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Abstract 

2D material epitaxy offers the promise of new 2D/2D and 2D/3D heterostructures with their 

own specific electronic and optical properties. In this work, we demonstrate the epitaxial growth 

of few layers WSe2 on GaP(111)B by molecular beam epitaxy. Using a combination of 

experimental techniques, we emphasize the role of the growth temperature and of a subsequent 

annealing of the grown layers under a selenium flux on the polytype formed and on its structural 

and morphological properties. We show that a low growth temperature promotes the formation 

of the 1T’ and 3R phases depending on the layer thickness whereas a higher growth temperature 

favours the stable 2H phase. The resulting layers exhibit clear epitaxial relationships with the 

GaP(111)B substrate with an optimum grain disorientation and mean size of 1.1° and around 30 

nm respectively for the 2H phase. Bilayer 2H WSe2/GaP(111)B heterostructures exhibit a 

staggered type II band alignment and p-doped character of the epi-layer on both p and n-type 

GaP substrates. This first realisation of stable p-type WSe2 epi-layer on a large-area GaP(111)B 

substrate paves the way to new 2D/3D heterostructures with great interests in nanoelectronic 

and optoelectronic applications, especially in the development of new 2D-material p-n 

junctions.  

 

Keywords: 2D materials, Molecular Beam Epitaxy, Van der Waals epitaxy, 2D on 3D 

heterostructure, WSe2, X-ray Photoelectron Spectroscopy  
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1. Introduction 

For two decades and beyond graphene [1], 2D materials interests have tremendously increased 

and especially Transition Metal Dichalcogenides (TMDCs) because of their remarkable 

electrical and optical properties [2–4]. Semiconducting ones such as MoS2, MoSe2, WS2 or 

WSe2 show an indirect to direct band gap transition when the film thickness is reduced from 

multilayer to monolayer[5–7], making them very promising for the development of new 

generation electronic and opto-electronic devices [2,3,8,9]. WSe2 appears particularly 

interesting due to large spin-orbit coupling and spin-splitting in the K valley [10,11] as well as 

a high carrier mobility [12,13].  

Those physical properties have been widely studied on mechanically or chemically exfoliated 

micron-sized TMDCs flakes. On the other hand, well-developed bottom-up approaches like 

Chemical Vapor Deposition (CVD) demonstrated high crystalline quality TMDC monolayer 

[14–17] with high carrier mobility for flakes up to hundreds micrometres wide. Yet, large area 

monocrystalline TMDC growth remains a clear issue. Among some alternative methods, 

Molecular Beam Epitaxy (MBE) has demonstrated valuable results for the growth of WSe2 and 

related heterostructures, especially on 2D-substrates, because of the natural van der Waals 

interface between the epi-layer and the substrate surface. Therefore, a large amount of studies 

have focused on WSe2 epitaxy on HOPG [18–20] or graphene bilayer [21,22], underscoring 

specific electrical and structural properties. Notably, it has been shown that a low growth 

temperature (~230°C) would favour the formation of metastable 1T’-WSe2 phase which 

exhibits a quantum spin Hall Effect as well as a metallic behaviour [23]. On the other hand, a 

significantly higher temperature (~400°C) is required to promote the stable and semiconducting 

2H-WSe2 phase [23]. A third stable stacking order with ferroelectric properties is the 3R-WSe2 

phase [24,25]. Recently Vergnaud et al. have investigated WSe2 growth on mica, pointing out 

the importance of the use of very low deposition rate and high temperature (around 900°C) to 

improve the average grain size and crystalline orientation [26], as suggested by the Monte-

Carlo simulation study performed by Nie et al. [27]. On the other hand, new generation of 

heterojunction have emerged, using 3D substrates such as insulating sapphire Al2O3(0001) 

[28,29] or AlN(0001) [30], underlining the importance of surface preparation prior growth. 

Lately, Pierucci et al. [31] have demonstrated scalable monolayer thick and highly oriented 

WSe2 film on top of GaAs(111)B, showing evidence of a high p-type doping due to charge 

transfer from the GaAs substrate. On the same substrate, Ohtake et al. [32] have successfully 

grown large-area and highly oriented MoSe2/WSe2 heterostructures, creating new interests in 
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the use of III-V semiconductors as substrates for TMDC growth, especially for opto-electronic 

devices development. Both studies also highlight the need for a termination of the surface 

dangling bonds with selenium prior to WSe2 growth in order to favour the formation of a Van 

der Waals gap [33–36]. This process has been widely discussed since the 1990’s for growing 

semiconducting chalcogenides such as GaSe [37,38] or MoSe2 [33] on top of GaAs.  

In this work, we investigate the growth of WSe2 films on GaP(111)B substrates, as GaP shows 

a similar crystallographic structure as GaAs but exhibits a significantly higher thermal stability 

[39] with a congruent sublimation temperature at 675°C [40] instead of 625°C [41]. This 

structural feature should allow us reaching higher growth temperatures, and therefore result in 

increasing the nucleus size, leading to larger grains and higher carrier mobility [27]. Thus, we 

focus this study on the impact of the growth and annealing temperatures on the crystal structure 

quality, the surface morphology and the different WSe2 polytypes formation.  

We report the epitaxy of continuous, large-area, semiconducting few layers WSe2 on Se-

terminated GaP(111)B. We point out the formation of the metastable 1T’ and 3R phases at low 

growth temperature (TG) and the formation of metallic W-W bonds at TG exceeding 500°C. We 

underscore the importance of TG and the need for applying a subsequent annealing step under 

a Se flux in order to promote the semiconducting 2H phase formation. An optimal WSe2 2H 

bilayer grown between 450°C and 500°C, annealed at 650°C, exhibits a flawless interface, a 

1.1° in-plane disorientation and a mean grain size of ~30 nm. We highlight the systematic p-

type doping of the epi-layer, and a staggered band alignment with a slight variation of the band 

offset depending on the initial substrate doping type. 

 

2. Experimental 

For this study we use 1/6 of 2 inch GaP(111)B substrates from Ensemble3 Ltd. Poland cleaved 

and then glued with indium on 3-inch unpolished Si wafer. The substrate is first outgassed for 

90 minutes at 200°C under ultra-high vacuum (UHV) and then transferred to a III-V dedicated 

MBE chamber for deoxidization at 550°C using both atomic hydrogen and cracked phosphine. 

This results in a clear and sharp 2 × 2 Reflection High Energy Electron Diffraction (RHEED) 

pattern. The sample is then transferred under UHV to a second MBE reactor dedicated to 

TMDC growth fitted with a Riber VCOR 110 valve cracker cell for selenium sublimation and 

a Telemark electron gun as tungsten source. 
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Before WSe2 growth, the selenium beam equivalent pressure and tungsten growth rate are 

respectively measured thanks to a Bayard-Alpert flux gauge and a quartz microbalance, placed 

close to the sample position and the deoxidized GaP substrate surface is passivated under a 

selenium flux at a minimal temperature of 450°C. The RHEED pattern evolves from a 2 × 2 to 

a 1 × 1 one a few seconds after selenium introduction. According to Atomic Force Microscopy 

(AFM) measurements, the resulted RMS roughness is around 0.2 nm. Throughout this study, 

the tungsten growth rate is fixed at 0.002 Å/s ± 15%, the Se flux is set at 2-5×10-6 Torr for the 

growth process, and the temperature varies between 250°C and 650°C. The WSe2 surface 

crystallography is monitored during growth by in situ RHEED, whereas complementary 

analysis is performed using Low Energy Electron Diffraction (LEED) at 50 eV.  

For X-Ray and ultra-violet photoelectron spectroscopy (XPS, UPS) analysis, the sample is 

transferred under UHV after growth in a surface analysis chamber equipped with a Physical 

electronics 5600 system. XPS measurements are performed with a monochromatic Al Kα 

(1486.6 eV) X-Ray source for which the ultimate overall resolution as measured from the full 

width at half maximum (FWHM) of the Ag 3d5/2 line is 0.5 eV. The acceptance angle of the 

hemispherical analyser is set to 14° and the angle between the incident X-Rays and the analyser 

is 90°. The direction of photoelectrons is given by the polar angle θ, as referenced to the sample 

surface and the azimuth angle φ. To obtain depth dependent measurements, three polar angles, 

i.e. 25, 45, 75° are chosen whereas the azimuth angle is fixed along the sample <112> direction. 

Estimation of the grown WSe2 film thickness was based on the ratio between the W 4f and Ga 

3d XPS core levels (CL) line intensities for the three polar angles and the related electron 

attenuation lengths [42–46]. The intensity of the various XPS are measured as the peak area 

after standard background subtraction according to the Shirley procedure [47,48]. Core level 

decomposition is achieved using pseudo-Voigt functions within the PHI MultiPakTM software 

[49]. The branching ratios are theoretical ones and the splitting energies are fixed at 0.86 eV 

between Se 3d5/2 and Se 3d3/2, and 2.16 eV between W 4f7/2 and W 4f5/2. A He I Kα (21.2 eV) 

source is used for UPS analysis and valence band spectra are recorded around the Γ point of the 

Brillouin zone. The valence band maximum (VBM) is determined through the intercept of a 

linear extrapolation of the decreasing density of states with the baseline. For work function 

determination, the sample is biased at -3 V and the threshold energy is measured as the intercept 

of a linear interpolation of the rapidly rising intensity with the baseline. 
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The surface morphology is investigated by ex situ Atomic force Microscopy (AFM) on a 

Multimode model from Bruker monitored with a Bruker NS4a controller in tapping mode using 

standard NCHVA-A probes from Bruker with a resonance frequency at ~320 kHz.  

For Scanning Transmission Electron Microscopy (STEM), Raman and X-Ray Diffraction 

(XRD) studies, the samples are capped with an amorphous selenium layer. After preparation of 

thin slabs using focus ion beam (FIB) etching, STEM studies are performed in a Titan Themis 

200 (FEI) microscope equipped with a spherical aberration corrector on the probe and an 

energy-dispersive x-ray spectroscopy (EDX) system super X (0.7 srad solid angle of collection). 

The accelerating voltage is 200 kV. The (half) convergence angle of the probe is 17.6 mrad and 

the probe current 40-45 pA. The inner and outer semi-angles of the Dark Field detector are 

respectively 69 mrad and 200 mrad, detecting inelastically scattered electrons at high angles 

(HAADF-STEM images). 

Raman spectroscopy analysis is performed on a Horiba Scientific LabRAM HR instrument with 

a laser wavelength of 473.1 nm. The spectral resolution is 0.5 cm-1 for a grating with 1800 

grooves per mm. The FWHM of the different Raman components are extracted through the best 

fit of the experimental spectra, after subtracting the substrate contribution, with Lorentzian 

functions. 

Finally X-Ray diffraction (XRD) measurements in grazing incidence are achieved using a 

SmartLab Rigaku diffractometer to quantify the in-plane disorientation and estimate the mean 

grain size after growth by recording 2 spectrum types : azimuthal φ scans and 2θχ/φ scans. The 

X-ray beam is generated from a copper rotating anode (Cu Kα1,2 = 1.5418 eV) and equipped 

with in-plane collimators, leading to an angular resolution of 0.114°.  

 

3. Results and discussions 

3.1. Impact of the growth temperature and the film thickness 

We investigate the impact of the growth temperature on the nucleation step by comparing the 

evolution of the surface morphology at 250°C and 450°C for the same nominal deposited 

thickness around 0.25 ML (Figure S1a & S1b), which shows that raising TG from 250°C to 

450°C reduces the WSe2 nuclei density. This trend underscores the increase of the species 

surface diffusion with TG. It also reveals that the nucleation does not occur at particular 

preferential sites such as atomic step edges but rather all over the surface. Together with the 
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small grain size reached at 450°C, this shows that surface diffusion remains limited in the 

explored TG range as expected for tungsten-based species.  

Monolayer WSe2 exhibits the most stable trigonal prismatic 1H phase or the metastable 

orthorhombic 1T’ one, arising from a distortion of the octahedral 1T phase [23]. The most stable 

stacking for multilayer are the 2H and 3R ones. Within the 2H stacking (AA’ configuration), 

the W(Se) atoms of one layer reside above or below the Se(W) atoms of another layer. Within 

the 3R stacking (AB configuration), this superposition occurs only for half of the W and Se 

atoms. These different phases and stacking orders can be identified through STEM observations 

performed along the GaP [1-10] zone axis. Indeed, the Se-W-Se bonds in the 1H phase are 

characterized by herringbones whereas they exhibit distorted parallel segments in the 1T’ one. 

For multilayer, the 2H stacking order results in alternated herringbones directions from one 

layer to another, while the herringbones will keep their orientation for the 3R stacking, 

exhibiting only a translation between different layers. 

FIGURE 1a shows the RHEED pattern after a bilayer growth at TG=250°C along the two main 

directions, which clearly follows a two dimensional mode with the unique presence of vertical 

streaks, resulting in a smooth surface (RMS~0.3 nm) and small domains observed in AFM 

(FIGURE 1b). Thus in this case, the presence of intermediate lines on the RHEED pattern, 

close to a 2 × 2 reconstruction indicates the presence of the metastable 1T’ phase [23]. 

Intermediate dots on the LEED patterns for both monolayer and bilayer WSe2 (FIGURES 1c 

& 1d) confirm the presence of this 1T’ phase. HR-STEM images in the high angle annular dark 

field (HAADF) mode along the (110) zone axis for a sub-monolayer sample in FIGURE 1e 

bring additional proof of this 1T’ phase coexisting with a disordered 1H one. This latter exhibits 

a high in-plane disorientation as two different 1H orientations are resolved within the same 

image. For the bilayer, HR-STEM observation mainly points out the formation of a 

rhombohedral stacking (FIGURE 1f). Along the same line, based on TEM observations 

supported by ARPES and micro-Raman measurements [50], Mahmoudi et al. have shown that 

a WSe2 bilayer epitaxially grown on n-type GaP(111)B at 250°C exhibits a preferential 3R-

bilayer stacking with still a small amount of 1T’ in the top layer. For this bilayer, we decompose 

the W 4f and XPS CL with a first doublet at 32.44 eV linked to the 3R phase [51] and a second 

doublet for 1T’ with a binding energy shift of -0.60 eV [22,52] (FIGURE 1g). It highlights the 

coexistence of a dominant 3R phase and a residual 1T’ one (<10%) in a 250°C grown WSe2 

bilayer. In comparison, the W 4f CL for a 0.6 ML sample shows a clear dominance of the 1T’ 

phase over the 1H one (Figure S2a). The Se 3d CL (FIGURE 1h) also exhibits two doublets 
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with the main one at 54.61 eV. In this case, the origin of the second low binding energy doublet 

can be ascribed to both the 1T’ phase and to selenium atoms bonded to gallium ones at the top 

surface of the selenium passivated GaP substrate.  

Figure 1: surface and interface characterization of a WSe2 monolayer and bilayer grown at 

TG=250°C: (a) RHEED pattern along the two primary directions rotated by 30° of 2ML WSe2 

grown at TG=250°C on an n-type GaP substrate and (b) corresponding AFM image; 50 eV 

LEED pattern evolution at 1ML (c) and 2MLs (d). HAADF STEM image of 1ML (e) and 2MLs 

(f); 1T’ and 1H stacking side view schematic adapted from [23]. Red herringbones and lines 

are representing 1H and 1T’ phases, respectively. Decomposition of W 4f (g) and Se 3d (h) 

CL recorded at θ=25° for a 2ML growth.  
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This latter exhibits a clear van der Waals gap with the epi-layer as revealed by a close look at 

the interface (FIGURE 1f). As the brightness contrast in HAADF is roughly proportional to 

the square of the atomic number (~Z²), the contrast observed at the interface reveals an extreme 

GaP surface selenium passivation before growth and validates the surface treatment used to get 

a GaP(111)B-Se pseudo van der Waals substrate. Overall, at this temperature, TEM images 

show a good substrate to epi-layer interface with no apparent issues during the early selenium 

passivation, also confirmed by the presence of a moiré for the monolayer growth in LEED, 

whose continuity is not disturbed by atomic edges (FIGURE 1e).  

 Contrarily, increasing TG up to 450°C 

favours a three dimensional growth mode 

with the presence of additional spots along 

and around the 1 × 1 RHEED WSe2 

streaks (FIGURE 2a), resulting in a quite 

rough surface (RMS~1.1 nm) with 25 nm 

wide domains (FIGURE 2b). Actually, 

the 3D behaviour appears at the end of the 

first monolayer growth with a slow 

degradation of the RHEED pattern. A 

similar behaviour is observed at 

TG=500°C. The suppression of the 1T’ 

phase suggested by the disappearance of 

the intermediate lines in RHEED is further 

confirmed by W 4f  and Se 3d CLs 

deconvolution (FIGURE 2c & 2d) which 

exhibits a single component at 32.41 eV and 54.62 eV related to the stable WSe2 [30,53] phase. 
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Figure 2: Surface characterization of a 

WSe2 bilayer grown at TG=450°C: (a) 

RHEED pattern along the primary 

directions of a 2 ML WSe2 grown on an n-

type GaP substrate and associated AFM 

image (b);  W 4f CL (c) and Se 3d CL (d) 

decompositions. XPS CLs are measured at 

a takeoff angle θ=25°. 
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The second doublet at 53.8 eV in the Se 3d spectrum is linked to surface Ga-Se bonds induced 

by the early selenium passivation of the GaP substrate [31,53].Increasing TG up to 550°C 

reduces even more the 1 × 1  reconstruction with a quasi-fully 3D growth mode. Moreover, the 

W 4f XPS CL decomposition at TG=550°C (Figure S2b) exhibits a second component at lower 

binding energy (BE) around 31.8 eV, correlated to metallic tungsten [54,55], indicating a lack 

of selenium above 500°C, favouring the formation of metallic W clusters. Considering the 

strong Se overpressure used, this is probably due to excessive selenium re-evaporation from the 

surface at this temperature. These observations lead us to reduce the upper limit of TG down to 

500°C. 

 

3.2. Impact of annealing under selenium flux at 650°C 

As presented above, direct growth of WSe2 

on top of GaP(111)B-Se exhibits specific 

features depending on the temperature. In 

the following section, we are investigating 

the impact of an annealing under selenium 

flux on the phases formed as well as on the 

film morphology and structure. The 

temperature ramp after the growth is set at 

20°C/min and the sample is maintained at 

TA=650°C for 5-10 minutes before 

decreasing the temperature. We close the 

selenium shutter only once the substrate 

temperature has decreased below 450°C, in 

order to limit any desorption or 

accumulation of Se on the surface. For all 

the results presented below, the main 

evolution of the RHEED pattern occurs 

once the substrate temperature reaches a 

minimum of 630°C.  

 The annealing of a 1 ML and 3 ML thick 

WSe2 films grown at 250°C leads to the total suppression of the metastable 1T’ phase, as 

Figure 3: Impact of Se-annealing treatment at 

TA=650°C: HAADF STEM images for 1ML (a) 

3MLs (b) grown at TG=250°C and for 3MLs grown 

at TG=450°C (c). Insets show the corresponding 

LEED (a) and RHEED (b, c) patterns.  
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evidenced by the observed 1x1 RHEED and LEED pattern (FIGURE 3a & 3b). This is further 

confirmed by the STEM observation, which clearly demonstrates the formation of the 1H phase 

in the case of a monolayer growth. We further notice that the annealing does not alter the van 

der Waals interface. In the case of a 3 ML growth, the 2H and the 3R-bilayer stacking are 

observed within the same TEM image, with a 3R-bilayer formation on the top surface partial 

layer. AFM imaging after 650°C annealing of a WSe2 bilayer grown at 250°C (Figure S3a) 

shows a slight decrease of the roughness (0.2 vs 0.3 nm) and the appearance of GaP atomic 

steps in the background, indicating a good epitaxial relation. In addition, XPS W 4f and Se 3d 

(FIGURE 4a & 4b) CLs spectra measured before and after annealing the sample confirm the 

suppression of the 1T’ phase. Besides, Raman shift measurements (FIGURE 4c) highlights a 

3R/2H mix phase by the observation of two distinct vibrations modes: a main A1g at 251.2 cm-

1 (FWHM=3.1 cm-1) and a secondary degenerated E1
2g at 247.9 cm-1 (FWHM=4.5 cm-1) 

[51,56,57] with a E1
2g/A1g area ratio equal to 0.87. The additional peak observed at 239 cm-1 is 

linked to the crystallized Selenium cap.  

On the other hand, the morphology of annealed 3 ML thick WSe2 layers grown at 450°C is 

greatly improved, as suggested by the 1 × 1 streaky 2D RHEED pattern (FIGURE 3c) and the 

AFM images (Figure S3b), showing a reduction of the roughness. In these cases, STEM 

observations (FIGURE 3c) demonstrate the formation of a bi-dimensional 2H phase layer. 

Combining the RHEED and STEM observations, the epitaxial relationships are [11-

20]WSe2//[1-10]GaP, [1-100]WSe2//[11-2]GaP in-plane and [0001]WSe2//[-1-1-1]GaP out of 

plane. The comparison of the W 4f and Se 3d CLs signals before and after annealing (FIGURE 

4a & 4b) confirms a reduction of the peak width at 450°C (from 630 meV to 540 meV, and 

from 680 meV to 570 meV, respectively), which we can link to crystal quality improvement. 

Only one single doublet at 32.4 eV [30,53] is required for the W 4f CL fitting (FIGURE 4d). 

The Se 3d CL decomposition (FIGURE 4e) shows three doublet, a first one at 54.55 eV linked 

to 2H-WSe2 and a second at 53.85 eV linked to surface GaSe induced by the early selenium 

passivation. The third doublet at 55.15 eV is attributed to some excess Se accumulated at the 

surface during the cooling down following the annealing process. Raman shift measurement in 

FIGURE 4c shows a slight reduction of the E1
2g peak intensity (E1

2g/A1g=0.65) at TG=450°C 

compared to TG=250°C (E1
2g/A1g=0.87).  Therefore, a combination of high growth temperature 

and annealing at 650°C under selenium flux tend to favour the formation of single 2H phase for 

a few layers WSe2 film. A closer look at the interface reveals no peculiar degradation due to 

the annealing step for TG=250°C and 450°C.  
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Grazing incidence in-plane XRD global φ and 2θχ/φ scans (FIGURE 5a & 5b) highlight the 

alignment of WSe2 grains with the GaP symmetry axes. Then, we estimate the average grain 

size of WSe2 from plotting the FWHM of (1 0 0), (2 0 0) and (3 0 0) peaks at 2θχ/φ = [31.4°; 

65.3°; 108.1°], respectively [26,31], using the Williamson-Hall technique [58] as presented in 

the Figure S4a. On the other hand, the in-plane angular spread is measured as the FWHM of 

the most intense [1-10] (2θχ/φ=55.9°) φWSe2 peak for each sample. The evolution of both 

parameters with TG, the Se-annealing treatment and the tungsten growth rate is summarized in 

TABLE 1. An annealed WSe2 bilayer grown at 250°C shows a rather high in-plane 

disorientation of 2.53° and a small average grain size around 15 nm. In FIGURE 5c and 5d, 

we plot the most intense [1-10] φWSe2 and the XRD (100) 2θχ/φ peaks (31.4°), respectively, for 
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Figure 4: Impact of Se-annealing treatment at TA=650°C: W 4f CL (a), Se 3d (b) and Raman 

shift (c) evolutions. Decomposition of W 4f CL (d) and Se 3d CL (e) spectra recorded with a 

take-off angle θ=25° on an n-type GaP substrate.  
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different growth conditions. It appears clearly that increasing TG up to 450°C enlarges the 

average grain size up to 23 nm, correlated to a reduction of the 2θχ/φ FWHMs(100). In an attempt 

to get larger grains, we further rise TG up to 500°C but it does not show any clear improvement 

with respect to 450°C resulting in a somewhat comparable grain of 23 nm. Contrarily, the in-

plane disorientation seems to be more sensitive to TG, as it decreases from 1.75° for TG=450°C 

to 1.48° for TG=500°C. Furthermore, applying a Se-annealing treatment after a growth at 450°C 

or 500°C exhibits a similar behaviour, with a rather stable average grain size of ~23 nm and a 

decreased of the disorientation to 1.43° and 1.25°, respectively. Therefore, we will assume that 

at a defined TG, the Se-annealing treatment mainly enhance the in-plane disorientation, whereas 

the mean grain size is rather defined by TG with an optimum for a growth between 450°C and 

500°C. On the other hand, increasing the growth rate up to ~0.02 Å/s degrades both the grain 

disorientation and mean size regardless of TG. Indeed, increasing the growth rate will tend to 

Figure 5: influence of TG and Se-annealing treatment on grain size and in-plane 

disorientation measured with grazing incidence XRD: (a) 360° GaP (2θχ/φ=47.13°) and 

WSe2 (2θχ/φ=55.69°) azimuthal φ pattern for a WSe2 bilayer grown at TG=450°C and Se-

annealed (b) XRD 2θχ/φ diffractogram along two azimuthal directions. Evolution of normalized 

(c) WSe2 φ and (d) 2θχ/φ(100) scans with TG after annealing.  
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increase the nuclei density and reduce their size, which is why we use a low tungsten growth 

rate (~0.002 Å/s) throughout this work.  

Last, the 3D behaviour observed by RHEED during growth at 450°C or 500°C can be largely 

reduced by interrupting the growth and annealing under Se at 650°C after the first monolayer. 

RHEED observations during the second monolayer suggest a 2D growth with little presence of 

additional spots along the 1 × 1 streaks. A second annealing step is performed after the bilayer 

growth, resulting in the reduction of the final disorientation down to 1.07°. In this case, we 

estimate an optimal average grain size of 32 nm for a WSe2 bilayer grown at 500°C with a 2-

step annealing (TABLE 1). Overall, the WSe2 layers grown at 450°C or 500°C with a low 

growth rate and subsequent Se-annealing step at 650°C exhibits the best features with very 

close XPS spectra and average grain size. In addition, Raman spectroscopy measurements over 

a centimetre-scaled surface evidence the good uniformity of the WSe2 growth, as presented in 

Figure S5. 

sample Grain size (nm) In-plane disorientation Δφ (°) 

2.5 ML 250°C/650°C 0.02 Å/s 15±4 2.93±0.02 

1.5 ML 250°C/650°C 0.002 Å/s 15±1 2.53±0.03 

2 ML 450°C 0.002 Å/s 22±7 1,75±0,02 

2.5 ML 450°C/650°C 0.02 Å/s 17±4 2.17±0.01 

2.5 ML 450°C/650°C 0.002 Å/s 25±10 1.43±0.01 

2 ML 500°C 0.002 Å/s 23±9 1.48±0.03 

2 ML 500°C/650°C 0.002 Å/s 23±1 1.25±0.01 

2x1 ML 500°C/650°C 0.002 Å/s 32±10 1.07±0.01 

 

3.3. Band structure 

In this section, we discuss the band structure of a WSe2 bilayer grown on a GaP(111)B at 450°C 

and start with the results relative to a p-type (p~6-7×1017 cm-3) substrate. We calculate the 

valence band discontinuity (ΔEV), measure the work function (Φ) and the energy of the valence 

band maximum (VBM), and finally draw the band alignment assuming a GaP bandgap and an 

electron affinity of 2.26 eV and 3.8 eV respectively[59].  

Table 1: Average grain size and in-plane disorientation evolution with TG, TA and the 

growth rate based on XRD measurements. A comparison of WSe2 2θχ/φ(100) and φ signals is 

presented in Figures S4b to S4d. 
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The valence band discontinuity ΔEV is extracted using the Waldrop method [60,61] which 

stands from the following equation: ∆𝐸𝑉 = ∆𝐸𝐶𝐿 + (𝐸𝑃2𝑝
𝐺𝑎𝑃 − 𝐸𝑉

𝐺𝑎𝑃) − (𝐸𝑊4𝑓
𝑊𝑆𝑒2/𝐶𝑔

−

𝐸𝑉
𝑊𝑆𝑒2/𝐶𝑔

). On a deoxidized GaP(111)B substrate, we measure the binding energy of the P 2p 

CL 𝐸𝑃2𝑝
𝐺𝑎𝑃 and the energy of the top of the valence band 𝐸𝑉

𝐺𝑎𝑃 by XPS at θ=75° in such a way 

that (𝐸𝑃2𝑝
𝐺𝑎𝑃 − 𝐸𝑉

𝐺𝑎𝑃) = 128.00 ± 0.05 𝑒𝑉.  In the same way, we get (𝐸𝑊4𝑓
𝑊𝑆𝑒2/𝐺𝑎𝑃

−

𝐸𝑉
𝑊𝑆𝑒2/𝐺𝑎𝑃

) = 31.71 ± 0.05 𝑒𝑉 recorded on a bulk WSe2 (~15 ML) grown at 450°C and Se-

annealed on a GaP(111)B-Se substrate. On the other hand, the ΔECL value is extracted by 

measuring the binding energy difference 

between W 4f7/2 and P 2p3/2 CLs on the p-

GaP/WSe2 heterostructure, which results 

in ∆𝐸𝐶𝐿𝑝−𝐺𝑎𝑃/𝑊𝑆𝑒2
= −97.02 ± 0.05 𝑒𝑉 

and induces a 

 ∆𝐸𝑉𝑝−𝐺𝑎𝑃/𝑊𝑆𝑒2 
 of −0.73 ± 0.1 𝑒𝑉. 

Measurement of these three values are 

presented in Figure S6a to S6c. 

For this heterostructure, UPS 

measurements around the Γ point 

indicates the energy of the VBM at 0.29 ±

0.05 𝑒𝑉. Thus, assuming an electronic 

bandgap between 1.7 eV [50] and 1.8 eV 

[18] for a WSe2 bilayer, it expresses a p-

type doping of the epi-layer. On the other 

hand, the work function determined from 

the threshold energy measurement as: 

𝐸𝑡ℎ = ℎ𝜈 + 𝑒𝑉𝑝 − 𝛷 where Vp is the bias 

voltage of the substrate (-3 V), leads 

to 𝛷 = 5.05 ± 0.05 𝑒𝑉. UPS 

measurements are presented in Figure 

S7a. Therefore, the final arrangement of 

the heterojunction represented in 

FIGURE 6a exhibits a staggered gap 

Figure 6: Band structure schematic: (a) 2 MLs 

WSe2/p-GaP(111)B heterojunction. (b) 2 MLs 

WSe2/n-GaP(111)B heterojunction. 

(a) 

(b) 
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between WSe2 and GaP, qualified as a type-II band alignment with nearly no charge transfer at 

the interface.  

In comparison, the band structure of a GaP/WSe2 heterostructure on a n-type GaP(111)B 

substrate (n~2-3×1018 cm-3) is also determined. In this case, the extracted band offset is larger 

than previously, with ∆𝐸𝐶𝐿𝑛−𝐺𝑎𝑃/𝑊𝑆𝑒2
= −97.23 ± 0.05 𝑒𝑉, leading to ∆𝐸𝑉𝑛−𝐺𝑎𝑃/𝑊𝑆𝑒2

=

−0.94 ± 0.1 𝑒𝑉. This difference between n-type and p-type GaP(111)B/WSe2 heterojunction is 

supposed to come from the van der Waals nature of the substrate/epi-layer interface. Indeed, a 

difference in the surface dipole between n and p-type GaP(111)B surfaces after the Se-

passivation treatment prior growth could explain the band offset difference. This observation is 

in good agreement with previous ones, showing that the band offset of GaAs/MoS2 [62] and 

GaAs/WSe2 [31] heterojunctions changes depending on the doping type of GaAs. UPS 

measurements in Figure S7b expresses a p-type doping of the epi-layer with 𝐸𝑊𝑆𝑒2/𝑛−𝐺𝑎𝑃 −

𝐸𝐹 = 0.35 ± 0.05 𝑒𝑉 and a work function 𝛷 = 4.95 ± 0.05 𝑒𝑉. Thus, the final arrangement 

of the heterojunction exhibits also a type-II band alignment more staggered than previously 

with a slight electron charge transfer at the interface of potential step ΔV=0.18 eV (FIGURE 

6b). This peculiar type-II band alignment might be suitable for the development of future 

tunnelling or photodetector devices[63,64]. 

 

4. Conclusion 

In summary, we have demonstrated the growth of few layers WSe2 on top of Se-terminated 

GaP(111)B using MBE, resulting in a quasi van der Waals 2D/3D heterojunction. The WSe2 

epi-layer exhibits a total surface coverage with continuity over atomic step edges. We have 

underscored the importance of the growth temperature and of a post-growth annealing step 

under Se flux on the phase formation, surface morphology, grain in-plane disorientation and 

mean size, with the best semiconducting WSe2 bilayer grown between 450°C and 500°C, and 

annealed at 650°C. This results in the formation of single phase 2H-WSe2 with a flawless 

interface, a 1.1° in-plane disorientation and a mean grain size of ~30 nm. Furthermore, XPS 

and UPS measurements demonstrate an intrinsic p-type doping of the epi-layer and a staggered 

type-II band alignment at the WSe2/GaP(111)B interface, regardless of the initial substrate 

doping type. On the other hand, we have observed a 0.2 eV band offset difference between n-

type GaP and p-type GaP heterojunctions. This first realisation of stable p-type WSe2 epi-layer 
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on a large-area GaP(111)B substrate could pave the way to new 2D/3D heterostructures with 

great interests in nanoelectronic and optoelectronic applications, especially in the development 

of new 2D-materials p-n junctions. 
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