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ABSTRACT

Structural defects in transition metal dichalcogenide (TMDC) monolayers (ML) play a significant role
in determining their (opto)electronic properties, triggering numerous efforts to control defect densities
during material growth or by post-growth treatments. Various types of TMDC have been successfully

deposited by MOCVD (metal-organic chemical vapor deposition), which is a wafer-scale deposition
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technique with excellent uniformity and controllability. However, so far there are no findings on the
extent to which the incorporation of defects can be controlled by growth parameters during MOCVD
processes of TMDC. In this work, we investigate the effect of growth temperature and precursor ratio
during MOCVD of tungsten diselenide (WSe.) on the growth of ML domains and their impact on the
density of defects. The aim is to find parameter windows that enable the deposition of WSe> ML with
high crystal quality, i.e. a low density of defects. Our findings confirm that the growth temperature
has a large influence on the crystal quality of TMDC, significantly stronger than found for the W to
Se precursor ratio. Raising the growth temperatures in the range of 688 °C to 791 °C leads to an
increase of the number of defects, dominating photoluminescence (PL) at low temperatures (5.6 K).
In contrast, an increase of the molar precursor ratio (DiPSe/WCQO) from 1,000 up to 100,000 leads to

less defect-related PL at low temperatures.
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1. INTRODUCTION

Two-dimensional (2D) materials, particularly transition metal dichalcogenides (TMDC), feature
unique (opto)electronic properties such as direct bandgaps in the visible photon energy region, large
absorption coefficients and high carrier mobilities =31, which make them promising candidates for
next-generation (opto)electronics. Photodetectors, photodiodes, light-emitting diodes (LED) as well
as proof-of-concept transistors have already been demonstrated [“*21. However, their (opto)electronic
performance is strongly influenced by the density of structural defects such as vacancies and

substitutional impurities 3 and thus far below theoretical predictions 2%, Those defects can trap



free charge carriers and localize / trap excitons, leading to nonradiative Shockley-Read-Hall
recombinations (SRH). Compared to conventional bulk semiconductors, the reduced dimensionality
of 2D-TMDC leads to a stronger interaction between defects and charge carriers / excitons due to a
strong confinement of the electron wavefunction 31, Among all intrinsic defects, chalcogen vacancies
have the lowest formation energy and thus are considered to be the most abundant defects in 2D-
TMDC 21-261 |n the case of WSe,, we expect Se vacancies (Vse) to be the dominant species 242527281,
Ve introduce acceptor states in the bandgap of WSez monolayer (ML) acting as electron traps 293,
Electrons can be captured from the conduction band via Auger processes or/and phonon assisted
processes (222931 Free excitons generated by optical excitation can localize / be trapped at these defect
states on a very fast time scale (~ 1 ps) [2°31%2 Radiative recombination leads to photoluminescence
(PL) emission at energies lower than the free exciton transition energy X 131, These excitons are also
called defect-bound excitons. The emission of defect-bound excitons XP is highly dependent on the
temperature, usually dominating PL emission at low temperatures (< 77 K) 31, At higher temperatures,
defect-bound excitons can be thermally activated (thermal activation energy: 37 — 43 meV 334) into
continuum to be captured by competing nonradiative recombination centres or recombine radiatively
as free excitons [0, Because the defect-assisted nonradiative recombination is much faster than the
radiative recombination of A excitons (X?) in ML WSe, (0.254 ns! at RT) [ nonradiative
recombination dominates, resulting in low quantum yield (QY). At high exciton densities (~ 10° cm"
2), exciton-exciton annihilation (EEA) processes become dominant in the exciton decay 2%, Such
second-order processes reduce the fraction of radiative exciton recombination further, once more
resulting in low photoluminescence quantum yield (PLQY), e.g. 3 % for ML WSe; at RT L3731 The
excitons collision probability which leads to EEA is defined by the exciton diffusion length, which

can be reduced in the presence of localizing defect states [2%3%4%1 Thus, a certain density of defects is



expected not to degrade PL emission but suppress EEA processes at sufficient excitation densities 2%,
It is therefore important to understand the mechanisms by which the amount of defects and thus the
crystal quality can be controlled during growth in order to provide an effective way to boost the
performance of light-emitting devices based on 2D-TMDC. A theoretical study of point defects in ML
MoS: has shown that the density of S vacancies increases with growth temperature leading to a S
vacancy concentration of about 1 x 10° cm2at 1200 K M. In some other works, it was also shown
that the concentration of chalcogen vacancies can be controlled by growth parameters such as growth
rate and chalcogen to metal precursor ratio “>*°l. Due to the tight correlation between growth
conditions and crystal quality of 2D-TMDC ¢l it is of great importance to investigate the impact of
various growth parameters on the density of defects. MOCVD is particularly suitable for this due to
its high reproducibility, controllability and excellent uniformity. In this work, we concentrate on
varying growth temperature and precursor ratio of large-scale WSe, samples deposited by MOCVD

and analyzing the impact of those growth parameters on the crystal quality.

2. EXPERIMENTAL DETAILS

WSe, was deposited by MOCVD using tungsten hexacarbonyl (WCO) 99.9 % and diisopropylselenide
(DiPSe) 99.9999 % (both Dockweiler Chemicals) as precursors in a commercial AIXTRON reactor
in 10 x 2" configuration on sapphire (0001) substrates with a nominal offcut of 0.2° towards m-plane.
A major advantage of the selenium precursor DiPSe used in this work is that, in contrast to H>Se, it is
not toxic and in addition, parasitic gas-phase prereactions can be significantly reduced. Following a
substrate prebake step at 1050 °C for 15 min in hydrogen atmosphere 71, WSe, growth processes were
carried out at 30 hPa total pressure in N2. In our first experiment (sample series 1), the impact of the

synthesis temperature on the defectiveness of WSez was investigated. Following the 15 min substrate



prebake step, the deposition was performed at six different surface temperatures between 537 °C and
791 °C in deposition processes of 45 min each. During growth the WCO flow was kept constant at
259 nmol/min and the DiPSe flow at 259 pmol/min. An overview of the samples can be found in table

1.

To investigate the impact of the precursor ratio (sample series Il), the DiPSe flow was increased at
different WCO flows, at a constant growth temperature of 587 °C. Sample series Il encompasses three
different DiPSe/WCO molar ratios: 1,000, 10,000 and 100,000. Sample characteristics can be found
in table 2. The intention for the higher DiPSe/WCO ratios was to reduce the density of defects. Our
previous investigations have shown that at high precursor ratios, the nucleation density and domain
size increase, leading to an overall increased surface coverage. Therefore, to obtain comparable
coverage and average domain sizes for the three precursor ratio samples, the growth time was
shortened to 15 min for the DiPSe/WCQO ratio of 100,000 (see table 2). All samples were characterized
using atomic force microscopy (AFM), scanning electron microscopy (SEM), Raman spectroscopy
and photoluminescence (PL) / reflectance spectroscopy. The images obtained by SEM were analyzed
with the image processing program ImageJ to determine the surface coverage of the samples. Raman
measurements (Renishaw inVia) were performed in air with a 532 nm excitation wavelength with a
laser power density of about 0.5 mW/cm?2. The PL measurements were performed in air at room
temperature (RT) and under vacuum at 5.6 K with excitation wavelengths of 532 nm and 442 nm,
respectively. Due to a different measurement set-up, the laser spot size for the measurements at RT
was smaller than for the measurement at 5.6 K, thus the power density of the set-up at RT was in the
range of a few MW/cm?, whereas the power density at 5.6 K was in the range of W/cm?. Reflectance
measurements were carried out at 9.5 K with a 730 nm LED in a confocal setup with a 20 um pinhole.

For the chemical analysis, X-ray photoelectron spectroscopy (XPS) measurements were carried out in



an AXIS Supra (Kratos Analytical Ltd.) using monochromatic Al Kq radiation. To avoid charging
effects, a charge neutralizer (low-energy, electron-only source) was used during data acquisition. The
binding energy (BE) scale was calibrated with respect to the Al 2p signal of the sapphire substrate at
BE = 74.0 eV. Chemical quantification and spectra deconvolution were performed by using the
XPSPeak software, subtracting a Shirley background [“81 employing the sensitivity factors provided

by the manufacturer, and using a Voigt-type line shape.

3. RESULTS AND DISCUSSIONS

The effect of MOCVD growth temperature on the crystal quality of WSe, was explored in sample
series |. As already stated above, we investigated surface temperatures ranging from 537 °C to 791 °C
to study the influence of temperature on the generation of defects %81, This temperature range was
selected based on optimization in prior work. Below 537 °C, no crystalline layers could be deposited,
whereas above 791 °C, parasitic carbon deposition becomes dominant. One aspect of surface
temperature impact is related to thermodynamics (activation energy for defect formation) 25271, As the
chemical potential of the chalcogens decreases with increasing growth temperature in the chalcogen-
rich limit 2728 (leading to a reduction of the formation energy of Vse [?°1), we expect the Vs. density
to rise with increasing growth temperature. The other aspect is of kinetic nature. An increase in the
surface temperature leads to a decrease in adatom sticking, especially of the volatile element Se 491,
This trend in favor of vacancy formation is enhanced by a significantly increased equilibrium vapor

pressure of Se over WSe; [*91,



Figure 1a shows SEM images of the surfaces of the samples. All samples exhibit the typical triangular
shape of nuclei. As can be seen in figure 1b, increasing the surface temperature from 537 °C to 791
°C leads to a decrease in ML coverage from about 70 % to 45 % while the lateral domain size increases
from 26 nm to 95 nm, indicating a larger critical nucleus size and thus a smaller nucleation density.
This trend is consistent with thermodynamic calculations of the nucleation process in literature ° as
well as experimental observations (4551521 For temperatures above 587 °C, the bilayer (BL) coverage
is negligibly small and constant below 2 %. In these cases, the domain size is most likely sufficiently
small (and the diffusion length of adatoms large enough) to allow adatoms to reach the domain edges
before contributing to BL growth. The thickness of the nuclei was determined by AFM measurements.
Figure 1c and d show exemplarily an AFM measurement of the surface of the 738 °C sample with the
corresponding measured height profile. The nucleus height of around 617 pm corresponds to that

expected for ML WSe; 531

Figure 2 displays the Raman spectra of sample series I. The peak at 250 cm™ is associated with the
two first-order Raman modes E',q and Aig of WSe; (see figure 2a), which have practically the same
frequency, preventing a clear identification of their individual contributions 4. The peak at 260 cm™
can be assigned to the 2LA(M) mode °1. The predominant ML nature of the nuclei is confirmed by
the absence of Blzy Raman peaks (~ 310 cm™) in the inset of figure 2a. The By corresponds to an
interlayer breathing mode, which only becomes Raman-active for a few-layer thickness due to van der
Waals forces between adjacent layers [*°l. Because Raman spectroscopy only probes the vibrational
properties and the perturbation in the crystal lattice, it is insensitive for detecting the relatively small
densities of defects in TMDC (e.g. = 10° cm at 1200 K) [“1561 However, the much lower intensity of
the peak at 250 cm™ for the samples with a growth temperature of 537 °C and 791 °C (see figure 2b)

could be an indication for an inferior crystal quality as deviations from the ideal crystal lattice break



the symmetry of the WSe, ML and reduce the spectral intensity of the out-of-plane Aig mode 2%, It

should be noted that this difference in intensity of the peak at 250 cm™ was reproducible.

To obtain a deeper insight into the impact of the surface temperature on the crystal quality of the WSe>
domains, (low-temperature) PL and XPS measurements were performed. Figure 3 shows the PL
spectra measured at 5.6 K and RT. The insets display the PL peak position as a function of the
excitation power density. All spectra are normalized to the intensity of the sapphire PL located at 1.79
eV 571, Due to the high excitonic binding energies of TMDC (240 meV for WSe; on sapphire 58y, PL
signals are dominated by excitonic transitions up to RT. The peak denoted as X" in the spectra
measured at 5.6 K is significantly red-shifted compared to the expected position of the A exciton
emission of WSe; at around 1.72 eV at low temperatures #4591 In accordance with previous reports
on PL from ML WSe;, this peak corresponds to excitons localized at defects [333461  The samples
deposited at 738 °C and 791 °C exhibit the highest defect-related PL intensity, suggesting a high defect
density. One could expect a lower defect-related PL for those samples deposited at higher growth
temperatures because of their smaller nucleation density and thus less contributions of defective
domain edges. In general, the characterization methods used in this work, e.g. SEM and PL, do not
provide information on the exact type and origin of defect luminescence. However, we can conclude
on the basis of our results that there is no dominant contribution by edge defects. Furthermore, these
two samples show a slight variation in terms of intensity and peak position, which will be explained
later by XPS results. The inset in figure 3a shows the power dependence of the PL peak position at 5.6
K. Defect state filling is expected to saturate at high excitation power densities. This is leading to a
nonlinear dependence of the X intensity on excitation power B262-631 Although the PL peak position
blue-shifts with increasing power density for all samples, the position of the PL peak is still in the

spectral region of localized exciton emission even at the highest power density. This suggest that either



the power density is not sufficient to completely saturate the defects or different defects are involved

and their relative contribution changes with increasing power density.

AtRT, the X® peak no longer dominates since the thermal energy is sufficient to delocalize the excitons
in real space 3. However, electron capture by defects in defect-assisted nonradiative recombination
processes can still occur by phonon-assisted processes BY. The PL peak positions at RT are consistent
with the reported literature value of the A exciton transition in WSe», experimentally predicted to be
at around 1.65 eV on sapphire 14558596384 The slight asymmetry is typically attributed to additional
contributions from trions (X°) at lower energies 56485 With increasing excitation power, many-body
effects lead to a red-shift of the PL peak position [%®]. suggesting-the-recombination-of free-excitons-at
RF- The comparatively low PL emission at RT and 5.6 K for the 537 °C sample suggests the presence
of a very high density of structural defects or strong deviations from stoichiometry. Considering the
expected position of the PL peak of the A exciton at 1.65 eV, the samples deposited at 587 °C and 636
°C show the strongest emission intensity in this range at RT. However, the sample deposited at 587

°C exhibits the lowest defect-induced emission at 5.6 K, suggesting the lowest defect density.

Figure 4a and b display the chemical composition analysis via XPS for all samples of the growth
temperature series | with the characteristic W 4f and W 3p3/2, as well as the Se 3d core levels, agreeing
with previous reports 67681, Deviations from the ideal line shape such as the comparatively large full
width at half maximum (FWHM) values of the W 4f and S3d core levels and additional peaks indicate
changes in crystal quality which could be attributed for example to the existence of additional species.
The increase of the FWHM of the W 4f7/2 and Se 3d5/2 peaks with temperature (see figure 4c)
confirms that the growth temperature has, as expected, a strong impact on the crystal quality of the

WSe, ML domains. Consequently, the sample with a growth temperature of 791 °C features the



highest value of the FWHM of the W 4f7/2 and Se 3d5/2 peaks. The Se:W ratios obtained from the
quantitative analysis are shown in figure 4d. Apart from the 791 °C sample, the stoichiometric values
are within 5% of the nominal value of 2.0. As the error on the measured stoichiometries is in the 3-
5% range, it is not possible to quantitatively correlate the (opto)electronic properties to the
stoichiometry determined by XPS [%°1. Nevertheless, due to the large FWHM of the W 4f and W 3p3/2,
as well as the Se 3d core levels, the strongest defect-induced PL emission is expected for the 791 °C
sample, which was indeed confirmed in the low-temperature-PL measurement given in figure 3a.
Furthermore, this suggests that the defect-induced PL emission is related to point defects and not
domain edges as the average domain size is highest and coverage lowest for this growth temperature.
In order to get more insight into the chemical composition of the films, especially the ones deposited
at higher temperature, curve fitting was performed on the XPS core levels. The fitted XPS high-
resolution spectra are displayed in figure 5. The deconvoluted peaks show the presence of non-
stoichiometric oxide (WSe2xOx) and carbide species (WSe2.xCx), located at higher and lower binding
energies relative to the W 4f (WSe>) peaks, respectively, but only present in the 791 °C sample. This
could explain the slight variation in terms of PL intensity and peak position in the comparison of the
738 °C and 791 °C samples. By far the lowest FWHM value of the W 417/2 and Se 3d5/2 peaks has
been determined for the 636 °C sample, indicating a significant increase in crystal quality ["*711,
However, because the low-temperature PL measurements in figure 3a show a higher defect-induced
emission for the 636 °C sample than for the 587 °C one, a growth temperature of 587 °C was

considered optimal for further investigations.



The impact of the precursor ratio (DiPSe/WCO=1,000, 10,000, 100,000) on the crystal quality of WSe>
ML domains was investigated with sample series 1. The optimum temperature 587 °C from sample
series | was used as the growth temperature. The ML coverage of the investigated samples was kept
relatively constant at around 50 % by adjusting the growth time accordingly to minimize the impact
of BL contribution on the optical properties and maintain consistency (see table 2). Figure 6 shows
the SEM images of the WSe> ML domains deposited with different DiPSe/WCO ratios. Comparable
ML coverage and size of the triangular domains indicate a similar nucleation density. The
corresponding low-temperature PL is shown in Figure 7a. The spectra are again normalized to the
sapphire PL. Two different excitonic emission features can be distinguished. We assign the most
pronounced peak at around 1.7 eV to an overlap of the A exciton X” (expected to be at around 1.72
eV) and the negative trion emission X (approximately 30 meV below) 5647273 The PL at lower
energies in figure 7a, as discussed before, indicates defect-induced emission (X?). The X® peak is most
prominent for a DiPSe/WCO ratio of 1,000, suggesting a high defect density. The inset in figure 7a
displays the peak position of the PL maximum as a function of the DiPSe/WCO ratio. It can be seen
that the peak position of the PL maximum blue-shifts with increasing DiPSe/WCO ratio. This is an
indicator for a smaller contribution of trions and thus less defects, resulting in the PL spectrum being
more dominated by A exciton emission at higher energies/lower wavelengths. As the A exciton and
trion emissions also overlap with several peaks which can be assigned to sapphire, a reliable fit of the
trion peaks is impossible 1. Therefore, the peak assignments were confirmed by low-temperature
reflectivity contrast measurements. Reflectivity contrast is defined as AR/Rs = (R — Rs)/Rs, where R
is the reflectivity spectrum measured on the sample and Rs denotes the reflectivity spectrum measured
on the bare substrate. Figure 7b displays a low-temperature PL spectrum measured at 5.6 K with a

laser power density of 28 W/cm? and the reflectivity contrast of the sample with a DiPSe/WCO ratio



of 100,000. The reflectivity measurement was obtained for a sample with a fully coalesced WSe> ML
with 26 % BL coverage as the series 1l sample with single domains did not have a sufficiently high
reflectance signal (see table 2). It is confirmed that the PL maximum results from an overlap of XA
and a much smaller contribution from X". The strong excitonic nature of the PL of WSe> agrees well
with literature [l and indicates a good crystal quality of the samples. Figure 7c displays the power
dependence of the peak position of the PL maximum for all DiPSe/WCO ratios. All samples show a
blue-shift of the maximum PL peak. The sample with a DiPSe/WCO ratio of 1,000 exhibits the
strongest one. As, in contrast to the other samples, this blue-shift is within the spectral range of defect-
bound excitons. This indicates a strong localization of excitons. For the sample with a DiPSe/WCO
ratio of 100,000, the maximum peak position shifts from the peak position of X" to the position of X4,
indicating a saturation of X, thus less defects. This effect is weaker for the sample with a DiPSe/WCO
ratio of 10,000. Here, the blue-shift is comparably small and located in the spectral range of X". The
PL spectra measured at RT in figure 7d reveal a decrease in PL intensity with a rising DiPSe/WCO
ratio. Assuming 1 % absorption for WSe, and a radiative lifetime of 0.29 ns [®], the exciton density
for the PL measurements at RT can be roughly estimated to be about 10'4/cm? for a laser power density
of 16 MW/cm?. Since EEA processes become dominant in the excitonic dynamics at exciton densities
higher than 10%cm?to 10'2/cm? [2076-781 't can be assumed that the RT PL intensity of our samples is
strongly affected by EEA. Because of the smaller defect density for the sample with a DiPSe/WCO
ratio of 100,000, the density of defect-bound excitons is lower, i.e. more free excitons are present,
which can participate in EEA processes and degrade the PL emission. Compared to sample series |,
the XPS results (see figure S1) do reveal neither significant differences between the samples nor

additional peaks originating from other species or deviations in stoichiometry.



4. CONCLUSION

We have investigated the impact of the growth temperature and precursor ratio on the crystal quality
of WSe> ML domains deposited by MOCVD. The samples with a growth temperature between 587
°C and 636 °C exhibit high crystal quality resulting in a low defect-induced PL at low temperatures
and high PL at RT. Furthermore, no additional species could be detected by XPS. Increasing the
precursor ratio (DiPSe/WCQ) from 1,000 up to 100,000 leads to a less defect-dominated PL at low
temperatures but also a lower PL intensity at RT at high excitation level. It is shown that the growth
temperature generally has a higher influence on the crystal quality of the WSe, ML domains than the
precursor ratio. In order to achieve a high crystal quality, e.g. low defect density, the WSe, domains
need to be deposited at temperatures in the range of 587 °C to 636 °C with a precursor ratio of 100,000.
Next steps include the deposition of fully coalesced ML at these optimized growth parameters and

their implementation in optoelectronic devices.
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Table 1 Characteristics of sample series I. Variation of growth temperature.

Tgrowtn [°C] DiPSe/WCO Lyrowen [Min] ML coverage Domain size
[%0] [nm]

1,000 69.7+1.9 26+ 8
587 1,000 45 61.7+2.6 46+ 7
636 1,000 45 52.8+0.9 56+6
688 1,000 45 474+2.6 64+7
738 1,000 45 53.2+25 69+6

791 1,000 45 45.1+2.7 95+12



Table 2 Characteristics of sample series Il. Variation of the precursor ratio (DiPSe/WCO) at 587 °C
growth temperature. The molar precursor fluxes of WCO and DiPSe as well as the growth time
(tgrowtn) and the monolayer (ML) coverage and domain size are given.

DiPSe/WCO WCO flow DiPSe flow Comer ML coverage | Domain size
[nmol/min] [nmol/min] [mm] [Yo] [nm]

1,000 545+3.5 41 +5
10,000 35 349 45 49.0+£3.2 41 +4
100,000 + 448 15 459+1.2 40+5
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Figure 1. (a) SEM images of WSe> ML domains grown on sapphire substrates with different surface
temperatures ranging from 537 °C to 791 °C. (b) The average ML, BL coverage and domain size of



the as-grown WSe, at the respective surface temperatures. (¢) AFM image of the 738 °C sample
surface. The blue arrow marks the linescan of the height profile of a WSe, ML domain shown in (d).
RMS as a function of growth temperature for sample series I.
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Figure 2. (a) Raman spectra in the range of the two first-order Raman modes E',q and A1g. The inset
displays the Raman spectra in the region of the interlayer breathing mode at 310 cm™. (b) Intensity
of E15 and A1y mode as a function of growth temperature. The intensity was fitted by a Lorentzian in
OriginLab.
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Figure 3. PL spectra measured at 5.6 K (a) and RT (b) for growth temperatures ranging from 537 °C
to 791 °C. Inset: PL peak position as a function of the power density.
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Figure 4. XPS spectra of (a) W 4f and (b) Se 3d of WSe> deposited at growth temperatures ranging
from 537 °C to 791 °C. ¢) FWHM of the W 4f7/2 and Se 3d5/2 peak and d) the stoichiometry as a
function of growth temperature.
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Figure 5. Fitted XPS spectra of Se 3d (left) and W 4f (right) of WSe> deposited at growth
temperatures ranging from 537 °C to 791 °C.

Figure 6. SEM images of the surface morphology of the WSe> domains grown on sapphlre Wlth a

precursor ratio of D|PSeANCO 1 000, 10,000 and 100,000.(b} MI-coverage-and-demain-size-asa
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Figure 7. (a) PL spectra measured at 5.6 K for precursor ratios DiPSe/WCO0=1,000, 10,000 and
100,000. The inset shows the position of the PL maximum as a function of precursor ratio. (b) PL
spectra measured at 5.6 K and reflectivity contrast measured at 9.5 K of WSe: deposited with a
precursor ratio of DiPSe/WCO0=100,000. X” indicates the A exciton and X the negative trion. (c)



Position of PL maximum as a function of laser power density at 5.6 K and (d) PL spectra measured
at RT for precursor ratios DiPSe/WCO=1,000, 10,000 and 100,000.



