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Recent studies have demonstrated that using hexagonal boron nitride (h-BN) as a substrate for the growth of 
transition metal dichalcogenides can significantly reduce excitonic linewidths. However, many other optical 
parameters still require optimization. In this work, we present a detailed study of the low-temperature 
photoluminescence efficiency of MBE-grown MoSe2 monolayers on h-BN substrates, comparing them to state

of-the-art exfoliated monolayers encapsulated in h-BN. We demonstrate that a quantitative comparison between 
samples requires accounting for interference effects and Purcell enhancement or suppression of the emission. By 
accounting for these effects in both photoluminescence and Raman signals, we show that the overall intrinsic 
luminescence efficiency is proportional to the sample coverage. Consequently, we find that exciton diffusion and 
edge effects are not visibly affecting the spectroscopic properties of MBE-grown samples, even for nanometer

sized crystals.

1. Introduction

The scalable growth of large-area epitaxial materials is of key im

portance for any applications involving semiconductor two-dimensional 
crystals such as transition metal dichalcogenides (TMDs). Among vari

ous growth techniques, chemical vapour deposition (CVD) is frequently 
reported and typically results in a good flatness and structural quality 
of the achievable crystals due to the high growth temperatures regard

ing WS2 [1--3], MoS2 [4--9] or WSe2 [10--12]. Although molecular beam 
epitaxy (MBE) of TMDs (WSe2 [13--15], MoS2 [16], MoTe2 [17--21] or 
MoSe2 [13,14,17,18,22--32]) is still in an early stage of development, 
its relatively low growth temperatures offer potential for application 
on diverse substrate structures, including those containing fragile semi

conductor devices and ultraflat surfaces with low sticking coefficients. 
Recently, large, homogeneous structures with excellent optical proper

ties have been successfully grown using MBE [33--36] thanks to use 
of hexagonal boron nitride (h–BN) substrates. Despite these advance

ments, epitaxial techniques face challenges related to the low mobility 
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of transition metals on the substrate surface [21,37], which first leads 
to the formation of small grains that later merge into continuous layers 
[16,33]. Consequently, epitaxial TMD layers suffer from dislocations re

sulting from grain merging [10,38] and high amount of point defects 
[31]. Both grain boundaries and point defects strongly influence the 
photoluminescence spectrum, particularly by broadening the excitonic 
emission lines [33,39,40] and significantly reducing the lifetime of the 
excitonic states by enabling non–radiative relaxation channels [41,42].

The narrowest exciton lines of MBE-TMDs are obtained for MoSe2
monolayers grown on mechanically exfoliated h-BN [33,36]. A single 
wafer used in such growth typically contains several flakes of vary

ing thickness on a Si/SiO2 substrate. Alternatively, using Metal-Organic 
Chemical Vapor Deposition (MOCVD) it is possible to produce wafer

scale h–BN with homogeneous thicknesses which acts as an almost 
equally efficient substrate for MBE growth of MoSe2 [34,35]. In both 
cases, the resulting TMD structures exhibit high spatial homogeneity 
in the shape of the photoluminescence spectra, both within individual 
h-BN flakes and across macroscopic distances on the scale of centime
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Fig. 1. The picture shows AFM height maps of four samples grown in separate MBE processes. The maps provide the coverage factor of a monolayer, and information 
regarding morphology, flakes orientation, size or overgrowth with the bilayer on top of the monolayer. The sides of the square maps are all 800 nm in dimension.

ters for a given sample [33]. Test of this homogeneity is limited by the 
optical spatial resolution, as photoluminescence can only resolve fea

tures (inhomogeneities) larger than the diffraction limit, determined 
by the excitation beam’s wavelength and the numerical aperture of 
the setup. Other techniques, such as cathodoluminescence [43] per

formed on monolayers or scanning nearfield optical microscopy [44], 
come as sample-invasive or very challenging experimentally. Conse

quently, most of the optical measurements involve signal–averaging 
over a micrometer-sized spot, while the sizes of the MBE–grown MoSe2
grains typically remain below the diffraction limit, in the range of tens 
of nanometers.

This work focuses on the mechanisms responsible for reducing pho

toluminescence intensity, particularly exploring the impact of interfer

ence effects, Purcell enhancement, small crystal grains, and homoge

neously distributed defects. We analyze low–temperature excitonic spec

tra within a series of MBE–grown MoSe2 samples with varying grain 
sizes. Moreover, we explain how to fairly compare the photolumines

cence (PL) and Raman scattering intensities from different samples to 
properly account for the effects of interferences due to the photonic en

vironment resulting from underlying substrate, i.e., SiO2 and h–BN layer 
of varying thicknesses and very thick (opaque, 450 μm) silicon wafer. 
We show that the intensity of photoluminescence is, first of all, depen

dent on excitation laser interference and luminescence interference itself 
(Purcell effect). By accounting for this photonic environment and mono

layer coverage for all measured spots, it was possible to assess intrinsic 
optical quality (brightness) for all investigated samples. Effectively, we 
could compare the photoluminescence quantum yield of MBE–grown 
samples against the sample that was exfoliated and embedded between 
layers of the encapsulating h–BN.

2. Samples

The samples studied in this work were fabricated using molecular 
beam epitaxy (MBE). They were grown on h-BN substrates prepared 
using flakes exfoliated from bulk h-BN onto a commercially available 
oxidized silicon wafer with a 90 nm silicon dioxide thickness. These 

h-BN flakes -- in micro–scale -- serve as high-quality, flat and smooth 
substrates without dangling bonds and uncompensated electric charge, 
enabling the best growth of molybdenum diselenide monolayers.

The process in ultra–high vacuum (10−9 Torr) started with a 
15--minute degas of the wafer at 800 ◦C and subsequent cooling to 
about 300 ◦C to initiate growth by opening both the Se and Mo shut

ters. Growth was performed with a relatively small selenium flux, with 
beam equivalent pressure (BEP) of about 10−7 Torr, and an even smaller 
Mo flux leading to the growth of incomplete MoSe2 monolayer during 
15 hours of deposition. Selenium with 99.99999% purity (7N) was de

posited from a standard effusion cell while Mo was deposited from an 
e-beam source with a Mo rod with 99.995% purity (4N5). After growth, 
samples were annealed at 800 ◦C in higher Se flux (BEP about 10−6
Torr), with Mo shutter closed. The precise amount of the deposited ma

terial was determined after growth by analysis of images obtained with 
atomic force microscopy (AFM), as presented in Fig. 1. Further, we use 
these coverage percentage values to refer to the samples. In particular, 
for the sample presented in Fig. 1a there is 27% monolayer coverage. 
This sample was grown with 10 h of MoSe2 deposition and 2 h of the 
post–growth annealing. For the next 3 samples shown in Figs. 1b,c,d 
monolayer coverage is respectively 53%, 60%, and 76%. These 3 sam

ples were grown with 15 h of MoSe2 deposition and 3 annealings, each 
2 h long: two intermediate (after 5 h and after 10 h) and one at the 
end of the process. The difference between processes originates, there

fore, from the fluctuation of molecular fluxes and resulting differences 
in the deposition and the re–evaporation of material. As we have dis

cussed in [33], very slow growth and multiple annealing are helpful for 
the growth of quasi-continue monolayers, as shown in Fig. 1d. How

ever, different strategies can be used to optimize optical properties, as 
we discuss at the end of the manuscript.

The grain structure of epitaxial MoSe2 is well resolved on AFM im

ages (Fig. 1). The characteristic sizes of the MoSe2 monolayer grains 
are on the order of tens of nanometers. The scans clearly show that the 
growth follows a substrate-predefined orientation, as most of the sub

micron MoSe2 flakes are aligned in the same direction, exhibiting the 
six-fold rotational symmetry characteristic of TMDs. However, grains 
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are too small to be resolved in optical experiments due to the diffraction 
limit of a laser spot - about 500 nm. In the micrometre scale, MBE MoSe2
is almost perfectly homogeneous, as discussed in Refs [33--35,41]. In 
this work, we use large–scale homogeneity to probe the effect of h–BN 
thickness on optical properties. The thickness of the h–BN flakes varied 
due to the inherent randomness of the exfoliation process. Therefore, it 
provided a crucial benefit of statistical assembly with a wide spread of 
h–BN thicknesses for the same (almost identical) MoSe2 monolayer. It 
would not be possible with means of mechanical exfoliation to produce 
at once so many similar MoSe2 layers lying on different h–BN flakes. The 
thicknesses of studied h–BN flakes ranged from just a few nanometers 
to nearly 500 nm, as determined by AFM.

A single sample (wafer) is a result of a single growth process, there

fore the only nominal difference across different spots within the same 
sample is the photonic environment, specifically the thickness of the h--

BN flake at a given spot. In contrast, different samples were grown in 
separate MBE processes with varied parameters and are expected to dif

fer. Indeed, AFM maps show differences in the shape, morphology, and 
coverage of the MoSe2 monolayers, which are presented in Fig. 1.

While MoSe2 grew on both the amorphous silica and h–BN sub

strates, only the monolayers on the boron nitride exhibited satisfactory 
quality worth further investigation.

For comparison, we also studied an exfoliated sample. This sample 
consisted of an exfoliated MoSe2 monolayer encapsulated with h-BN 
flakes on both the bottom (92 nm) and top (18 nm), deposited on the 
same type of Si/SiO2 substrate that was used for the MBE-grown sam

ples. This particular exfoliated sample, produced using the dry PDMS 
stamp method, has already been the subject of optical studies [45] and 
is known to be of high quality at specific points on this flake.

3. Experimental techniques

The optical study presented here includes low–temperature photo

luminescence and room temperature anti–Stokes Raman scattering. The 
low–temperature PL measurement has been done in heliumflow cryo

stat model Janis ST–500 in 𝑇 = 10 K. The excitation source was the 
COBOLT Samba 100 mW 𝜆 = 532 nm CW semiconductor laser. The exci

tation power measured just before the microscope objective was set to 
match approximately 𝑃 = 200 μW. The micrometre resolution necessary 
to probe the MoSe2 monolayer grown on a particular h–BN flake was 
achieved with the use of the Nikon microscope L Plan achromatic objec

tive with x100 magnification, NA = 0.7, and working distance WD = 6.5
mm. The spectrometer used was Andor SR-500i with diffraction grating 
600/500 nm and Peltier cooled CCD camera of Andor DV420-FI. The 
Raman spectroscopy measurements were performed using a commer

cial Renishaw inVia Raman Microscope equipped with 532 nm laser.

The thicknesses of h–BN flakes -- at which positions the optical mea

surements of MoSe2 were done -- have been determined by the AFM 
height map. The AFM model is Bruker Dimension Icon and it was used 
in the PeakForce Tapping mode. This directly determined height was 
then cross–checked against the reflectivity spectra (Fig. 4) -- measured 
in low–temperature conditions at the same time with the PL. The exact 
h–BN thicknesses enabled us to correlate the influence of the interfer

ence effects on the measured intensity of the PL and the Raman spectra. 
That influence is explained in the next chapter. As mentioned above, 
the AFM scans at large magnification provided us with the monolayer 
coverage factor on each investigated sample Fig. 1.

4. Optical spectra

Fig. 2 presents PL and Raman scattering spectra measured for four 
MoSe2 samples with different ML coverage. The PL normalised spectra 
consisting of two distinct peaks are presented on the left–hand panel of 
the figure. The lower energy peak is the signature of the charged exci

ton (CX) and the higher energy peak corresponds to neutral A–exciton 
(XA or simply X). The ratio of oscillator strengths of the charged exciton 

Fig. 2. Representative spectra of the photoluminescence (T=10 K) and the 
Raman scattering (at room temperature) of all investigated MBE–samples and 
the reference exfoliated MoSe2 monolayer encapsulated from the top and the 
bottom with h–BN flakes. The spectra were normalised to similar maximum 
intensity for easier shape comparison. In both cases, the laser used for PL exci

tation and Raman scattering was green 𝜆= 532 nm laser.

to the neutral one suggests intrinsic doping of MBE–grown samples. In 
particular, this ratio increases with the ageing of the sample due to air 
exposure. Such exposure to the air for a few hours was the time spent on 
measuring the Raman spectra. The low–temperature PL spectra before 
and after this exposure to ambient conditions showed a slow but sys

tematic shift to a higher CX/X intensity ratio across every sample across 
their whole areas. In contrast, the exfoliated and encapsulated sample 
persisted in a mostly neutral state of a significantly weaker charged ex

citon peak in the overall PL spectrum. We attribute the red–shift of the 
exfoliated sample spectrum to the MBE–grown samples to additional 
strain and screening of the dielectric environment induced by the top 
h–BN layer. This distinction has also been observed in the energy dif

ference between neutral and charged exciton yielding approximately 31
meV for MBE–grown sample and 28 meV for the exfoliated one.

On the right-hand side of the panel, we also present the normalized 
Raman spectra of the samples. The peaks corresponding to the particular 
vibrational modes [46] have been marked on the graph. For further 
analysis, we focused on the intensity of the most pronounced 𝐴1𝑔 mode 
at approximately 241.4 cm−1. The FWHM of this Raman line remained 
on average 2.5 cm−1 for each sample.

5. Light intensity comparison

Direct comparison of the PL intensity of different samples does not 
explicitly reflect the intrinsic properties of samples, as quantitative 
analysis of light emission intensity from complex structures requires 
accounting for interference effects and Purcell enhancement or suppres

sion of the emission. [42,47,48] To develop and test a model incorporat

ing these factors, we took advantage of the inherent random distribution 
of the thicknesses of h–BN flakes obtained through mechanical exfo

liation. In fact, the photoluminescence (PL) intensity within the same 
sample, measured on several h–BN flakes of varying thickness, exhib

ited even greater variability than the one observed between different 
samples on h–BN spots of similar colour and therefore similar h–BN 
thickness (Fig. 3). To assess these effects, we analyzed the PL and Ra

man scattering intensities across multiple flakes for every sample grown.

6. Interferences effects resulting from h–BN thickness

To tackle the issue of interferences, we performed modelling using 
the transfer–matrix formalism [47]. The light intensity was averaged for 
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Fig. 3. Raman scattering and PL spectra measured on the same sample with 
60% ML coverage. The spectra were measured from flakes with varying h–BN 
thickness, as indicated near each spectrum. The interference effects significantly 
influence the spectral emission intensity but not its shape. The scale is linear but 
for clarity, the spectra were shifted vertically. The integrated data from all flakes 
for both panels is presented in Fig. 5.

S and P light polarization and over all the angles within the acceptance 
angle cone defined by the numerical aperture of the used microscope 
objective. The refractive indexes of the different materials utilized in 
the calculations were as follows: SiO2 (fused silica) [49]; Si [50]; h--

BN (taking only n(o)) [51]. These data have not been corrected for the 
temperature change from room to cryogenic temperature. However, the 
relevant change in the reflective index would be too small to affect the 
interferences significantly.

While the dielectric function of monolayer MoSe2 has already been 
established in the literature [52], in order to account for possible 
growth-specific variations, we opted to rely on data collected for the 
same sample series. Specifically, the measured reflectivity spectrum was 
used as the reference for fitting the modelled reflectivity spectrum by ad

justing the monolayer dielectric function. The dielectric response of the 
MoSe2 monolayer was modelled by a series of Lorentz oscillators for ex

citonic transitions and additional higher energy frequency–independent 
dielectric constant. The neutral 𝑋A (~1658 meV -- 27% ML sample) 
and 𝑋B (~1865 meV -- 27% ML sample) excitons were visible in the re

flectance spectrum of each sample. The CX exciton was observed in the 
PL spectrum but not in the reflectance. We also did not include the band--

band absorption in the model. The issue of porosity or -- more precisely 
– the coverage factor of the MoSe2 monolayer was simulated by interpo

lating between the refractive index of MoSe2 (full monolayer) and that 
of the air (vacuum) 𝑛 = 1. The sizes of MoSe2 flakes are smaller than 
the optical resolution of the setup at both excitation and emission light 
wavelengths. Hence, the averaging approach is justified.

Within such a computational approach, we calculated the laser inten

sity at the emitter position -- MoSe2 monolayer -- to find the dependence 
of the laser interferences on the h–BN thickness. The laser intensity ex

perienced by the emitter directly impacts the resulting intensity of the 
PL or the Raman signal.

Similarly, the analogous dependence was calculated for the emitted 
PL light and the scattered one during the Raman measurement. In the 
latter case, the intensity of the signal measured in a given geometry is 
simply directly proportional to the interference factor, similarly, in the 
case of the incoming laser intensity [53]. However, in the case of the PL 
signal the effect of the light interferences is more subtle, depending on 
the presence of competing non–radiative recombination channels. It is 
well known and shown for layered materials, that the thicknesses influ

ence the Purcell factor and thereby change the emission lifetimes [54]. 
Upon favourable interference conditions, i.e., when the outgoing pho

ton mode significantly contributes to the local density of states at the 

Fig. 4. The graph presents measured and calculated by transfer–matrix formal

ism reflectivity from the h–BN flakes with thickness 13.5 nm and 491 nm, and 
with MoSe2 on its top. The reflectivity spectra are normalised by the reflectivity 
measured from just a simple substrate of Si and SiO2 of the same oxide thickness. 
The lower intensity of the experimental data might be caused by an additional 
scattering factor due to the unevenness of h–BN flakes.

MoSe2 monolayer position, the spontaneous emission rate is enhanced. 
In the absence of other radiative and non–radiative recombination pro

cesses, the enhanced emission rate would not change the observed PL 
intensity, as the total number of photons would equal the total number 
of the created excitons. However, when non–radiative channels open, 
they start to compete with the radiative ones, so the intensity integrated 
over time will decrease by a factor 𝜏−1

𝛾
∕(𝜏−1

𝛾
+ 𝜏−1

𝑛𝑟
), where 𝜏−1

𝛾
is the 

rate of the spontaneous emission and the 𝜏−1
𝑛𝑟

is the rate of all other 
non–radiative relaxation channels. The larger the Purcell factor is, the 
faster the spontaneous emission becomes and more energy is radiated 
out of the structure during the lifetime of the excitons. In the case of 
the TMDs, especially the ones grown by epitaxy, the majority of relax

ation pathways occur via non–radiative channels with sub-picosecond 
time–scales as it has been shown by Oreszczuk et al. [42]. The radiative 
lifetimes measured with a streak camera in best samples can reach a few 
picoseconds for neutral exciton and usually dozens of picoseconds for 
the charged one [54] with the record–breaking result close to the 300 
ps [55]. Therefore, in our case, in the above–mentioned fraction we can 
assume that the overall exciton lifetime 𝜏 = (𝜏−1

𝛾
+ 𝜏−1

𝑛𝑟
)−1 is dominated 

by non-radiative processes and therefore the intensity factor is simply 
directly proportional to the Purcell factor FP, which in turn stems from 
the interferences in the structure similarly to earlier discussed case of 
incoming laser or the outgoing Raman photons.

The combined effects of interferences are presented together with the 
experimental data in the Fig. 5. The emitted light was assumed to be ex

actly 750 nm and 525 nm accordingly. This translates to approx. CX and 
X emission peaks and A1g Raman line with energy shift of 241 cm−1 -- 
in anti–Stokes scattering. The model curve nicely explains the observed 
differences in the intensity of the signal at different spots, proving the 
importance of the interference effects, and further confirming the domi

nating contribution of non–radiative relaxation regime in case of the PL. 
In the following section, we will therefore account for different photonic 
environments by dividing the raw measured signal by the predicted en

hancement factor, which will expose the intrinsic material differences 
between different samples.

7. The PL and Raman emission efficiency

Fig. 2 contains a collection of the PL (a) and Raman (b) spectra of 
the four investigated samples with different monolayer coverage mea

sured under the same experimental conditions. The relative intensity 
measured within each sample (Fig. 3) varies mostly due to interference 
effects (Fig. 5), which is problematic in terms of feedback for further 
growth optimization.

Yet, as we discussed in the previous section, we account for these 
differences by dividing the optical signal measured at a particular spot 
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Fig. 5. The upper panel (a) shows the data points of measured PL intensity 
(integrated spectrum) vs the thickness of the h–BN flake at which position (spot) 
the measurement was taken. The dashed line depicts the theoretical calculation 
obtained by the transfer matrix method averaged by the objective numerical 
aperture. The lower panel (b) analogically presents the data point for the Raman 
scattering for line 241 cm-1.

on a given sample by the theoretical enhancement factor calculated 
as outlined above. We note that the enhancement factor is calculated 
separately for each spot, based on h–BN thickness determined by AFM 
measurements for this particular spot. The more time–saving approach 
would be to determine the h–BN thickness from reflectivity spectra, but 
it lacks the spatial resolution and the certainty characteristic for the 
AFM.

After accounting for the influence of interference effects on the emit

ted light intensity for each of the MBE processes, the PL brightness of 
each wafer was correlated with the ML coverage factor obtained from 
the AFM maps, which ranged from 27% to 76%. These results are shown 
in Fig. 6a. The corrected brightness of the MBE–grown samples was ex

pressed in relation to the similarly corrected signal from the reference 
exfoliated MoSe2. It is important to note that the exfoliated sample was 
encapsulated in h–BN from both the top and bottom, while the MBE--

grown samples were not covered from the top, creating a systematic 
comparative difference, particularly in the energy of the excitonic lines 
in the PL (Fig. 2).

The data shows that the intrinsic PL brightness changes systemat

ically within the studied series of samples, exhibiting a nearly linear 
trend versus the coverage factor, as seen in Fig. 6a. Extrapolation of this 
trend to 100% of ML coverage yields a value of approximately 9% of 
the exfoliated sample PL intensity, which translates to an 11-fold faster 
non-radiative decay rate in the case of the MBE samples. A similar lin

ear trend is observed for the Raman signal. Here, the Raman scattering 
intensity extrapolated to 100% ML coverage reaches 19% of the Raman 
signal for the exfoliated sample, which is a notably higher ratio than the 
one for the PL signal.

In terms of the intrinsic efficiency of the optical signal, the MBE--

grown monolayers are therefore still inferior in comparison with the ex

foliated samples. The better performance of the Raman signal than of the 
PL signal can be explained in the following manner. Raman scattering is 
sensitive to the very local crystal environment, while Wannier–Mott ex

citons are delocalized over distances spanning several crystal unit cells. 
Before their phonon-mediated relaxation to the light cone occurs, they 
may travel longer distances either ballistically or diffusively, probing 
larger crystal volumes. If an exciton encounters a crystal defect, it can 

Fig. 6. The plot depicts the first generation of samples, their intrinsic total PL 
and Raman 𝐴1𝑔 line intensities after accounting for interference effects vs the 
monolayer coverage factor calculated with AFM height maps (Fig. 1) 
The larger size of flake islands leads to broadening the excitonic lines visible 
on the PL spectrum. Even the presence of a bilayer has a lower impact on the 
features visible on the spectrum than the sizes of MoSe2 flakes. It is especially 
striking when one compares the samples with 53% and 60% ML coverage fac

tors. The horizontal dashed lines depict the narrowest CX (red) and X (black) 
peaks measured for the exfoliated and encapsulated reference MoSe2 monolayer.

Fig. 7. The PL and Raman intrinsic brightnesses (as a percentage of the reference 
exfoliated sample) of 5 different samples. All points are annotated with their 
respective ML coverage.

localize or relax via non-radiative processes. Consequently, excitons are 
much more sensitive to crystal disorder -- each probes a larger volume. 
High non-radiative relaxation rates may also occur due to the proxim

ity of flake edges, to which excitons can potentially diffuse. Given the 
small nanometer–sized flakes, the near-edge regions could -- in princi

ple -- contribute significantly to the overall surface, and, if the diffusion 
lengths are comparable to, or larger than, the flake sizes, non-radiative 
processes would be substantially enhanced. However, in our case, the ef

fective diffusion length is substantially shortened due to faster excitonic 
recombination when compared to their exfoliated counterparts.

From this perspective, comparing samples with larger and smaller 
crystal grain sizes, such as those corresponding to 53% and 60% mono

layer coverage, is particularly insightful. Both cases exhibit quite similar 
brightness despite the different grain sizes (Fig. 2). Although a sample 
with 60% coverage with smaller grains exhibits a lower brightness, it 
could also stem from the significant bilayer overgrowth and not nec

essarily due to the edge proximity. Thus, we conclude that diffusion 
and edge effects are of lesser importance. This statement is even more 
pronounced by Fig. 7 which shows the linear proportionality of the PL 
and Raman intensities. Unlike the PL from excitonic states, the Raman 
scattering signal is independent of diffusion effects. Hence, if the propor

tionality occurs for samples of different grain sizes and the ML coverage 
then the diffusion of excitonic complexes is negligible. A small satura

tion of this effect can be observed for the sample with the most robust 
optical response with 37% of ML coverage. We will discuss the case of 
this sample next.

However, as grain size and coverage increase, a notable broaden

ing of the linewidth is observed (Fig. 6b). We interpret this as resulting 
from strain induced by the difference in thermal expansion coefficients 
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Fig. 8. The graph presents two PL spectra (arb.u.) normalised by the ML cover

age and the interference effect from the photonic environment. Therefore, the 
difference in intensity of both spectra should be attributed to the samples’ in

trinsic ratio of radiative to non–radiative relaxation rates due to the different 
growth conditions. The green curve depicts PL from the previous generation of 
samples. The black line is the new one grown with excess selenium flux. The in

tegrated intensity is approximately 5--fold between these spectra.

Fig. 9. The AFM image of the sample grown with high selenium flux and 38% 
ML coverage. All the edges exhibit fine alignment with six main directions, even 
the bilayer overgrowth still follows this behaviour confirming a perfect epitaxial 
growth.

of MoSe2 flakes and the substrate. Such strain is easily relaxed in small, 
isolated grains but becomes significant when the grains merge into big

ger flakes and finally into a continuous layer.

Finally, we note that although the studied series of samples presents 
a uniform behaviour, as proven by linear dependence in Figs. 6a and 
6b, the deduced intrinsic efficiency should not be treated as the absolute 
limit attainable for the MBE-grown monolayers. On the contrary, identi

fying two main side factors -- namely the interferences due to a particular 
h–BN thickness and only partial monolayer coverage -- gave us a tool to 
compare the efficiency of different samples reliably. This data can be 
used as feedback to steer the further growth optimization. As a proof

of-concept, we compare there another sample, which was grown in a 
separate process under growth conditions optimized for enhancement 
of PL intensity. The main difference, when comparing it to previously 
analysed samples was the selenium flux which was one order of magni

tude larger for both growth and annealing. Due to Se consumption, such 
high Se flux cannot be maintained for longer than a few hours. Therefore 
Mo source has been also recalibrated and consequently, 80--minute de

position time was enough to achieve monolayer coverage of 38%. Such 
a sample yields a significantly stronger PL signal, as illustrated in Fig. 8, 
reaching 44% of the PL yield of the exfoliated sample, after accounting 
for the incomplete monolayer coverage and the individual interference 
factor. The Raman signal yield is as intense as for the exfoliated sample 
– within the limits of the measurement and the normalisation accu

racy. Spectral lines are a little narrower (CX -- 7.2 meV and XA -- 7.6 
meV) than in the sample with the lowest ML coverage. Also, the AFM 

imaging shows better alignment between different grains (Fig. 9). The 
improvement of the intrinsic PL brightness due to the increase of Se flux 
during growth and annealing indicates that the main factor responsible 
for non–radiative recombination is related to Se vacancies or additional 
Mo atoms attached to MoSe2. Overall, the improved performance of the 
new sample is direct proof of how important is to obtain reliable feed

back information about the intrinsic PL yield, without obscuring factors 
like optical interferences and varying monolayer coverage.

8. Summary

We have presented optical studies of MoSe2 monolayer samples 
grown by Molecular Beam Epitaxy, confirming that they exhibit macro

scale spatial homogeneity in the shape of photoluminescence spectra but 
significantly differ in intensity at different spots. We identify that this 
variation, observed also in Raman scattering within a given epitaxial 
process, stems mostly from the interference effects caused by variations 
in the thickness of the underlying h–BN substrate. These effects include 
laser interference and the Purcell effect, where the exciton radiative 
lifetime is shortened due to emitter–light mode coupling in a regime 
dominated by non–radiative decay channels. After accounting for this 
factor, we find that the intrinsic brightness of different samples is pro

portional to the monolayer coverage rather than the MoSe2 grain size, 
leading us to conclude that diffusion and edge effects are significantly 
suppressed in MBE–grown samples, even for nanometer-sized crystals, 
most probably due to their short excitonic lifetimes and highly efficient 
excitonic localization.

We argue that accounting for the identified main factors, i.e., the 
optical interferences and the coverage factor, is the crucial element for 
further growth optimization of such structures.
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