coupling  and  splitting  of  valence  and  conduction  band  edges.
Therefore, the WS2/SiO2 heterostructure has a Type I energy-band alignment. The band offsets obtained experimentally and
theoretically  are  consistent  except  the  narrower  theoretical  bandgap  of  SiO2.  The  theoretical  calculations  further  reveal  a
binding  energy  of 75  meV  per  S  atom  and  the  totally  separated  partial  density  of  states,  indicating  a  weak  interaction  and
negligible Fermi level pinning effect between WS2 monolayer and SiO2 surface. Our combined experimental and theoretical
results provide proof of the sufficient VBOs and CBOs and weak interaction in 2D WS2/SiO2 heterostructures.
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1   Introduction
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Tungsten  disulfide  (WS ),  one  of  two-dimensional  (2D)
layered  transition  metal  dichalcogenides  (TMDCs),  has
been  extensively  investigated  for  its  extraordinary
mechanical,  electronic  and  optoelectronic  properties
[1–12]. Structurally, WS  is a typical hexagonal layered
compound  with  strong  in-plane  and  weak  out-of-plane
interaction,  resulting  in  the  absence  of  dangling  bonds
on  the  surface  [13–15].  Unlike  gapless  graphene,  2D
layered WS  exhibits  a  moderate  and variable  bandgap
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(1–2 eV). When cleaved down to monolayer (1L), energy
bandgap of layered WS  converts from indirect to direct
due to the quantum confinement effect [16, 17]. In addi-
tion,  WS  monolayer  presents  strong  valley-contrasting
spin  splitting  near  the  valence  and  conduction  band
edges  owing  to  the  absence  of  inversion  symmetry  and
strong spin–orbit coupling [18]. These intriguing properties
make  2D  WS  not  only  a  testing  platform  for  various
physical phenomena (valley polarization [19], valley Hall
effect  [20],  valley  Zeeman  effects  [21],  etc.),  but  also  a
promising material in a wide range of applications, such
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as  field-effect  transistors  (FETs)  [22, 23],  flexible  elec-
tronics and optoelectronics [24–26], and various types of
sensors [23, 27–30].
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Heterostructures  of  2D  layered  WS  with  insulating
substrates are of fundamental importance in the electronic
and optoelectronic  applications [31, 32].  Among various
insulating  substrates,  silicon  dioxide  (SiO )  is  the  most
widely  used  one.  On  one  hand,  high-quality  2D  WS
films  were  almost  grown  or  exfoliated  on  the  SiO
substrates.  For  example,  WS  films  with  400  μm single
crystal  domain have  been fabricated on SiO  wafers  by
using  atmospheric  pressure  chemical  vapor  deposition
(CVD) [6]. Moreover, many previous works have demon-
strated  the  high-performance  WS -based  FETs  and
photodetectors  on  SiO  substrates  [22, 23].  Iqbal et  al.
[22]  have  successfully  tailored  the  electronic  and  opto-
electronic  properties  of  a  WS -based  FET by using  the
selective chemical doping. An unprecedented high on/off
ratio  of  108 and  a  high-mobility  of 255  cm2·V–1·s–1 at
room temperature were obtained in their work [22]. Huo
et al. [23] demonstrated that the photoresponsivity (R )
and external quantum efficiency (EQE) of FET based on
the  WS /SiO  heterostructure  could  be  significantly
enhanced to 884 AW–1 and 1.7×105 %, respectively, due
to  the  inclusion  of  molecular  NH .  Most  recently,  the
WS /SiO  heterostructures were also adopted to fabricate
the non-volatile flash memory devices, where the layered
WS  films  were  used  as  charge  trapping  stack  layers
[33].
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In  terms  of  testing  the  fundamental  and  novel
phenomena  of  2D  layered  WS ,  superconductivity  in
CVD-grown  monolayer  WS  is  achieved  on  the  SiO
substrate  by  strong  electrostatic  electron  doping  of  an
electric  double-layer  transistor  [34].  By  adopting  the
bilayer WS /SiO  heterostructure, Nayak et al. [19] have
achieved  a  record-high  valley  polarization  of  80%  at
room temperature.  Strong  valley  Zeeman effect  of  dark
excitons  in  monolayer  WS /SiO  heterostructure  has
also  been  demonstrated  in  a  tilted  magnetic  field  [21].
All above reports revealed the importance and suitability
of  SiO  as  the  insulating  substrate  for  the  promising
application  of  2D  WS .  Then,  Ulstrup et  al. [35]  used
photoemission electron microscopy (PEEM) to investigate
the  real-  and  momentum-space  electronic  structures  of
electrically  contacted  monolayer  WS  stacked  on  SiO
substrates.  However,  the  interfacial  properties  of  the
WS /SiO  heterostructure,  especially  the  atomic-scale
insight into the interfacial interactions and band offsets
at the interface, remain poorly understood.
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In this study, the interfacial  properties of 2D layered
WS  grown  on  SiO /Si  wafers  were  studied  by  X-ray
photoelectron  spectroscopy  (XPS)  and  first-principles
calculations. By using the experimental direct (indirect)
method,  the  VBO  value  of  3.97  eV  (3.86  eV)  was
obtained at 1L WS /SiO  interface, while the CBO was
obtained to  be 2.70 eV (2.81 eV).  When increasing the
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WS  thickness to its bulk limit, the VBO and CBO were
enhanced  by  0.48  and  0.33  eV,  respectively,  consistent
with the results of the first-principles calculations. More-
over,  the  binding  energy  of  about  75  meV  per  S  atom
was  obtained,  implying  a  weak  interfacial  interaction
between the layered WS  and SiO  surface. 

2   Experimental details
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Atomically  thin  WS  layers  were  deposited  on  300  nm
SiO /Si  substrates  by  using  ultrahigh  vacuum  dc
magnetron  sputtering.  High  purity  W  target  and  S
particles were used as the reaction sources. More growth
details  can  also  be  found  in  our  previous  works
[8, 36, 37]. S partial pressure was controlled to be 3.0×
10–5 millibars and the substrate temperature is set to be
680  °C.  Ar  pressure  of  1.1×10–3 millibars  and  a  low
sputtering  power  of  only  8  W were  adopted  to  achieve
the  thickness  controllable  growth.  When  growing  for
30 s  under  above  conditions,  the  WS  monolayer  could
be  obtained.  The  surface  image  and  thickness  of  as-
grown  monolayer  WS  films  were  further  taken  by
atomic  force  microscopy  (AFM)  using  the  Bruker
Dimension  Icon  system.  Raman  and  photoluminescence
spectra were taken to confirm the thickness and crystal
quality of WS  films and performed by a Thermo Scientific
DXR microscope with a 514.5 nm laser. Atomic structure
was  observed  by  using  the  TEM  JEOL  2100  system.
XPS  system  (VG  ESCALAB  220i-XL)  was  mainly
adopted  to  investigate  the  interfacial  properties  of  the
layered  WS /SiO  heterostructures.  The  relative  sensi-
tivity factors for W and S elements are respectively 9.8
and 1.67 in the XPS measurement. C 1s signal from the
sample surface was used to correct the core-level binding
energy. 

3   Results and discussion
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Figure 1(a) shows the AFM image of as-grown monolayer
WS  film  on  the  SiO  substrate.  The  cross  sectional
height  of  about  0.91  nm  along  with  the  white  dashed
line  in Fig.  1(a)  confirms the  formation of  the  1L WS
on  the  SiO  substrate.  Raman  spectrum of  1L  WS  on
SiO  wafer  shows  the  (in-plane)  and  (out-of-
plane)  peaks  at  357.0  and  418.8  cm–1,  respectively,  as
given  in Fig.  1(c).  The  stronger  intensity  of  peak
and  the  frequency  difference  of  about  61.8  cm–1 [38]
further indicate the formation of the 1L WS . A strong
exciton  emission  peak  at  611  nm  was  obtained  in  the
photoluminescence  spectrum,  as  shown  in Fig.  1(d),
implying  the  high  quality  of  the  monolayer  WS  film.
The  typical  transmission  electron  microscopy  (TEM)
images, as shown in Figs. 1(e) and 1(f), further confirm
the hexagonal 2H phase of the as-grown WS  layer. The
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periodic  arrangement  of  W  and  S  atoms  were  clearly
observed,  indicating  the  successful  fabrication  of  the
high-quality  layered  WS  film.  The  lattice  constant  of
2H-WS  crystal  is  0.317  nm,  similar  with  the  reported
values [8].

2 2

2

The  core-level  XPS  spectra  of  W  4f  and  S  2p  were
taken from 1L and bulk WS /SiO  interfaces and shown
in Fig.  2.  During the  XPS fitting,  we followed the rule
that  the  full  width at  half  maximum (FWHM) of  both
components  are  comparable  and  the  intensity  ratios
follow the expect quantum mechanically predicted ratio
when  XPS  doublet  have  narrow  separations.  For  W 4f
spectrum of 1L WS , the peaks at 33.3 and 35.5 eV originate
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3/2 1/2

2

7/2 5/2

3

3

respectively  from the  2H-WS  W4+ 4f  and  W4+ 4f
orbitals  [39].  For  S  2p  spectrum  of  1L  WS ,  the  well
resolved peaks at 163.0 and 164.2 eV originate respectively
from the  S2– 2p  and S2– 2p  orbitals.  Based  on  the
quantitative  analysis  of  XPS  peaks,  the  W/S  ratio  is
further calculated to be about 1:2, revealing the correct
stoichiometry  and  high  quality  of  the  as-grown  layered
WS  [40]. The peaks of W 4f spectrum at 36.5 and 38.3
eV may be W6+ 4f  and W6+ 4f  orbitals  originated
from the minor WO  contributions (~2%) [39]. Further-
more,  C 1s  signal  from the  sample  surface  was  used to
correct the core-level binding energy in this study, then
the  existence  of  the  small  amounts  of  WO  will  not

 
Fig. 1  (a) AFM image of the monolayer WS2 film (5 μm × 5 μm). (b) AFM height profile along with the white dashed
line  in  (a). (c) Raman spectrum of  WS2 monolayer  grown on  SiO2 wafer. (d) Photoluminescence  of  WS2 monolayer. (e)
Typical high-resolution TEM image of the WS2 film. (f) Enlarged TEM image of a specific area illustrated by a red square in
(e). The hexagonal atomic structures consist of W and S atoms are presented.
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impact  the  determination of  the  band alignment  of  the
WS /SiO  interfaces.  Additionally,  the  W  5p  peak
overlapping with the W6+ 4f  is  also observed at 38.9
eV.  For  bulk  WS ,  the  W4+ 4f ,  W4+ 4f ,  S2– 2p
and S2– 2p  peaks are located at 33.4, 35.6, 163.0, and
164.1  eV,  respectively,  similar  with  those  of  1L  WS .
The W6+ 4f , W6+ 4f  and W 5p  peaks are located
at 36.4, 38.3 and 39.0 eV, respectively. On the whole, W
4f  and  S  2p  spectra  show  similar  distributions  for  1L
and bulk WS  grown on the SiO  substrates. It is noted
that W 4f and S 2p spectra from bulk WS  show much
stronger  intensities  than  those  from  1L  WS ,  which
further implies from another point of view the formation
of  the  1L  and  bulk  WS  in  our  experiments.  Above
obtained  W  4f  and  S  2p  spectra  agree  well  with  the
current literature values [8, 39–41]. More characterization
on our 2D WS  can also be found in our previous works
[8, 36, 37].

2 2

XPS has been proved to be an efficient and noninvasive
technique  for  acquiring  the  interfacial  properties  of  the
heterojunction  systems.  We  first  adopted  the  indirect
method proposed by Kraut et al. [42] to investigate the
band alignment at 1L WS /SiO  interface.  The relative
energy positions between the core and valence levels are
assumed  to  be  unaltered  both  in  the  bulk  and  at  its
interface.  Then  the  valence  band  offset  (VBO)  can  be
calculated by

∆EV =(EbulkWS2
CL − EbulkWS2

V )− (Ebulk SiO2
CL

− Ebulk SiO2
V )− (EinterfaceWS2

CL − Einterface SiO2
CL ), (1)
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CL − EbulkWS2

V )
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V 2 (Ebulk SiO2

CL −Ebulk SiO2
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V 2 (EinterfaceWS2
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2
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2 2

ECL

2 2

3/2

(EbulkWS2
CL −EbulkWS2

V ) (Ebulk SiO2
CL − Ebulk SiO2

V )

(EinterfaceWS2
CL − Einterface SiO2

CL )
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where  is the binding energy difference
between the core-level  and valence band maximum
(VBM)  of  bulk  WS ;  is  the
binding energy difference between the core-level 
and VBM  of bulk SiO ; 
is  the  core-level  difference  between  upper  1L  WS  and
lower SiO  substrate. Figures 3(a) and (b) show the core-
level  and  valence  band  spectra,  obtained  respectively
from bulk  WS  and  bulk  SiO . Figure  3(c)  is  the  core-
level  spectra  of  S  2p  and  Si  2p  obtained  from  the  1L
WS /SiO  heterostructure.  The  VBM  was  derived  by
the  intersection  of  the  linear  regressions  of  the  leading
edge of valence band and the baseline of its spectra. 
for WS  and SiO  was taken to be the binding energy of
S2– 2p  and  Si  2p  peaks,  respectively.  The  binding
energy differences , ,
and  have  been  illustrated  in
Figs.  3(a)–(c).  Using  Eq.  (1),  the  valence  band  offset
(VBO)  of  1L  WS /SiO  heterostructure  was  calculated
to be 3.86 eV. Then, the conduction band offset (CBO)
at 1L WS /SiO  interface can be given by

∆EC = ESiO2
gap − E1LWS2

gap −∆EV , (2)

ESiO2
gap E1LWS2

gap

2 2

2

2

2 2

where  and  are  respectively  the  bandgap  of
SiO  and 1L WS . Based on the O 1s loss energy spec-
trum,  as  shown  in Fig.  3(d),  the  bandgap  of  SiO  is
obtained  to  be  9.05  eV,  consistent  with  the  previous
results [43]. Since the electronic bandgap of 2.38 eV was
obtained for 1L WS  in the scanning tunneling spectroscopy
(STS)  measurement  [16],  the  CBO  at  1L  WS /SiO

 
Fig. 2  XPS W 4f and S 2p spectra of 1L and bulk WS2 deposited on the SiO2 substrates.
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interface is then obtained to be 2.81 eV.
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As a  comparison,  the  direct  method used by Santoni
et al. [44] was further adopted to derive the band offsets
of the WS /SiO  heterostructures. This method requires
the alignment of the XPS spectra of bare SiO , 1L and
bulk WS /SiO  to a common reference before comparing
their  relative  VBM  positions.  Here,  we  used  the  Si  2p
spectrum (104.50 eV) from the bare SiO  wafer as a cali-
bration  to  align  the  valence  bands  of  bare  SiO ,  1L
WS /SiO  and  bulk  WS /SiO  samples  [45, 46],  as
shown  in Fig.  4.  Since  that,  will  be  equal  to

 in  Eq.  (1).  Further  substituting  and
 by  and , respectively, Eq. (1)

will change to

∆EV = Ebulk SiO2
V − EinterfaceWS2

V . (3)

2 2

2

2 2

2

Therefore,  the  direct  method  could  deduce  both  the
band offsets at the 1L and bulk WS /SiO  interfaces as
compared  to  the  indirect  method.  The  leading  edge  of
valence  band  of  clean  SiO  wafer  is  obtained  to  be
5.88 eV. The Si 2p and valence band spectra taken from
1L  WS /SiO  heterostructure  were  shown  in Fig.  4(b).
As compared to Fig. 4(a), some new electronic states at
~  3.03  eV  are  clearly  observed,  which  is  owing  to  the
formation  of  hybridized  W  5d–S  3p  states  [47].  These
hybridized W 5d–S 3p states indicates the formation of
long-range ordered 2H–WS  film. The valence band edge

2 2

2

2 2

2 2

of  1L  WS /SiO  heterostructure  is  obtained  to  be  1.91
eV,  as  illustrated  in Fig.  4(b).  Further  considering  the
edge  of  O 2p  band  (5.88  eV)  from the  SiO  wafer,  the
VBO of 3.97 eV at 1L WS /SiO  interface was obtained.
Taking into account the same bandgap values of the 1L
WS  (2.38 eV) and SiO  (9.05 eV) as the previous calcu-

 
Fig. 3  The core-level and valence band spectra for (a) bulk WS2 and (b) bulk SiO2 samples. (c) The core-level spectra of
S 2p and Si 2p obtained for the 1L WS2/SiO2 heterostructure. (d) The bandgap of SiO2 is measured to be 9.05 eV using O
1s loss energy spectrum.

 
Fig. 4  Si  2p  and  valence  band  spectra  of (a) bare  SiO2
substrate, (b) 1L,  and (c) bulk  WS2 deposited  on  SiO2
substrates.
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lation yields the CBO value of 2.70 eV at 1L WS /SiO
interface.  Therefore,  the  band  offsets  of  the  1L  WS /
SiO  heterostructure  obtained  from  the  direct  method
are  in  agreement  with  those  from  the  indirect  Kraut ’s
method, indicating the validity of the experimental XPS
results.  Furthermore,  the  VBO derived  from  the  direct
method agree well with the PEEM results of 4.0 eV [35].
However,  there  are  still  small  differences  between  two
methods, which might be owing to ignoring the quantum
size effects in the 1L WS  sample by the indirect method
[48].
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Furthermore,  the  valence  band  spectrum  of  bulk
WS2/SiO2 interface  was  taken  and  shown  in Fig.  4(c),
where  the  Si  2p  spectrum from the  SiO  substrate  was
also  given  as  the  reference.  The  electronic  states  from
the  hybridized  W  5d–S  3p  orbitals  are  developed  at  ~
2.68  eV.  The  valence  band  edge  is  obtained  to  be
1.43 eV. Therefore, the formation of bulk WS  shifts the
valence band edge by 0.48 eV towards the Fermi level in
comparison  with  that  of  the  1L  WS /SiO  interface.
Then, the VBO value of 4.45 eV at the bulk WS /SiO
interface  was  obtained.  When  the  bandgap  values  of
bulk WS  (1.57 eV) and SiO  (9.05 eV) were employed
[17], the CBO value of 3.03 eV at bulk WS /SiO  interface
is then determined. Therefore, the VBO (CBO) value at
bulk  WS /SiO  interface  is  about  0.48  eV  (0.33  eV)
larger than that of 1L WS /SiO  interface, which will be
further  discussed  based  on  the  following  first-principles
calculations.  In  addition,  we  further  collected  the  XPS
spectrum at different positions of different samples, and
the  average  VBOs of  1L and bulk  WS /SiO  interfaces
are about 4.10 and 4.49 eV, respectively. The consistent
VBOs  prove  the  accuracy  of  the  experiments  and  the
uniformity of the as-grown WS . It is known that SiO  is
a good gate insulator for FETs due to its high surface or
interfacial quality. Meanwhile, sufficient VBO and CBO
at the interface of SiO /semiconductor are still necessary
to act as barriers for both electron and hole injections to
avoid gate leakage. Clearly, the VBO and CBO values of
the WS /SiO  interfaces are sufficient ( 1.0 eV) for the
suppression of the leakage current, indicating the appli-
cability of the WS /SiO  heterojunction for high perfor-
mance FETs.
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To further investigate the interfacial interaction in the
WS /SiO  heterostructures,  first-principles  calculations
were  performed  by  using  Vienna ab  initio simulation
package (VASP) [49]. The exchange-correlation function
adopted  in  this  calculation  was  the  Perdew–Burke–
Ernzerhof (PBE) function [50]. The van der Waals effect
was  included  in  the  calculation  by  the  DFT-D3
approach  [51].  To  obtain  appropriate  band  alignment,
Heyd–Scuseria–Ernzerhof  (HSE06)  calculations  were
performed  to  simulate  the  density  of  states  (DOSs)  of
the  WS /SiO  heterostructure  [52].  Possible  artificial
dipole interactions were eliminated by the dipole correction
[53].  For  1L  WS ,  the  optimized  lattice  constant  and

2

HSE06  bandgap  are  3.19  Å  and  2.37  eV,  respectively.
For  bulk  alpha-SiO  (α-SiO2),  the  optimized  lattice
constant  and  HSE06  bandgap  are  5.02  Å  and  7.53  eV,
respectively.  All  the  basic  parameters  obtained  in  this
calculations agree well with the reported values [47, 54].
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To  simulate  experimentally  relevant  situations,  the
amorphous  SiO  (a-SiO )  bulk  structure  was  further
generated through the molecular dynamics (MD) simula-
tions based on the VASP code following the same procedure
as shown in detail in literatures [55, 56]. The WS /SiO
heterostructure was further simulated by constructing a
repeated-slab model, including a-SiO , (3×3)-WS , and a
20 Å vacuum region. The optimized configuration of 1L
WS /a-SiO  interface  was  shown in Fig.  5(a),  in  which
the  (3×3)  WS  monolayer  was  located  on  the  4.53%
compressed a-SiO  surface. The binding energy between
1L WS  and the a-SiO  surface is obtained to be only 75
meV per S atom, confirming the weak interaction at the
1L WS /SiO  interface. Moreover, 1L WS  almost keeps
its intact hexagonal network. Our result is in agreement
well  with  the  case  of  the  graphene  weakly  adsorbed on
the  SiO  surface  without  forming  the  covalent  bond
between  them  [57].  Furthermore,  most  recent  research
about the novel  fluorescence aging behavior induced by
strain release in the WS /SiO  heterostructure [58]  also
proved  from  another  side  the  weak  interaction  at  the
WS /SiO  interface as demonstrated in this study.
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2 2
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2 2
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2 2 2
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Figure 5(b) presents  the calculated total  DOSs of  1L
WS /SiO  interface  and  the  partial  DOSs  of  Si,  O,  W
and  S  atoms.  The  valence  bands  of  SiO  substrate  are
located  below –3.17  eV,  and  the  conduction  bands  are
above  4.82  eV.  The  contributions  to  conduction  band
minimum  (CBM)  and  VBM  of  1L  WS /SiO
heterostructure mainly come from W and S atoms of 1L
WS .  No  surface  or  interfacial  electronic  states  were
found  in  the  energy  region  from –3.17  eV  to  4.82  eV,
indicating  the  totally  separated  electronic  states  of  the
upper  1L  WS  and  lower  SiO  substrate  and  negligible
Fermi level pinning effect. The separated DOS distributions
and  negligible  Fermi  level  pinning  effect  further  imply
the  weak  interfacial  interaction  at  the  1L  WS /SiO
interface.  Furthermore,  the  VBO  (3.17  eV)  and  CBO
(2.58  eV)  at  1L WS /SiO  interface  could  be  identified
and  illustrated  in Fig.  5(b).  Additionally,  it  should  be
noted that the weak interaction also shows a tiny modi-
fication  of  the  bandgaps  of  the  1L  WS  (2.24  eV)  and
the SiO  substrate (7.99 eV) obtained in the WS /SiO
heterostructure,  similar  with  the  observation  in  the
graphene/SiO  heterostructure [57].

2 2

2 2

2

Above XPS results show that the VBO (CBO) value
at  bulk  WS /SiO  interface  is  about  0.48  eV (0.33  eV)
larger than that of 1L WS /SiO  interface. To illuminate
the experimental findings, partial DOSs of W 5d and S
3p calculated from 1L and bulk WS  were presented in
Fig. 5(c). The low-energy electronic states were taken as
references to align the partial DOSs. Compared with the
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W 5d and S 3p states  of  1L WS ,  some new electronic
states  emerge  around  the  VBM  and  CBM  and  further
reduce  the  bandgap  of  bulk  WS .  According  to  the
previous  theoretical  calculation  [47],  these  electronic
states  originate  from  the  splitting  of  valence  and
conduction  band  edges  due  to  the  interlayer  orbital
coupling  in  bulk  WS .  Then,  the  band  offsets  for  the
bulk  WS /SiO  heterostructure  will  be  enlarged  corre-
spondingly.  The  shift-up  energy  around  the  VBM  is
observed  to  be  about  0.47  eV,  which  agrees  well  with
the above XPS result of 0.48 eV. By using the photoemission
electron  microscopy,  Keyshar et  al. [59]  also  obtained
the  shift-up  energy  around  the  VBM of  about  0.48  eV
between 1L and bulk WS . Thus, the VBO at bulk WS
/SiO  interface  can  be  calculated  to  be 3.64  eV.  Since
the bandgap of 1.52 eV for bulk WS  is obtained in this
calculation, the CBO value of 2.83 eV could be obtained
at bulk WS /SiO  interface.

2

α 2

2

α 2

2 2

2 2

2

We also constructed another configuration of 1L WS /
O-terminated  (2×2) -SiO (0001)  heterostructure,  as
shown in Fig. 6(a). The binding energy between 1L WS
and  the  compressed  O-terminated  (2×2) -SiO (0001)
surface  is  obtained  to  be  165  meV  per  S  atom.  The
interlayer  space  between 1L WS  and SiO  substrate  is
3.09 Å. Small  binding energy and wide interlayer space
confirm that the interaction at the 1L WS /SiO  interface
is week. The calculated partial DOSs of W, S, Si, and O
atoms  [as  shown  in Fig.  6(b)]  also  exhibit  the  totally
separated  electronic  states  of  the  upper  1L  WS  and

2

2 2

lower  SiO  substrate  and negligible  Fermi level  pinning
effect.  And  the  VBO (3.52  eV)  and  CBO (2.22  eV)  of
this configuration could be identified, which agrees well
with  the  theoretical  results  of  the  1L  WS /a-SiO
heterostructure.

2 2

2 2

2 2

2

2

2 2

2

2 2

Figures  7(a)  and  (b)  show  the  experimental  band
alignments of the 1L and bulk WS /SiO  heterostructures
derived  using  the  indirect  and  direct  method.  For
comparison, theoretical band alignments calculated from
the  1L  WS /a-SiO  heterostructure  were  also  shown  in
Fig. 7(c). It can be seen that WS /SiO  heterostructures
have  a  Type  I  alignment,  where  the  conduction  and
valence  band  edge  of  1L  and  bulk  WS  films  are  both
located  within  the  bandgap  of  the  SiO  substrate.  For
1L  WS /SiO  heterostructure,  the  results  from  both
experimental  indirect  and  direct  methods  exhibit  the
similar  distributions.  On  the  whole,  the  theoretical
VBOs  and  CBOs  are  consistent  with  the  experimental
XPS band offsets, except that the theoretical VBOs and
CBOs are about 0.8 and 0.2 eV smaller than the experi-
mental results, respectively. Since the bandgap difference
between  the  experimental  (9.05  eV)  and  theoretical
(7.99  eV)  is  1.06  eV,  the  numerical  discrepancies
between  the  theoretical  and  experimental  VBOs  and
CBOs  might  be  just  due  to  the  narrower  theoretical
bandgap  of  SiO .  Thus,  the  experimental  band  offsets
from  XPS  are  agreement  well  with  the  first-principles
calculations, which also confirms the weak interaction at
the WS /SiO  interface. The sufficient VBOs and CBOs

 
Fig. 5  (a) Top and side view of the optimized atomic configuration of 1L WS2/a-SiO2 heterostructure. (b) The calculated
total DOSs of 1L WS2/a-SiO2 interface and partial DOSs of Si, O, W, and S atoms based on the HSE06 method. The Fermi
level is shifted to 0 eV. (c) Partial DOSs of W 5d and S 3p orbitals of 1L and bulk WS2. The low-energy electronic states
were taken as references to align the partial DOSs.
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and weak interaction reveal that the integration strategy
of 2D WS /SiO  heterostructure still play an important
role  in fabrication of  the next-generation electronic and
optoelectronic devices. 

4   Conclusions

2 2

2 2

2

2

In  summary,  the  interfacial  properties  of  2D  layered
WS  grown  on  SiO /Si  wafers  were  investigated  using
XPS  and  first-principles  calculations.  By  using  the
experimental direct (indirect) method, the VBO value of
3.97  eV (3.86  eV)  was  obtained at  1L WS /SiO  inter-
face,  while  the  CBO was  obtained  to  be  2.70  eV  (2.81
eV). Furthermore, the VBO (CBO) value at bulk WS /
SiO  interface  is  about  0.48  eV  (0.33  eV)  larger  than

2 2 2 2

2

2 2

2 2

that of 1L WS /SiO  interface. Therefore, the WS /SiO
heterostructures  have  a  Type  I  energy-band  alignment.
The band offsets obtained experimentally and theoretically
are  consistent  except  the  narrower  theoretical  bandgap
of SiO . Moreover, the binding energy of 75 meV per S
atom and the totally separated partial DOSs demonstrate
a  weak  interaction  and  negligible  Fermi  level  pinning
effect  between  WS  monolayer  and  SiO  surface.  Our
experimental and theoretical results ensure the practical
applications  of  2D  WS /SiO  heterostructures  in  next-
generation electronic and optoelectronic devices. 
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