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Monolayers of transition metal dichalcogenides (TMD) are promising materials for optoelectro-
nics devices. However, one of the challenges is to fabricate large-scale growth of high quality TMD
monolayers with the desired properties in order to expand their use in potential applications. Here,
we demonstrate large-scale tungsten disulfide (WS2) monolayers grown by Van der Waals Epitaxy
(VAWE). We show that, in addition to the large structural uniformity and homogeneity of these

samples, their optical properties are very sensitive to laser irradiation. We observe a time instability

Published on 19 February 2018. Downloaded by University of Southampton on 19/02/2018 13:33:21.

in the photoluminescence (PL) emission at low temperatures in the scale of seconds to minutes.
Interestingly, this change of the PL spectra with time, which is due to laser induced carrier doping,
is employed to successfully distinguish the emission of two negatively charged bright excitons. Fur-
thermore, we also detect blinking sharp bound exciton emissions which are usually attractive for
single photon sources. Our findings contribute to a deeper understanding of this complex carrier dy-
namics induced by laser irradiation which is very important for future optoelectronic devices based

on large scale TMD monolayers.
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I. INTRODUCTION
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Two-dimensional (2D) transition metal dichalcogenides (TMDs) are very attractive materials which show spin-
valley coupled physics and strong excitonic effects which can be exploited in the next generation of optoeletronics
devices!' 8!, The large electron and hole effective masses arising from the atomic d-orbitals along with reduced
dielectric screening in 2D systems leads to exceptionally strong excitonic interactions and correlations between
the charge carriersl®l. Despite the intense investigation of these materials which has occurred over the last years,
the detailed nature of emission bands of 2D semiconductor materials, particularly for WSy, and WSes,, is still
being unveiled by recent studies!®#®1°-13], While the photoluminescence (PL) spectra of TMD monolayers (MLs)

like MoS; or MoSe; usually show two well-defined peaks associated with neutral excitons and trions, the spectra

1],

of WSes and WSy MLs at lower temperatures are rather more complex Strong emission bands which are

observed on the lower energy side of the trion emission in WSe; and WSy have been attributed to radiative

gl14-18]

recombination of biexciton . However, intra and intervalley negatively charged excitons recombination has

ml11,18,19,20]

been spectrally resolved in the same energy range of the spectru The complexity to identify the

origin of the peaks in these materials probed by PL spectroscopy is increased by the addition of recombination
of localized-exciton complexes bound to defects/crystal imperfections/impurities!®'*?] and by the possibility of
brightening of dark excitons!'%!.

The spectra of TMD MLs can also be strongly affected by laser irradiation. Recent studies found that the
laser exposure increases considerably the trion/exciton PL intensity ratio accompanied by a small PL redshift in

[21-23]

MoSs2, MoSe; and WS, monolayers It was shown that high laser excitation powers can quench the neutral

[22]

exciton emission in MoS, MLs For WS, it has been shown that laser irradiation can also reduce emission

from the lowest energy band of the spectrum, the so called localized state (LS) band, which is usually attributed

sl'1:21] These laser induced effects were interpreted as monolayer

to localized /donor-acceptor recombination state
photo-doping which can originate from the substratel?2! or due to the reduction of surface adsorbents!?!l. Laser
induced doping seems to lead samples to cyclic processes since the exposure of the MLs to air at room temperature
after laser doping at low temperature seems to recover the original PL spectrum!??l. However, they depend
on the type of substrate, sample preparation method, temperature, ambient conditions and aging[?*?2l. This
may lead to important consequences on the optical and magneto-optical properties of future devices and in
studies of TMD MLs under intense laser excitation, such like investigations of exciton polaritons and many body

[8.24]

effects However, few detailed studies have been performed in order to understand deeply the optical changes
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and instabilities, especially in the case of WS, and WSes which, as mentioned, usually have higher density of
View Article Online
spectral features. DOI: 10.1039/C8NR00719E
In addition to the relatively broader excitonic bands, the PL spectra of WS, and WSe; MLs have also revealed

g[25—28]‘

sharp emission lines which can exhibit anti-bunchin, These peaks are usually related to the presence of

sl29-311 " In WSe,, while the light emission centers at the edges of the flakes appeared

localized impurity state
to be robust on a long timescale, practically all of them showed clear fluctuation effects on a short timescale;
jittering of emission lines of the order of the linewidth (on a millisecond timescale) and larger jumps of lines
on a timescale of seconds or minutes!®2l. For WS, the sharp peaks were usually observed in specific areas in
grain boundaries in triangle crystals grown by chemical vapour deposition (CVD) and were attributed to bound
excitons trapped by surface impurities. These PL peaks can suddenly disappear during the PL measurements!3!.
For liquid exfoliated WSs nanosheets (lateral dimensions of 20 to 150 nm), individual sharp peaks at different
energies showed time fluctuations of positions and intensities which were associated with randomly fluctuating
electrostatic environment!?).

In this manuscript, we investigate the effects of laser irradiation on the stability of the emission lines in WS,
monolayers grown for the first time by Van der Waals epitaxy (VAWE)[4 (details are described in the Methods
section and Supplementary Information). In addition to the large structural uniformity and homogeneity of these
VdWE-grown WS, ML samples, we show that light emission due to carrier recombination reveals time dependent
instabilities. By employing macro- and micro (1) PL measurements, we monitor the variation in time of the
intensity and spectral position of the neutral exciton (X), negative trions (T; and T3), bound-exciton (Xg), and
localized state (LS) emissions. We show that the PL spectrum as a whole evolves significantly with time, showing

the appearance of additional emission bands and disappearance of others. Sharp peaks with linewidths of ~ 2

Published on 19 February 2018. Downloaded by University of Southampton on 19/02/2018 13:33:21.

meV were also observed. They appear/disappear in a time scale of a few seconds. We attribute these instability
effects to laser induced ML doping which, due to the relatively slow time scale compared to carrier recombination
lifetimes leads to unstable emission behaviour. In particular, we use the optical instability effect to attribute
the so-labelled Ty emission to a second trion state instead of a biexciton (XX) state. We also show that the
time scale of the instability depends on the laser power density and probing spot. For low excitation intensities
and large probing spots, the timescale for changes is in the minutes range. For higher laser excitation intensities
and smaller spots, the PL time evolution occurs in few seconds and a clear redshift is observed. Under these

conditions, at low temperature, the spectra do not recover their original shape when the excitation intensity is
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FIG. 1: (a) Illustration of monolayer WSz grown on SiO2/Si substrate. Inset shows the coordination environment of W

(blue sphere) in the crystal structure (upper panel), a side- (middle panel) and top- (lower) view of the monolayer WS,

lattice. Sulphur is shown as golden spheres. (b) Circular polarization resolved PL measured on a WS; at 13 K and o—

excitation. (c) Schematic diagram of valley-polarized light emitted by neutral exciton in K- (the left) and K’- (the right)

valleys. The red (blue) color represents spin-up (down) states.

reduced to the low excitation regime. Moreover, for small probing areas, nonlinear increase in PL intensity with

excitation power is observed. The time instability of WS, ML emission and its dependence on the probing spot

size are particularly important for future devices of reduced dimensions, such as single photon sources based on

TMDs.
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II. RESULTS AND DISCUSSION

View Article Online
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Figure 1(b) shows macro-PL spectra of the WSy monolayer measured at 13 K with laser power density of
79.6 W/cm?. Excitation was o_ circularly polarized and detection was performed for o (black curve) and o_
(red curve) PL. We observe four main emission bands in the spectra. The one centered approximately at 640 nm
(1.94 V) is labeled LS and is attributed to emission of donor-acceptor and localized states!'"'42!1. The other 3

emissions are attributed to excitonic states of WSy14:19:21,35]

The higher energy emission at 591 nm (2.1 eV) is
attributed to the neutral exciton (X) state. The two emissions at 598 nm (2.07 eV) and 605 nm (2.05 €V) labeled
T, and T, respectively, are attributed to two negatively charged exciton states, which will be discussed in more
details in the next paragraphs. Figure 1(b) also shows that the excitonic states of large-scale WSy are valley
polarized, thus demonstrating the momentum conservation for circular polarization selection rules (depicted in
Figure 1(c)) and the efficient initialization of carrier pseudospins in a given valley[>15-36:37]

Figure 2(a) shows macro-PL spectra of our WSy ML under different excitation intensities measured at 532 nm.
Even at very low powers, all four emissions previously identified in Figure 1(b) can be observed. As power is
increased, T; and Ty become more pronounced and dominate the spectra. This is evidenced in Figure 2(b),
where the peak intensity for each emission is plotted as function of the excitation power (P). The solid lines
represent fittings with Ip;, = AP, where A and /3 are constants. We observe that X and LS emissions increase
sublinearly with § values of 0.72 and 0.65, respectively. The tendency for a faster saturation of the LS band is
consistent with the limited density of localized and donor-acceptor states in the material. T and T2 emissions

increase faster with power. Ty increases at a slightly faster rate (5=1.1) as compared to T (6=0.93). As shown

on the inset of Figure 2(a), Ty can be observed even at the smallest power we detected the PL signal (7.95

Published on 19 February 2018. Downloaded by University of Southampton on 19/02/2018 13:33:21.

W /cm?), which is more than one order of magnitude lower than the power needed to observe XX emission in
WS, MLs grown on boron nitridel®®. It is well known that the presence of boron nitride considerably suppresses
laser induced doping with carriers injected from the substrate into the TMD MLI[??2l. As we will discuss in the
next paragraphs, our samples show strong laser induced doping effects. Considering also that our samples are
not defect-free and electron-doped, we believe that, at such lower powers, XX formation would not be favoured
in the experiments reported in Figure 2(a). In this way, we attribute T2 to a second negatively charged exciton
emission, in agreement with other reports in the literaturel!:13:39],

It is already known that different configurations of three particle complexes such as intravalley- (carriers are

located within the same valley) and intervalley-(carriers are in different valleys) trions can be formed in WSs.
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In the lowest energy bright trion configuration (T;), the excess electrons occupy the lowest energy subband in

ew Article Online

11, Tn this case, the excess electron that constitutes the charged excitorb@uig)l_m%ﬁ;m 19F

the conduction band
same (singlet) or different (triplet) valley state. An energetic splitting between these two configurations (which
is not resolved in our experiments), usually called trion fine structure, is determined by intervalley electron-hole

n [1920:40] T the highest energy trion configuration (T3), both electrons occupy the upper

exchange interactio
conduction-band subband and, therefore, are expected to be brighter at higher excitation intensity conditions.
T also comprises an intravalley singlet and an intervalley triplet trions (also not resolved in our experiments).
The energy separation between T; and T, observed in our experiments is 20 meV, which is also in very good
agreement with literature reports!''3l. Note that we also considered the possibility of assigning the rise of T
to a dark trion brightening process. However, our assignment of Ty peak to a bright trion is supported by
the fact that the energy separation between the T; and T, emissions expected for the dark trion process is
2A 5019 which, given the experimental value of 20 meV, would imply in Ago values considerably smaller than
the predicted ones[*1-43].

Figure 3(a) presents macro-PL spectra (at a fixed laser power) taken with time intervals of few minutes between
each measurement. We observed that, in approximately 40 minutes, X and LS emissions decrease by considerable
amounts, with LS emission decreasing more than X in absolute values. T; also decreases at a slower rate while
T, increases with time. The quenching of LS emission under strong laser pumping and the appearance of an
emission band at the lower energy side of T; has already been reported in literaturel?!l. The quenching of LS

[21.44] - Qurface

has been interpreted as laser induced removal of surface adsorbents (associated with LS emission)
desorption may leave carriers in the system. However, laser exposure has also been demonstrated to lead to
another efficient way to dope the system via carrier injection from the substratel??l, We, therefore, attribute
the increase of Ty emission with time to an enhanced probability that electrons occupy the upper conduction

nl22:45] This enhancement of Ty emission

subband states due to high electron doping induced by laser irradiatio
(in comparison to X and T;) with photo doping is consistent with the results obtained by electron injection in
gated devices!!!l. In this way, we use laser irradiation as a contactless approach to induce changes in the spectrum
of WS, and identify Ty as a trionic state. This is further confirmed in Figure 3(b), where the intensities of X,
Ty, and T as function of time are normalized by the LS emission since this emission is associated with surface

desorption and, therefore, also responsible for doping the system. We observe that, relative to LS emission, T4

and T, emissions increase at very similar rates when electrons are added to the system. This behavior further
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FIG. 2: (a) Macro-PL measured at 12 K for WSz monolayer as function of excitation power. Inset: main excitonic

emission band measured at 7.95 W/cm?.(b) PL intensity as a function of excitation power for X, T1, and T2, and LS

emission. Solid lines correspond to fits with Ip;, = AP®, where A and 8 are constants. The values of 3 obtained from

each fit are displayed for each emission.
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corroborates our attribution of T to a trion state rather than a XX one. As also seen in Figure 3(b), X emission
is more independent of the changes in LS. The absolute decrease in X intensity is attributed t@d@qd@@ggﬁlﬁgg%g iSE
charged complexes as the system is further doped with increase of time.

In order to obtain more information about the doping dynamics and emission stability in our sample in
a microscopic level, we performed pu-PL measurements under different excitation power conditions. Figure 4
presents a p-PL experiment performed at 10 K with a laser spot diameter of approximately 5 ym at 532 nm.
Figure 4(a) presents a sequence of measurements where laser power is increased (blue curves) and then lowered
(red curves). The first spectrum (at 50.9 W/cm?) shows a pronounced LS band and the excitonic features of
X and T; emissions. As power is raised T5 emission becomes more pronounced and the excitonic emissions
dominate the spectrum in comparison to LS emission (1528 W /cm?). As power is lowered, however, the spectra
do not resume back to their initial characteristics. When we compare the spectra measured at 50.9 W /cm?, the X
emission is similar in the blue and red curves, but LS emission is weaker and T maintains its dominant behaviour
in the red spectrum. This irreversible behaviour of LS band is consistent with the already mentioned surface
desorption induced by laser power!?!l, The desorption seems to leave electrons in the system which contribute
to the preservation of the Ty emission even at very low laser powers. Moreover, the fact that the X emission
changes very slightly while Ty changes drastically when power is lowered also corroborates our attribution of Ts
to a trion state. If To was due to a biexciton recombination, which depends strongly on the exciton density, To
should more or less follow the X emission behavior.

When the power density is high, however, other emissions might also contribute to the intensity of Ts peak.
This is shown in Figure 4(b), where the logarithm of the peak intensity of this emission is plotted as a function of
the logarithm of the excitation power. Blue dots represent power increase and red dots represent power decrease.
It is observed that the behaviour is definitely non-linear and it is not possible to fit the data (in the same way
we performed in macro-PL experiments) with a dependence such like Ip;, = AP? with a single value for 3.
At very high carrier densities, other excitonic peaks like bound XX['2:1415] and /or charged XXl (which are
observed /expected to be observed in the same energy range) may also be contributing to the overall T intensity.

Another feature observed in the spectra shown in Figure 4(a) (highlighted by dashed square boxes) is the
random appearance of extra emission lines in the lower energy side of Ty. For example, the features highlighted
at 1528 W /cm? laser power have not been detected in the previous measurement at 1019 W /cm? (blue spectrum)

and are hardly seen again in the sequence at 1019 W /cm? (red spectrum). Other examples can be seen at 254.7
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http://dx.doi.org/10.1039/C8NR00719E

Published on 19 February 2018. Downloaded by University of Southampton on 19/02/2018 13:33:21.

Nanoscale Page 10 of 20
10

and 127.3 W/cm? spectra (red curves), where the highlighted features appear in the lowering of the power

View Article Online

but were not there when power was raised. These unstable peaks appear in an energy regiomahighois,usuadbyioc

(11,141 " The high carrier density induced in

expected to present recombination of impurity bound exciton states
u-PL excitation seems to be more efficient in activating this kind of recombination, which is a process possibly
linked to the surface desorption already discussed.

Figure 5 presents time stability of the p-PL emission of our sample when the laser spot is further reduced to
2 um. As we observe in Figure 5(a), when the probing spot size is reduced it is easier to identify the contribution
of Ty and bound states (labeled X ). Figure 5(b) shows how the y-PL spectrum changes with time in an interval
of 20 minutes under 318 W/cm? excitation at 488 nm. A few minutes after the first spectrum is acquired, we
observe that X and LS emissions almost vanish in intensity. T; also decreases initially, but seems to keep its
intensity as time passes. Ts, on the other hand, gains intensity with time. This is consistent with macro-PL
results shown in Figure 3 and illustrates once more the role of carrier doping induced by laser excitation on
the optical emission of neutral and charged excitons. It is interesting to note the behaviour of Xp emission
in Figure 5(b). The sharp lines which characterize this emission (with linewidths which can reach 2 meV) are
not stable, with variations in intensity and spectral position. This is an indication that the carrier trap/release
process by impurity states happens in a time scale of minutes which is the same scale that Ts gains intensity with
time. The same behaviour is observed when the measurement is performed at different positions on the sample
surface. This is presented in Figures 5(c) and (d). The main difference here is that, due to the higher excitation
power (637 W /cm?), X and LS emissions seem to be almost immediately quenched due to the accelerated doping
process.

Figure 6 shows how the emission of our WS, monolayer changes in time when it is submitted to extreme
laser powers (laser spot of 2 ym at 488 nm). Each column of viewgraphs represents measurements at different
temperatures (4, 50, and 160 K). Horizontally, power is changed. In this way, for each temperature, u-PL
evolution in time is tracked in a sequence of four measurements. First, immediately after the sample is subjected
to a laser excitation of 637 W/cm?, the PL emission is tracked for 20 minutes. Then the power is increased to
31.8 kW /cm? and the measurement is performed once more (for 60 seconds). Subsequently, the laser incidence
is maintained on the sample and, after 10 minutes, the last experiment is repeated. Finally, the power is lowered
again to 637 W/cm? and the PL is measured once more during 20 minutes. At 4 K and 637 W /cm?(first

measurement), the behaviour is exactly the same as illustrated in Figures 5(c) and (d). When the power is
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increased to 31.8 kW/cm?, a strong redshift of the emission band is observed. Nevertheless, the emission is
still unstable and seems to increase in intensity as time passes. This is an indication that qi@_tmmv%gﬁg%igg
still taking place in the system. After 10 minutes of exposure under strong pumping conditions, the emission is
slightly more redshifted and has gained intensity in comparison to the previous measurement. Instability still
takes place, as we can observe the appearance/disappearance of sharp lines with time in the lower energy side
of Ty band. As power is reduced back to 637 W/cm? (lower viewgraph in the first column), the emission does
not blueshift back and the intensity is higher than in the first measurement at the same power. Figure 7(a)
summarizes these experiments by showing the time integrated p-PL for each view graph of the first column of
Figure 6. By reducing the power after strong pumping conditions, we observe that the neutral exciton emission
is quenched (blue curve), while the spectrum is dominated by Ty and X emissions which are strongly favoured
after laser doping. The process is, therefore, irreversible and the spectrum maintains its redshift with respect to
the initial measurement.

Figure 6 also shows how the emission instability varies with temperature. At 50 K and low power, u-PL
spectrum is slightly broader, but it is still possible to see the enhancement of Ty emission with time and the
appearance/disappearance of sharp peaks in the Xp emission region. As power is increased, the PL spectrum
gains intensity with exposure time. As power is lowered back, the redshift is also not reversed and the intensity is
higher than at the beginning of the experiment, in a similar way to what happens at 4 K. A different behaviour is
observed at 160 K. At this temperature, under low power, the PL spectra exhibit broad emission and the whole
spectrum moves to the lower energy as time passes. Besides, the Xp related sharp peaks are no more observed.
As power increases the redshift is enhanced. As power is lowered again, the spectrum is dominated by a broad

emission which superimposes trions (PL measurements as function of temperature, not shown, demonstrate that

Published on 19 February 2018. Downloaded by University of Southampton on 19/02/2018 13:33:21.

at this temperature T; and Ts emissions tend to merge and have comparable intensities) and X g emission bands.
This is shown in Figure 7(b) (blue spectrum). However, the lower viewgraph of the third column of Figure 6
indicates that, when power is lowered back to its initial value at 160 K, a slight blueshift of the emission starts to
happen in a very slow time scale. This indicates that elevated temperatures are possibly an important ingredient
to revert laser induced doping in these TMD monolayers. However, the time scale seems to be slow enough even
at room temperaturel??l, The overall behaviour of our sample clearly shows that doping/undoping of the WSq
monolayer is a very slow process which depends on time and pumping laser power. Moreover, we show that the

effect is present even at relatively elevated temperatures. These are very important issues which can affect the
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FIG. 6: Color code map showing the variation of u-PL of WS2 monolayer in time. First row: excitation power set at
637 W/cm?. Second row: power is increased to 31.8 kW /cm?. Third row: waited for 10 minutes under 31.8 kW /cm? and

2

repeated previous measurement. Fourth row: power is decreased back to 637 W/cm®. The same procedure is repeated

for different temperatures [4K (left column), 50K (middle column), and 160K (right column)].
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performance of future optoelectronic devices based on this type of TMDI6I.
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FIG. 7: (a) Time integrated u-PL spectra for the four viewgraphs shown in the first column of Figure 6 (4 K). (b) Time

integrated u-PL spectra for the four viewgraphs shown in the last column of Figure 6 (160 K).

III. CONCLUSIONS

We have investigated the nature of optical emission and laser irradiation effects on the optical properties
of large-scale Van der Waals epitaxially grown WSy monolayers. We showed that laser irradiation results in
dramatic changes in the relative intensity of the individual exciton emission lines. As power or laser exposure
time are increased, we show that monolayer doping builds up on a time scale of minutes and can be detected by

the pronounced increase in the emission intensities of the two trion emissions T; and T5. The enhancement of
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trionic emissions, particularly Ty, is demonstrated to be due to carrier injection from substrate and desorption
of surface molecules which contribute to the doping process. Reduction of the probing areagshqwgogﬁ;%gr ‘déé’ iSE
carrier recombination dynamics under continuous doping conditions is complex. In particular, bound electron
states which present sharp emission lines show considerable intensity instability with time. Under strong laser
pumping conditions, the spectra of exposed areas are irreversibly changed, presenting large redshifts due to the
dominance of the spectra by trions, bound exciton states, and possibly XX complexes. Temperature increase may
contribute to reverting the process, but our experiments indicate that the time scales are still long. Our results
can contribute to a better understanding of the optical properties and photo-induced doping process mechanism

in laser-scale VAWE WS, monolayers, which is of great interest for future nanodevices employing this material

system.

IV. EXPERIMENTAL METHODS

We investigated large-scale (10 mm by 10 mm) WS; MLs grown on 300 nm thick thermal oxide (SiO2) on
silicon substrates by Van der Waals epitaxy (VAWE) process. VAWE can provide the vapour phase epitaxy
of these layered TMDs on the substrates even with mismatched lattice constants(®¥. Here, for the first time
VAWE technique has been successfully developed to fabricate large-scale ML WSs on quartz and SiOy/Si wafers.
Different from typical CVD growth which has been demonstrated to provide large-scale ML films formed by
the growth and merging of individual TMD flakes!*"*8], VAWE technique allows very fast growth (typically 5
minutes) of continuous and homogeneous WSo ML films (typical sizes are 25 mm by 25 mm with in-house built
system at the University of Southampton) . VAWE-grown ML characteristics can be found in the Supporting
Information section. Figure S.1 shows the spatial homogeneity of a ML of WSy grown on 300 nm SiO»/Si and
quartz substrates . The spatial and structural homogeneity of our WS, ML films are demonstrated by using
Raman (see Figure S.2) and PL (see Figure S.3) spectroscopy measurements taken at room temperature

In the preparation of our VAWE-grown WS, MLs samples, WClg (99.9% pure from Sigma Aldrich) was used as
the precursor, kept in a bubbler at room temperature and delivered to VAWE quartz tube reactor (with 50 mm
diameter and 1000 mm length) to react with HoS gas (99.9% pure from BOC) to form WS, epitaxially on SiO5/Si
substrates at temperatures in the range of 700-1000°C. WClg vapors were delivered with argon gas (99.999%
pure from BOC) through a mass flow controller (MFC) and the HyS gas was delivered through another MFC.

The flow rates of argon and HyS gases were in the ranges of 50 - 300 mL/min. These Van der Waals epitaxially
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grown WSy MLs on Si0O2/Si substrates are illustrated in Figure 1(a). Hall measurements show that samples are

View Article Online
n-type. DOI: 10.1039/C8NR00719E

Macro-PL measurements were performed using a closed-cycle refrigerator cryostat. u-PL measurements were
carried out in vacuum with He cryostat equipped with three-axis stepper motors to control the sample position.
The samples were excited using 488 and 532 nm solid state laser sources. The laser spot diameter on the sample
for Macro-PL measurements is approximately 400 ym. For p-PL spot sizes of 5 and 2 pm were employed. In all

experiments, detection was performed with 0.5 m spectrometers coupled with Si CCD detectors.
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