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ABSTRACT: Exciton-to-trion conversion in two-dimensional semi-

conductors defines the transition from an optoelectronics based on

neutral bosons to one based on charged fermions, with a huge impact

on the transport and spin/valley-related properties. This process has T

been successfully induced in field-effect transistors under gate voltage, €« &
chemically doped samples, and nonuniformly nanoscale-strained

materials. Here, we study the evolution of the photoluminescence L-ws,
spectrum of monolayer WS, under high pressure, decoupling exciton

and trion contributions by their responses to laser-power variations. lot

We demonstrate that crystal compression drives a substrate- X

independent, partially reversible exciton-to-trion conversion, with T

trion recombination dominating the emission above 3 GPa. The T . .
observed mechanism does not rely on external charge injection but

involves the pressure evolution of intrinsic doping levels within the band structure. Our results indicate that trion-based emission can
be achieved by reshaping the periodic crystal potential via the modulation of interatomic interactions, offering a novel approach to
the study of exciton-to-trion conversion in two-dimensional materials.
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xcitons dominate the optoelectronic response of two-

dimensional (2D) semiconductors, where in-plane con-
finement reduces dielectric screening and enhances the
Coulomb interaction between electron—hole pairs.' When
additional charge carriers are introduced in the crystal, excitons
can interact with residual free electrons and holes to form
negative and positive trions,” which are three-body quasipar-
ticles considered as the semiconductor equivalent of H™ and
H,".

Recently, there has been growing interest in understanding
the mechanisms governing exciton-to-trion conversion, which
stands as a pivotal process for many aspects of the physics of
2D materials.

The net charge of trions enables them to acquire a nonzero
drift velocity in an external electric field, in contrast to the
insensitivity of neutral excitons, with a huge impact on the
transport properties of the sample.”” In this framework, an
efficient manipulation of trions can potentially lead to the
design of (charged) exciton-based optoelectronic devices with
operation principles similar to those of conventional electronic
devices.

The fermionic nature of trions was also found to deeply
influence the degree of valley polarization in transition-metal
dichalcogenide (TMD) semiconductors.”® In monolayer (1L)
TMDs, electronic excitation and recombination at the
inequivalent valleys, K — K’, are selectively activated by
circularly polarized light with opposite helicity. However,
intervalley exchange interaction, mediated by phonons,
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degrades the valley polarization leading to largely depolarized
radiative recombination at ambient conditions. In this process,
it was demonstrated that conversion of electron—hole pairs
into trions protects valley polarization, as the intervalley
exchange of trions would require the spin flip of individual
carriers, which is energetically and spin forbidden.”

To date, efficient exciton-to-trion conversion in 2D
semiconductors (typically TMDs) has been induced using a
variety of means. The most straightforward approach consists
in directly introducing extra charge carriers into the sample by
applying a gate voltage”* ™' or synthesizing chemically doped
materials.” ' Less intuitively, sharp modifications of the crystal
morpholo§y have also been found to promote trion
formation.'”~'* Highly nonuniform strain gradients, localized
at the nanoscale, can indeed facilitate the funneling of both
excitons and free electrons toward regions of maximum
strain.'>™"* In this configuration, spatial confinement enhances
exciton-electron binding, leading to an increase in trion
population.'>"?

In our work, we conduct a thorough investigation of the
pressure evolution of the photoluminescence (PL) spectrum of
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Figure 1. (a) Normalized high-pressure PL spectra of 1L-WS,/hBN collected at different laser powers. The absolute PL intensities versus pressure
for each laser power are reported in section S2 of the Supporting Information. (b, f)PL spectra of 1L-WS,/hBN at 2.5 mW collected at 6.8 GPa (b)
and 0 GPa (f); the best-fit curves for the A exciton and T trion are shown in green and cyan, respectively. (c, g) Difference (APL) between the PL
spectra at 2.5 and 0.1 mW, normalized to their maximum, collected at 6.8 GPa (c) and 0 GPa (g). (h, d) Power dependence of the peak intensity in
the low (h) and high (d) pressure regimes. Blue triangles represent the mean trion area, normalized to the 0.01 mW value, upon increasing the laser
power: (I/Iyo; mw)- Bach data point is obtained by averaging I/I; nw at a given laser power over all measurements in the 0.0—2.9 GPa (h) and
3.2—6.8 GPa (d) ranges. Error bars indicate the associated standard deviations. Green circles in panel(h) represent the (I/Iyo; mw) values for the A
exciton peak in the 0.0—2.9 GPa range, with the corresponding error bars. (i, e) Power dependence of the peak positions in the low (i) and high (e)
pressure regimes. Blue triangles represent the mean energy shift of the trion center, relative to the 0.01 mW position upon increasing the laser
power: (E — Ego; mw)- Each data point is obtained by averaging E — Eo; yw at a given laser power over all measurements in the 0.0—2.9 GPa (i),
3.2—6.8 GPa (e) ranges. Error bars indicate the associated standard deviations. Green circles in panel (i) represent the (E — Eq¢; w) values for the

A exciton in the 0.0—2.9 GPa range, with the corresponding error bars.

1L-WS,, decoupling exciton and trion contributions by their
different responses to variations of the incident laser power.
We demonstrate that the compression of the 1L-WS, crystal
drives a substrate-independent, partially reversible exciton-to-
trion conversion process, with the trion recombination
dominating the sample emission already above 3 GPa.
Compared with approaches based on chemical doping and
gate voltage application, the mechanism here observed does
not rely on the injection of extra charge carriers in the sample,
but it is based on the pressure evolution of the intrinsic doping
levels within the electronic band structure. Moreover, in
contrast with the conversion processes locally activated in
nonuniformly strained flakes, the pressure-induced increase in
the trion population occurs at the crystal scale.

High-pressure, power-dependent PL measurements were
performed on 1L-WS, crystals deposited on bulk hexagonal
boron nitride (1L-WS,/hBN) and on a culet of a diamond
anvil cell (1L-WS,/diamond). Both 1L-WS, and bulk hBN
were mechanically exfoliated from the corresponding milli-
meter-sized crystals purchased by HQ graphene. 1L-WS, flakes
were identified by micro-Raman and PL measurements.”>~'®
Both 1L-WS,/hBN and 1L-WS,/diamond systems were
assembled by a deterministic dry transfer method'” using a
2D-transfer system by HQ graphene.
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A screw-driven diamond anvil cell (DAC) equipped with
type Ila diamonds with 600-um-diameter culets was employed
for pressure application. Diamonds were separated by a
stainless steel gasket, in which a 250-um-diameter hole was
drilled as a measurement chamber. A 4:1 methanol—ethanol
mixture was used as pressure transmitting medium, providing
hydrostatic conditions up to 10 GPa.”’ A micrometric ruby
sphere was loaded in the DAC as pressure gauge.”' Pressure
was increased in small steps from 0 to 8 GPa (we recall that
hBN remains isostructural up to 10 GPa*>**).

PL measurements were performed by a Horiba LabRam HR
Evolution microspectrometer coupled with a grating mono-
chromator with 600 grooves/mm and a Peltier-cooled charge-
coupled-device detector.”® A 332 nm solid-state laser was
employed as a light source. The laser spot was focused on the
sample surface by a 50X objective, resulting in a spot size of
~2.5 um in diameter. Neutral-density filters with different
optical densities were used to vary the laser power in the 0.01—
2.5 mW range, as measured at the laser outlet. The effective
laser power impinging on the sample was estimated to be
reduced by ~40% due to the presence of losses in the optical
path.

To rule out spatial variations in the pressure response, we
measured 1L-WS,/hBN and 1L-WS,/diamond at four different

https://doi.org/10.1021/acs.nanolett.5c02823
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Figure 2. High-pressure PL spectra of 1L-WS,/hBN (a) and 1L-WS,/diamond (b) collected at 1 mW and normalized to their maximum. The best-
fit curves of the A and T peaks are shown in green and cyan, respectively. The curves were obtained by the fitting procedure described in section S5
of the Supporting Information. (c) High-pressure evolution of the A (green) and T (cyan) peak centers in the 1L-WS,/hBN (full dots) and 1L-
WS,/diamond (empty dots) samples measured at 1 mW. (d) High-pressure trends of the exciton-to-trion intensity ratio I,/Ir for the 1L-WS,/hBN
(full dots) and 1L-WS,/diamond (empty dots) samples collected at 1 mW, normalized to their value at 0 GPa. I, and I; were obtained from the fit

of the PL spectra, in which I, = 0 above 3 GPa.

positions, obtaining analogous pressure trends, as shown in
section S1 of the Supporting Information.

At ambient conditions, the PL spectrum of 1L-WS, exhibits
an intense peak at ~2.0 eV, ascribed to the radiative
recombination of the A exciton'* across the direct band gap,
and a lower-energy shoulder at ~1.97 eV, ascribed to the
recombination of the negative trion T; see Figure 1f (all panels
of Figure 1 show PL spectra of 1L-WS,/hBN at selected
pressure values; the complete data sets for both 1L-WS,/hBN
and 1L-WS,/diamond are reported in sections S3 and S4 of
the Supporting Information). The intrinsic nature of the trion
quasiparticle makes the T band a spectroscopic signature for
the presence of excess charge carriers.”*>*° In semiconducting
TMDs, these typically arise from chalcogen vacancies or
impurities intercalated during the growth process, which
produce a mild n-type doping with charge carrier density of
the order of ~10"—~10" cm™.>""%

In the PL process, the probability of forming excitonic or
trionic states is correlated with the density of photoexcited
electrons in the conduction band, leading to a strong laser
power dependence of the A-to-T relative intensity.”***"*" As
shown in Figure 1h, upon increasing the laser power from 0.01
to 2.5 mW, the growth rate of the trion intensity is more than 2
times larger compared to that of the exciton intensity.
Moreover, the T peak undergoes a progressive redshift as a
function of the laser power, while the A band remains fixed in
energy; see Figure 14.263031

The different responses of A and T peaks to laser power
variations can be exploited as a benchmark to decouple the
evolution of excitons and trions in PL spectra at high pressures.
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Figure 1a shows the combined pressure and power dependence
of selected PL spectra in the 0.01-2.5 mW and 0-7 GPa
ranges, normalized to the maximum of each curve. In the low-
pressure regime, below 3 GPa, as the laser power increases at
fixed pressure, the spectrum evolves from a single-peaked to a
double-peaked profile, with the trion feature becoming
progressively more evident on the low-energy side of the
main exciton band; see Figure la.

Above 3 GPa, the power-dependent spectral response visibly
changes: at each pressure, the spectrum maintains an identical
(quasi) symmetric profile upon increasing the laser power,
suggesting the presence of a unique recombination channel in
the PL signal. An example is shown in Figure 1b, where the PL
spectrum at 6.8 GPa displays a perfectly single-peaked profile
at the maximum power of 2.5 mW. The power evolution of this
band in terms of intensity and energy, reported in Figures 1d,e,
respectively, clearly indicates the fully trionic nature of the PL
spectrum in the high-pressure regime.

To further compare the power dependence of the PL signal
in the low-pressure and high-pressure regimes, panels g and ¢
of Figure 1 show the difference between the normalized
spectra at 2.5 and 0.1 mW (at fixed pressure) for 0 and 6.8
GPa, respectively: APL(E)l, = [PL,(E) — PLy,(E)]p. In
Figure 1g, the peaked profile of APL(E)I, suggests that, at low
pressure, the dominant effect of increasing the laser power is a
spectral weight transfer from a high-energy (exciton)
contribution to a low-energy (trion) contribution. In contrast,
in Figurelc, the interference-like profile of APL(E)ly indicates
that, at high pressure, the primary effect of increasing the laser
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Figure 3. (a) Scheme of the mechanism underlying exciton-to-trion conversion in 1L-WS, discussed in the text. Pressure induces a moderate
increase in the density of donors and a progressive reduction in the donor activation energy. The former effect is irreversible, while the latter is
reversible once the sample is brought back at ambient conditions. (b, c) PL spectra of 1L-WS,/hBN (b) and 1L-WS,/diamond (c) before (0 GPa)
and after (0 GPa, released) the pressure cycle. All of the spectra were collected at 1 mW. Comparisons at 0.01, 0.1, and 2.5 mW are reported in

section S6 of the Supporting Information.

power is the shift of a single contribution (trion) toward lower
energies.

The detailed evolution of A and T peaks in the 0—8 GPa
range, at 1 mW, is shown in Figure 2a,b for 1L-WS,/hBN and
1L-WS,/diamond, respectively. The best-fit curves and the
fitting parameters, reported in panels a, b and ¢, d of Figure 2,
respectively, are obtained, at each pressure, through a global fit
procedure over the power-dependent spectra described in
section SS of the Supporting Information.

In the 0—3 GPa range, both exciton and trion energies
display a growing sublinear trend, indicating an increase in the
band-gap energy in agreement with experimental and
theoretical literature.”> " At the same time, a progressive
transfer of spectral weight is observed from A to T, until the
exciton peak becomes indistinguishable in the spectrum above
~3 GPa in both 1L-WS,/hBN and 1L-WS,/diamond. Figure
2d shows the pressure trend of the A-to-T intensity ratio I,/I
in these two cases.

Above 3 GPa, when the trion recombination remains the
sole contribution to the PL signal, the blueshift trend of the T
peak is reversed and the band continuously redshifts up to the
maximum measured pressure.

Once the pressure on the sample is released, the exciton
contribution becomes visible again in the spectrum, and both
the A and T bands return to their original energy positions, as

shown in Figure 3b,c. Moreover, a decrease in the A-to-T
relative intensity is evident, particularly in 1L-WS,/diamond,
possibly due to the creation of defects during sample
compression.

It is worth highlighting the parallelism in the pressure
evolution of 1L-WS, crystals deposited on hBN and diamond,
as witnessed by the same pressure threshold observed in both
cases for the suppression of the exciton feature and the
inversion of the trion energy trend. This strong similarity
suggests a substantial independence of the pressure response of
1L-WS, from the nature of the substrate. We recall that hBN
and diamond present quite different surface properties in their
interaction with the overlayer: hBN is inert and atomically flat,
whereas diamond typically exhibits reactive dangling bonds in
the out-of-plane direction, due to the nature of its sp’-
hybridized carbon atoms.””**~**

The phenomenology unveiled by coupled pressure- and
power-dependent measurements is governed by an efficient
exciton-to-trion conversion process occurring within the first 3
GPa. This mechanism represents the dominant effect induced
by the application of pressure, while the variation in the band-
gap energy, as reflected in the trend of the A exciton, is small in
the 0—3 GPa range, and practically unaccounted for in the
spectral response at higher pressures.
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It is remarkable that the evolution of the 1L-WS, PL
spectrum under pressure exhibits a clear analogy with the
exciton-to-trion conversion observed in gate-voltage PL
experiments.””**** In the latter, the application of voltage
on field-effect-transistor-structured 1L-TMDs causes a direct
injection of extra free charges into the sample conduction
band, promoting the formation and the subsequent radiative
recombination of trions over excitons. A decreasing trend in
the A-to-T intensity ratio is measured as a function of the
applied voltage until the exciton band is no longer visible in the
spectrum. Upon further increasing the voltage, the trion band
progressively redshifts, similarly to what observed in high-
pressure PL spectra above 3 GPa. ¥

A question then naturally arises as to how pressure can
trigger the same physical process as voltage without the
injection of external charges.

In wide-band-gap, n-type semiconductors, such as 1L-WS,,
the probability of trion radiative recombination directly
correlates with the n-type conductivity of the sample, which,
in turn, depends on two fundamental factors: the density of
donors and their activation energy.

In the present case, the application of pressure may induce
the formation of some defects in the crystal, leading to a
moderate increase in the donor density. This effect is
irreversible and can be quantified by comparing the PL
spectrum collected before and after the pressure cycle, where
the exciton-to-trion area ratio (I,/Iy) decreases from ~1 to
~0.5 (in the 1L-WS,/hBN case); see Figure 3b.

However, the increase in the donor density alone cannot
account for the full exciton-to-trion conversion observed under
pressure. Indeed, although smaller than in the pristine sample,
the I,/I; ratio measured after completing the pressure cycle is
still. much larger than zero, indicating that the A exciton
recombination channel is restored upon pressure release.

The partial reversibility of the exciton response indicates
that, besides the moderate increase in the donor density, a
second, fundamental mechanism drives the high-pressure
evolution of 1L-WS,: the decrease in the activation energy of
donors.

In a reasonable scenario, the crystal compression induces a
reduction in the energy distance between donor and
conduction band states, leading to an increasing overlap
between the corresponding wave functions; see Figure 3a. This
promotes the delocalization of doping electrons into the
conduction band under pressure, mimicking the extrinsic
charge doping produced in gate-voltage experiments.

Under the combined increase/decrease in donor density/
activation energy under pressure, the population of free
electrons grows, favoring the formation of trions over excitons,
until exciton recombination is completely suppressed at 3 GPa.
Above that pressure, the progressive reduction in the trion
energy can be regarded just as a consequence of the increase in
the Fermi energy of the free electron gas due to the increase in
the n-type conductivity.**°

Unlike pressure-induced variation in donor density,
reduction in donor activation energy is a reversible process:
lattice compression modifies the interatomic bonds within the
crystal lattice driving a renormalization of electronic energy
levels that is reversed once the pressure on the sample is
released. This explains why the A exciton recombination
channel is restored after completing the pressure cycle,
although with a reduced relative spectral weight compared to
the pristine sample.
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In summary, in our work, we demonstrate that the dominant
mechanism ruling the pressure evolution of the PL spectrum in
1L-WS, is the increase in the n-type conductivity driven by the
moderate increase in the donor density and the progressive
decrease in the donor activation energy. This process is
reflected into the competition between the exciton and trion
recombination channels, which ultimately drives a full exciton-
to-trion conversion above 3 GPa.

Notably, the pressure-induced reduction in the activation
energy of donors was experimentally observed in previous
works on bulk TMDs, where the merging of n-type levels with
conduction band states was found to be responsible for the
onset of an early metallic behavior, preceding the actual closure
of the band gap in the high-pressure regime.”*™*

Our results set a reference for the interpretation of high-
pressure PL measurements on low-dimensional semiconduc-
tors, in which the absence of a reliable criterium for decoupling
exciton and trion contributions has often led to controversial
claims on the response of the electronic band structure to the
applied pressure.” >~

The phenomenology we observed parallels the exciton-to-
trion conversion processes induced by the injection of extrinsic
charge carriers””?** or the formation of local, nonuniform
strain gradients, while remaining mostly intrinsic and
occurring at the crystal scale.

The obtained results show that high pressure can serve as a
novel, powerful tool for studying exciton-to-trion conversion in
2D semiconductors, driving alternative physical mechanisms in
the sample compared to previous experimental approaches.
Overall, our work provides deeper insights into the excitonic
properties of low-dimensional materials, encouraging further
investigations in this field under high-pressure conditions.
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