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ABSTRACT: Tuning the optical and electrical properties of two-dimensional (2D) 
hexagonal boron nitride (hBN) is critical for its successful applications in 
optoelectronics. Herein, we report a new methodology to significantly enhance 
optoelectronic properties of hBN monolayer by substitutionally doped with sulfur 
(S) on a molten Au substrate using chemical vapor deposition. The S atoms are more 
geometrically and energetically favorable to be doped in N sites than in B sites of the 
hBN, and the S 3p orbitals hybridize with the B 2p orbitals, forming a new 
conduction band edge that narrows its bandgap. The band edge positions change 
with the doping concentration of S atoms. The conductivity increases up to 1.5 times 
and enhances the optoelectronic properties, compared to the pristine hBN. A 
photodetector made of the 2D S-doped hBN film shows an extended wavelength 
response from 260 nm to 280 nm, and a 50-times increase in its photocurrent and 
responsivity with the light illumination at 280 nm. These enhancements are mainly due to the improved light absorption and 
increased electrical conductivity through doping with sulfur. This S doped hBN monolayer film can be used as the next 
generation electronics, optoelectronics, and spintronics.  
KEYWORDS: hexagonal boron nitride, chemical vapor deposition, 2D monolayer films, sulfur substitutional doping, 
optoelectronic properties, deep UV photodetectors 

INTRODUCTION  
Hexagonal boron nitride (hBN) is one of the key two-
dimensional (2D) materials, composing of alternating B and 
N atoms bonded by strong sp2 covalent bonds in its 
hexagonal lattices.1  Due to its atomically flat structure, 
chemical stability and excellent dielectric property, the hBN 
has been extensively explored as substrates, passivation 
layers, gate dielectric and tunneling layers, etc., to construct 
2D van der Waals heterostructures.2-7 Recently, its single-
photon emission, nonvolatile, piezoelectric and hyperbolic 
properties are investigated. 8-11 These intriguing electronic, 
optoelectronic and electromagnetic properties facilitate its 
practical uses in single-photon emitters, memristors, and 
hyperlenses.8-13 However, due to its ultra-wide bandgap, 
hBN is unsuitable for many optoelectronic applications. For 
instance, the hBN is reported to have a low electrical 
conductivity and a weak light absorption capability with the 
wavelength longer than 260 nm, which results in relatively 
low responsivity and poor detectivity when utilized in deep 
ultraviolet photodetectors.14-16 Therefore, modulating the 

optical and electrical properties of the hBN is critical for its 
applications in optoelectronics.17-18  

Recently, great efforts have been made to effectively 
modify the properties of hBN by functionalizing it with 
terminating bonds, such as -H, -F, -OH, and -NH2, and/or 
substitutionally doping with metal elements of Li, Be, Mg, Zn 
and nonmetal elements of C, O, and S.19-26 Compared to the 
chemisorption methods using the functional groups, 
substitutionally doping in the host lattice is more stable and 
feasible. Especially, theoretical studies have revealed that 
substitutionally doping with sulfur resulted in remarkable 
modifications in electrical and optoelectrical properties of 
the hBN, 27, 28 although there is no experimental study for the 
S substitutionally doped hBN monolayer. Xu and Wang 
groups have reported that the S doped hBN powders 
showed enhanced light absorption and charge transfer 
capabilities with excellent photocatalytic degradation of 
pollutants.25, 26 However, it is a huge challenge to obtain 
large scale substitutionally doped 2D hBN  film  using  the  
conventional  chemical  vapor  deposition 
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Figure 1. Aligned growth of S doped hBN monolayer film on a liquid Au layer. (a) Schematic illustration of aligned growth 
process of S doped hBN monolayer films. (b-e) SEM images of the growth process after 10 min, 15min, 20 min, 30 min, 
respectively. (f) TEM image of merging region of two domains. (g-i) SAED patterns of the corresponding marked areas in 
panel 1f. 
 
(CVD). This is mainly due to the difficulty of substitutionally 
doping of S into the host lattice of hBN at a high temperature 
and various facile reactions occurred between the 
elemental S and commonly used metal foil (Cu, Ni, and their 
alloys, Pt substrates) during the CVD process. 29, 30 

In this work, we successfully prepare the S doped hBN 
monolayer films on molten Au substrates by ambient 
pressure chemical vapor deposition (APCVD), and then 
systematically study their optical and electrical properties. 
The doping concentrations of S atoms can be tuned from 0.3% 
to 0.9% without deteriorating the quality of host hBN films 
by precisely controlling the reagent sources of B, N and S. 
Both experiments and first-principles density functional 
theory (DFT) calculations manifest that the S dopants 
replace the N sites in the hexagonal lattices and form S-B 
bonds. The band edges are shifted downwards, and the 
bandgap is narrowed by 140 meV from 5.83 eV to 5.69 eV 
after S doping, which improves the electrical conductivity 
and extends the light response range up to a wavelength of 
280 nm for a constructed photodetector. The strategy of S 
doped hBN monolayer films provides a new route to 
enhance the optoelectronic properties in the realm of 2D 
materials. 

RESULTS AND DISCUSSION 
Both S-free and S-doped hBN monolayer films were directly 
synthesized on a molten Au layer on a tungsten plate using 
APCVD. For the S-doped hBN, three representative doping 
concentrations of 0.3%, 0.6% and 0.9% (at. %) were 
obtained by mixing 1.0 mg, 2.0 mg and 3.0 mg of sulfur 
powders with 10.0 mg ammonia borane, respectively. We 
chose the Au layer for the growth of S doped hBN monolayer 
due to its good catalytic ability, low solubilities of B and N 
atoms for monolayer films synthesis, and a reasonable 
sulfur-resistant characteristics at a high temperature.29-31 It 
has been reported that the shape of the synthesized 
domains is highly dependent on the ratio of B to N on the 
surface of substrates.32 To obtain a circular single-crystal 
shape, the distances of B, N and S sources and the substrate 
were set to be 55 cm in a 1 inch quartz tube. Aligning growth 
of hBN domains is another common strategy to obtain 
wafer-scale single-crystal hBN films.33-35 The self-alignment 
of circular domains follows the minimized energy principle 
during its growth at a high temperature. To avoid formation 
of energetically unfavorable grain boundaries, the adjacent 
domains could be precisely aligned with each other by 
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either  rotating  or  translating  before  they  are  merged  
together.  

 
 
Figure 2. Monolayer film features and S doping characterizations. (a) Photograph of as-grown S doped hBN monolayer films 
on Au substrates. (b, c) Photograph and AFM image of S doped hBN monolayer films transferred onto SiO2/Si substrates. (d, 
e) TEM images of S doped hBN monolayer films. (f) STEM image of the S doped hBN monolayer films. (g-i) EDS mappings of 
(g) N-K, (h) B-K, and (i) S-K, the inset in panel 2f showing the measured area. 
 
Ideally, on the atomically smooth and quasi-diffusion 
barrier free liquid Au surface, both rotation and translation 
can happen simultaneously for these merging domains. We 
systematically studied the orientations of these domains by 
different characterization methods.  

The substrate was pre-annealed at 1035 ℃ for 30 min 
to remove impurities which can reduce nucleation density 
and cause disordered nucleation. Then it was heated up to 
1085 ℃ slowly (~5℃/min) to obtain a smooth and liquid 
Au surface on the tungsten plate. Figure 1a shows the 
schematic illustration of growth process for the S doped 
hBN monolayer film. After heating the reactant sources for 
10 min, only a few circular domains started to nucleate 
(Figure 1b). The nucleation density and the domain size 
increased rapidly within 15 min (Figure 1c). These 
individual domains reached to a uniform size of about 4.1 
μm determined by statistical analysis and nucleation was 
saturated at ~20 min (Figure 1d and Figure S1). Finally, 
more and more circular domains contacted and precisely 
aligned with each other guided by the electrostatic forces, 
and then coalesced to form a smooth and uniform 
monolayer film (Figure 1e). After the formation of S doped 

hBN, the Au surface was still smooth and shiny without 
deterioration caused by the sulfur atoms in the deposition 
chamber. To maintain smooth surfaces and avoid formation 
of any cracks or wrinkles, the furnace was cooled down to 
1035 ℃ within 9 min and maintained for 10 min to solidify 
the molten Au substrates. The smooth surface of the 
substrate is essential for both the aligned growth and 
transfer of the S doped hBN (Figure S2). The homogeneous 
pink color in the inverse pole figure (IPF) maps of electron 
beam scattering diffraction (EBSD) patterns shown in 
Figure S3 indicates that the whole region of the Au substrate 
has a (001) facet after the cooling process. 

Orientations of these domains were characterized 
using transmission electron microscope (TEM) combined 
with their selective area electron diffraction (SAED) 
patterns (Figure 1f-i). The TEM image of the merged region 
manifests the homogenous structure of the domains (Figure 
1f). The SAED patterns with six-symmetrical hexagonal dots 
are obtained on three areas marked in Figure 1f (including 
two different domains and their merged region). They are 
oriented within 78.5 ± 0.2°, indicating that the two merged 



4 

 

domains are aligned with  the  same  direction  and  there  
are  no  dislocations  at the

 
 
Figure 3. XPS spectra and optical bandgap of hBN and S doped hBN. (a) Schematic illustration of S atoms doped in N sites. (b-
d) XPS core level spectra of N 1s, B 1s and S 2p of hBN and S doped hBN. (e, f) Optical absorption spectra and plots of (αhv)1/2 
versus Eg. (g, h) XPS valence band spectra and band-edge relative position of hBN and S doped hBN. 
 
interface (Figure 1g-i). Corresponding high-resolution TEM 
images of two merging domains in Figure S4 indicates the 
high quality. Furthermore, we find that the AFM image is 
highly sensitive to grain boundaries and wrinkles in the 
polycrystalline films.36-38 The image from the atomic force 
microscope (AFM) shows that there are no grain 
boundaries or wrinkles within the synthesized sample 
(Figure S5a). Raman mapping of the E2g (in-plane vibration) 
phonon peak near 1370 cm-1 of the merged region shows a 
uniformly yellow color, indicating the absence of noticeable 
defects such as grain boundaries and wrinkles (Figure S5b). 
Liquid crystals (LC)-assisted polarized optical microscopy 
(POM) was employed to analyze the lattice orientation of 
the synthesized hBN monolayer films (Figure S6). There 
was no particular contrast observed, confirming the 
formation of wafer-scale S doped hBN monolayer film. To 
further assess the quality of the stitching between domains, 
the samples are exposed to H2 for etching (Figure S7). For 
H2 etching, the samples are placed in the center of a quartz 
tube positioned in a CVD furnace and exposed to the flow of 
5 sccm H2 and 120 sccm Ar for 30 min at 1,000 °C for etching. 
Edges of the holes marked by the dashed lines in the insets 

after etching are parallel with each other, which shows that 
there are no rotation angles between different domains. 

The as-grown S doped hBN film is transparent without 
apparent contrast on Au substrates (Figure 2a). After 
transferred onto SiO2/Si substrates, a uniform color 
contrast between the sample and SiO2/Si substrate can be 
observed, demonstrating the successful synthesis of large-
area and homogeneous S doped h-BN film on the Au layer 
(Figure 2b, Figure S8a). The height of S doped hBN film is 
~0.7 nm obtained from AFM analysis, which is 
approximated to that of circular domains, indicating the 
monolayer nature of the sample (Figure S5a, Figure 2c).33 
The homogeneous monolayer was further confirmed by 
TEM images (Figure 2d, e). The E2g phonon peak at 1370 cm-

1 of Raman spectrum of the sample also elucidates its 
monolayer characteristics (Figure S8b). 39 Corresponding 
Raman mapping collected at the same area with a unique 
blue color of E2g peak near 1370 cm-1 further demonstrates 
the homogeneity and high crystal quality of the synthesized 
S doped hBN monolayer film.39, 40 To demonstrate the 
successful incorporation of S atoms, the composition of a 
hBN monolayer film  doped  with  0.86%  (at. %)  S  was 
identified using a high-  
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Figure 4. First-principles density functional theory calculations and electrical conductivity properties. (a) The simulated 
lattice spacings (left) and calculated electron localized functions (ELF, right) of hBN and S doped hBN. (b, c) Density of states 
of hBN and S doped hBN. (d) OM image of the device structure. (e) Electrical behavior of hBN and S doped hBN. (f) Comparison 
of electrical conductivity of hBN and S doped hBN, obtained from (e). 
 
angle annular dark-field (HAADF)-scanning transmission 
electron microscope (STEM) and an energy dispersive 
spectroscope (EDS) (Figure 2f-i). The EDS mappings of N-K, 
B-K, and S-K were obtained from the area marked with 
white rectangle of panel 2f. The results in Figure 2f-I show 
that the N, B and S atoms are uniformly distributed within 
the characterized area, indicating the success of S doping in 
the hBN. 

To study the elemental compositions and bonding 
states of the monolayer films, especially the doping types of 
S atoms, XPS spectra of N 1s, B 1s and S 2p of hBN and S 
doped hBN transferred onto SiO2/Si substrates were 
analyzed. Survey XPS spectra (Figure S9) and atomic ratios 
(Table S1) of h-BN films with different S doping 
concentrations are shown in the supporting information. 
Figure 3a shows a schematic illustration of the 
substitutionally doped S atoms in N sites. For both the hBN 
and S doped hBN, the N1s core level spectra show one 
characteristic peak with their binding energies of 398.15 eV 
and 398.18 eV, respectively (Figure 3b). These are 
attributed to the N-B bonds in the hexagonal lattice, 
indicating that the N atoms are not bonded with S atoms. 
The B 1s core level spectrum of hBN is deconvoluted by 
Gaussian fitting into a main characteristic peak at 190.55 eV 
(the B-N bond) and a small shoulder peak at 192.25 eV (the 
B-O bond), which are linked to those from the interactions 
with SiO2 substrate and the environmental O2, respectively 
(Figure 3c). Whereas for the S doped hBN, the binding 
energy of B-N is at 190.73 eV, a slightly rightward shift than 

that of B-N in hBN due to the higher electronegativity of S 
than that of N, implying changes of bonding states of B after 
doped with S.25, 41 It’s worth noting that the intensity of 
shoulder peak at 192.28 eV of S doped hBN is much stronger 
than that of hBN, indicating that the primarily contribution 
is from the B-S bond apart from the B-O bond.25 We further 
analyzed the XPS core level spectra of S 2p for the S doped 
hBN. The core level binding energy of S 2p is located at 
169.93 eV, and peak intensity is increased with the doping 
concentration of S (Figure 3d). The deconvolution of XPS 
core level spectrum of S 2p of 0.86% S doped by Gaussian 
fitting are shown in figure S10a. This peak is normally 
attributed to positive charge of S ions (eg. S6+, S4+),42, 43 
whereas some other reports are attributed it to that of S2-.44, 

45 For the synthesis system we used, with a reducing 
atmosphere of H2 and a carrier gas of Ar, this peak should 
be ascribed to S2-, corresponding to the covalence bonds of 
S-B. It is worth noting that the hexagonal boron nitride unit 
cell contains a B atom and a N atom, with a total of eight 
valence electrons. The 2s and 2px, y orbitals of B and N form 
three planar σ bonds through sp2 hybridization. The 
nonhybridized pz orbitals of both B and N keep 
perpendicular to the plane. The lone pair electrons in N pz 
orbital is assumed to form π bond with the empty pz orbital 
of B. After S replacing the N atoms, the sp2 hybridized 
network is still maintained with an extra electron of S in the 
network. 28 While, if S adopted sp3 hybridization, the 
generated new bonds should always be present at an even 
number to balance the overall charge, namely, the S-B 
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bonds and S-N bonds or other compensating bonds should 
appear simultaneously. But we only observed S-B bonds, so 
such a possibility could be excluded.22 

 
 
Figure 5. Optoelectronic characteristics of hBN and S doped hBN photodetectors with an extended light response range. (a) 
Schematic diagram of the device architecture, inset is the OM image of the device. (b) I–V curves of hBN and S doped hBN 
measured in dark and 280 nm light irradiation at 20 V. (c) I–t curves of hBN and S doped hBN under 280 nm light irradiation. 
(d) The column diagram of photocurrent and responsivity of hBN and S doped hBN under 280 nm light irradiation. (e) 
Stability of S doped hBN under different light wavelength illumination. (f) Responsivity and detectivity of the S doped h-BN 
photodetector measured under different irradiation wavelengths at 20 V. 
 

The successful growth of S doped hBN monolayer films 
allows us to study the effect of S doping on their optical 
properties. To compare the light absorptions and bandgaps 
of hBN and S doped hBN with 0.86% S, they were 
transferred onto transparent quartz substrates. The peak 
absorption of the hBN is located at 202 nm, and its bandgap 
calculated by the Tauc’s formulation is ∼5.83 eV, 
corresponding to the hBN monolayer’s absorption 
characteristics (Figure 3e, f). However, for the S doped hBN, 
its peak absorption of 202 nm is almost twice as strong as 
that of the hBN. There is also a weak absorption from 400 
nm to 225 nm for the S doped hBN which is different from 
that of hBN, and its bandgap is narrowed down to ∼5.69 eV. 
The enhanced light absorption and extended light 
absorption range of the S doped hBN monolayer film will 
enhance its optoelectronic properties.  

X-ray photoelectron valence band (VB) spectra of both 
the hBN and S doped hBN with varies doping 
concentrations were collected (Figure S10b).  The valence 
band maxima of the hBN and S doped hBN with 0.86% S 
were identified to locate at 0.79  
eV and 2.23 eV, respectively (Figure 3g). Combined with the 
valence band maxima and optical bandgaps, their 
conduction band minima were calculated to be -5.04 eV, and 
-3.46 eV, respectively. A schematic illustration of the band-
edge position is shown in Figure 3h. The obvious changes of 
band-edge positions with the increase of S doping 
concentrations are beneficial to construct suitable band-
edge alignment of heterostructures for high-performance 
applications. 

To better understand the S substitutional doping sites 
and their effects on electronic structures, density functional 
theory (DFT) calculations were performed, more details are 
in the supporting information. For the hBN, substitution of 
S in a B site (SB) and substitution of S in a N site (SN) are 
illustrated in Figure S11. The bond lengths of B-N in both 
the hBN and S doped hBN are 1.450 Å, and those of N-S and 
B-S for the S doped hBN are 1.732 Å and 1.718 Å, 
respectively. The bond angles of B-N-B, N-S-N and B-S-B are 
the same of 120°, indicating that substitutions of S in N sites 
are more geometrically favorable (Table S2). The formation 
energies of S atoms substituted in B sites and N sites are 
9.34 eV and 7.67 eV, respectively, further elucidating that S 
atoms are more energetically preferable to be doped in N 
sites. The calculated results of doping sites are in good 
agreement with high resolution XPS results. 

We then focused on investigating the electronic 
structures of S doping in N sites. After the S atoms 
substitutionally doped in the N sites, a threefold symmetry 
of the hexagonal lattice of hBN is maintained (Figure 4a, 
left). The electron localization function (ELF) of the B-S 
covalent bond (∼0.78) is similar to that of the B-N covalent 
bond (∼0.80) (Figure 4a, right).46 For the density of states 
(DOS) of hBN, the bottom of conduction band (CBM) is 
mainly constructed by B 2p orbitals, while the top of valence 
band (VBM) is mainly constructed by N 2p orbitals (Figure 
4b). After doping with S, the S 3p orbitals are hybridized 
with the B 2p orbitals, thus resulting in the formation of new 
conduction band edge that crosses the Fermi level and 
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narrows the bandgap (Figure 4c), which is beneficial to 
improve electrical conductance of the sample. 47  

Our experimental I-V results prove that the narrowed 
bandgap is indeed beneficial to improve the electrical 
conductivity (Figure 4d-f). To exclude any chemical doping, 
physical copper mask techniques (details shown in 
supporting information) were employed to fabricate the 
measured device electrodes. An optical microscope (OM) 
image of the device construction is shown in Figure 4d. I-V 
curves for the hBN and S doped hBN shown in Figure 4e are 
almost symmetric, indicating  good  contacts  between  the  
sample  and  electrodes.
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However, under the same bias voltage, the device 
constructed by the S doped hBN with 0.86% S exhibits a 
much higher current than that of hBN due to the enhanced 
electrical conductance. Comparison of electrical 
conductivity of hBN and S doped hBN is shown in Figure 4f 
(values obtained from Figure 4e). The currents of hBN and 
S doped hBN are both increase with voltages increase, but 
the S doped hBN has greater increase rate, at a voltage of 20 
V increases up to 160.0% after S doping, showing a 
significant enhancement in the electrical conductivity. 

To study the extended wavelength response properties 
of S doped hBN, we fabricated photodetector devices with a 
metal-semiconductor-metal (MSM) construction. The 
working mechanism of a simple photodetector is that 
photons absorbed in the device generate carriers in the 
channel, which are then drifted toward electrodes by the 
applied voltage.48, 49 Thus, light absorption and conductivity 
of the sample are two essential factors to affect the 
photodetector’s performance. Figure 5a shows a schematic 
diagram and an OM image of the photodetector device 
(inset), which is consisted of two Au electrodes and a 230 
μm × 30 μm channel. By irradiating with 280 nm 
wavelength light, the S doped hBN with 0.86% S shows 
obvious light induced currents, while the currents of the 
hBN are almost overlapped with those in the dark 
environment due to its weak light absorption capability 
(Figure 5b). Likewise, the time-dependent photo-responses 
of S doped hBN exhibits stable “on” and “off” characteristics 
under a periodical light illumination, whereas for the hBN, 
there are weak responses (Figure 5c). The comparisons of 
photocurrents and responsivities for both the hBN and S 
doped hBN are shown in Figure 5d. The photocurrent and 
responsivity of S doped hBN are ∼50 times higher than that 
of hBN. This significantly enhanced performance is 
attributed to the improvements of light absorption 
capability and electrical conductivity of the S doped hBN. 
Furthermore, after S doping, the samples still have good 
sensitivities and stable responses to the light irradiation 
with different wavelengths, indicating the high 
performance of the synthesized S doped hBN monolayer 
films (Figure 5e). It shows the maximum current 
illuminated by the laser at 250 nm rather than at 230 nm, 
such a disagreement with light absorption is due to the 
balance between the light absorption and light intensity. 
However, the highest values of responsivity and detectivity 
at 230 nm are consistent to the S doped h-BN light 
absorption, implying that the photo-induced carrier is a 
bandgap excitation-related process (Figure 5f). The 
responsivity (~ 1mA/W) of S doped h-BN at 230 nm (0.2 
μW/ mm2) irradiation is comparable to other h-BN 
photodetectors reported previously, as summarized in 
Table S3. 14,16,50-52 

 
CONCLUSIONS  
We have systematically studied the optoelectric properties 
of S doped hBN monolayer films synthesized on a molten Au 
layer. S atoms doped in the N sites are more geometrically 
and energetically favorable than those in the B sites. After 
doped with S atoms, the threefold symmetry of the 
hexagonal lattice of hBN is still maintained. Whereas the 

band edge positions are significantly changed, creating a 
new methodology to construct suitable band-edge 
alignment heterostructures for high-performance 
optoelectronic applications.  The concentration of S atoms 
can be precisely adjusted from 0.3% up to 0.9% without 
deteriorating the crystal quality, which can be potentially 
used for single-photon emission in quantum information 
technologies. The hybridization of B 2p states with S 3p 
narrows the bandgap of S doped hBN, which improves the 
optoelectronic properties of light absorption and electrical 
conductivity. The wavelength responses are extended to 
280 nm, and the photocurrent and responsivity for light 
irradiation with a wavelength of 280 nm are ∼50 times 
higher than the pristine hBN. We expect that our new 
strategy will be beneficial for electronics, optoelectronics, 
and spintronic technologies.  
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