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Abstract

We present a detailed investigation of the exciton and triondynamics in naturally doped

MoSe2 and WSe2 single atomic layers as a function of temperature in the range 10-300K

under above band-gap laser excitation. By combining time-integrated and time-resolved pho-

toluminescence (PL) spectroscopy we show the importance ofexciton and trion localization in

both materials at low temperatures. We also reveal the transition to delocalized exciton com-

plexes at higher temperatures where the exciton and trion thermal energy exceeds the typical

localization energy. This is accompanied with strong changes in PL including suppression of

the trion PL and decrease of the trion PL life-time, as well assignificant changes for neutral

excitons in the temperature dependence of the PL intensity and appearance of a pronounced
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slow PL decay component. In MoSe2 and WSe2 studied here, the temperatures where such

strong changes occur are observed at around 100 and 200 K, respectively, in agreement with

their inhomogeneous PL linewidth of 8 and 20 meV atT ≈10K. The observed behavior is a

result of a complex interplay between influences of the specific energy ordering of bright and

dark excitons in MoSe2 and WSe2, sample doping, trion and exciton localization and various

temperature-dependent non-radiative processes.

Introduction

Monolayers of semiconducting transition metal dichalcogenides (TMDCs) such as MoS2, WS2,

MoSe2 and WSe2 have attracted considerable attention following the discovery of the indirect-to-

direct bandgap transition1–4 and the coupling of the spin and valley degrees of freedom in atom-

ically thin layers5 and heterostructures.6 In these materials, excitons exhibit very high binding

energies of a few 100s of meV,7–9 leading to their stability at room temperature attractive for op-

toelectronic devices.10–12Furthermore, optical spectra of MoSe2 and WSe2, studied in this work,

show well-resolved exciton and trion transitions,12–17enabling new insights from the optics exper-

iments into the physics of these materials.

As demonstrated by theory,18–20an important characteristic of these compounds is the strong

spin-orbit interaction. It leads to the splitting between the dark and bright exciton sub-bands of the

so-called A-exciton defined by the spin-orbit splitting in the conduction band,∆so. Here we refer

to the excitons composed of the electron and hole with the same spin as ’bright’, and with opposite

spins as ’dark’. In both materials|∆so| of ≈30-40 meV is expected.19,20However,∆so is predicted

to be negative in WSe2 leading to the lowest energy dark exciton sub-band in contrast to MoSe2

where∆so is positive and the lowest exciton sub-band is bright.19–21 Such energy ordering of the

bright and dark excitons have been shown to lead to the growth(decrease) of photoluminescence

(PL) and electroluminescence (EL) intensity in WSe2 (MoSe2) with increasing temperature.12–17

In both MoSe2 and WSe2 the bright trion peak (labeled here as ’X∗’) is observed in absorption

or PL about 30 meV below the bright exciton.12–17,22,23This is the lowest energy exciton complex
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in MoSe2, whereas in WSe2, the ’spin-forbidden’ dark trion also exists at even lower energy. In this

description we neglect the electron-hole exchange interaction, which may lead to a more complex

energy spectrum, but is not expected to change considerablythe ordering of the bands in these

materials.19–21

Owing to the particular ordering of the dark and bright exciton sub-bands, differences in the

carrier dynamics in MoSe2 and WSe2 are expected, potentially impacting their spin and valley

dynamics and performance in optoelectronic devices. Further dynamic effects are expected from

trions23 in our samples, where considerable electron densities are present and trion formation

probability is therefore high. Finally, the impact of trionand exciton localization should be taken

into account when considering low temperature behavior. Sofar, the interplay between these three

factors, the specific band-structure, impact of trions and localization has not been considered in

detail in recent time-resolved PL studies on monolayer TMDCsemiconductors.21,24–28

In this work, we carry out a direct comparison between MoSe2 and WSe2 in samples with

relatively high doping and clearly resolvable trion and exciton PL peaks, enabling different regimes

of the temperature-dependent exciton and trion populations to be accessed. We identify two distinct

regimes of high and low temperatures. In the former, in both MoSe2 and WSe2 the trion PL is

suppressed, and the neutral exciton time-resolved PL (TRPL) shows bi-exponential decay in a

wide range of temperatures with the slow component contribution increasing withT and reaching

nearly 100% at roomT, exhibiting the PL decay times of the order of 100 ps. We interpret the slow

component as a sign of thermalization of excitons in the high-k reservoir states decoupled from

light. In the low temperature regime, the trion PL intensitystrongly increases with decreasingT

in both materials. PL dynamics shows several types of behaviour with typical life-times of several

ps consistent with (i) exciton and trion energy relaxation into the lower energy states (trions and

dark excitons, respectively); (ii) strong non-radiative decay for trions and excitons activated from

the localizing disorder potential and thus having higher mobility and higher probability to reach

non-radiative centres. An important observation enablingto link the observed behavior to the

effect of localization is the difference in the ’threshold’temperatures where the behaviour changes
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from high to low temperature character: it is around 100 K forMoSe2 and in excess of 200K for

WSe2. This correlates well with the observed inhomogeneous broadening of exciton and trion PL

in MoSe2 (8 meV) and WSe2 (20 meV).

Experimental procedure

We investigate atomic monolayers of MoSe2 and WSe2 placed on a 10-20 nm layer of hBN. The

whole structures are assembled on SiO2 (290 nm) thermally grown on an n-doped Si substrate. The

MoSe2 samples were prepared with electrical contacts allowing electrostatic doping of the films

by varying the gate voltage.13 Further details on the sample fabrication can be found in Ref.11,12

The samples were mounted onto the cold-finger of a continuousflow cryostat, where temper-

ature could be varied between 10 and 300 K. A frequency-doubled Ti-Sapphire laser tuned to 3

eV was used for sample excitation with sub-ps pulses. The laser beam was focused under normal

incidence onto the sample using a 50x microscope objective (NA 0.42), providing a 2µm diameter

excitation spot. PL from the sample was collected by the sameobjective. The time-integrated PL

was measured using a spectrometer and nitrogen-cooled charged-coupled device, whereas for the

time-resolved PL a streak camera was used. In the latter configuration, a liquid crystal filter (7 nm

full width at half maximum) or a spectrometer equipped with 300 lines/mm grating was used to

enable spectral resolution of the detected signal. The corresponding temporal resolution of 4 ps or

12 ps, respectively, was achieved. The set-up with 12 ps resolution was used to measure the PL

decay curves in Fig.1(d) only. The extracted life-times forthese data are shown with open symbols

in Fig.2(b). Usually PL decay times,τPL, shorter than the set-up resolution can be extracted by

using convolution with the apparatus response function.
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Results

Temperature dependence of MoSe2 photoluminescence

In MoSe2, carrier accumulation in the bright exciton states at lowT gives rise to strong PL as

shown in Fig. 1 (a). The two distinct peaks at 1.658 eV and 1.628 eV in the spectra measured

with Pex=7 µW for T=12 K correspond to the neutral exciton,X, and the trion, X∗. In the studied

samples, the trion peak is more than one order of magnitude stronger than the neutral exciton peak.

This reflects significant doping as well as efficient trion formation at low temperatures.12,13,16

With increasing temperature, the exciton PL increases relative to the trion PL [Fig. 1 (a)], with

the latter showing a dramatic reduction by up to 100 times in the range from 10 to 100 K, as

further shown for two different samples in Fig. 2 (a). This reduction is rather surprising given

that the trion binding energy is around 30 meV, as observed from PL spectra in Fig. 1 (a),12,13,16

and trion dissociation should still be relatively ineffective for T ≈100 K. As seen in Fig. 1 (a) and

2 (a), theX PL shows a moderate decrease by a factor of 4 in the range 10K< T <100K, and

then remains almost unchanged up to 300 K. AtT > 100K, the exciton peak has a low energy

tail that can in principle be interpreted as weakX∗ PL. The integrated intensity of this shoulder is

shown with red open symbols in Fig. 2 (a). This interpretation and accuracy of the fit becomes less

reliable at higherT, whereX has a relatively large width of≈40 meV.

To gain insights into the carrier dynamics, we performed TRPL measurements at various tem-

peratures. Shown in Fig. 1 (b) are typical PL transients of the X and X∗ at T=12 K. Here, a

sequential build-up of the transients is observed, i.e. themaximum of the trion PL is reached when

the exciton PL has completely decayed. While the exciton PL dynamics are on the timescale of the

temporal resolution of our setup with no resolvable rise, the trion dynamics comprise a resolvable

rise and a decay. This indicates that the low energy neutral exciton states are populated extremely

fast by the non-resonant optical excitation. The interaction with resident electrons of this exciton

reservoir then leads to creation of trions. Gate-voltage-dependent TRPL measurements on a sam-

ple with electrical contacts (sample 5) show an increase of the X PL decay time for decreasing
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carrier concentrations, as depicted in the inset in Fig. 1 (b). As seen in this figure, theX∗ PL rise

time follows a similar trend. This implies that the trion formation may be one of the dominant

neutral exciton decay channels at lowT. Recent pump-probe studies23 found that at low temper-

atures the trion formation time≈2 ps, which is in a reasonable agreement with the trion rise time

observed here.

Fig. 1 (c) showsX∗ PL decay curves measured as a function of temperature forT ≤60K, in

the range whereX∗ PL can be measured reliably. The curves show a constant trendof the decay

time shortening withT. Fig. 1 (c) also shows shortening of the PL rise time, which may be a

consequence of a faster decay. The decay can be described with a single-exponent function. The

analysis of these data presented in Fig. 2 (b) shows that theX∗ decay time decreases strongly from

41 ps atT=12 K to 9 ps atT=61 K. This evidence combined with the significant reductionin the

time-integrated PL withT indicates that in this temperature range trions experiencehighly efficient

non-raditive decay.

A different behaviour is observed for theX PL dynamics in Fig. 1 (d), where the PL decay

curves measured in a wider range of temperatures 44≤ T ≤279K are presented. Fast single expo-

nential decay (below our resolution) is observed at lowT <100K. The exciton dynamics becomes

more complex forT >100K. Here, occurrence of a new slow PL decay component is observed.

The corresponding decay times are presented in Fig. 2 (b), where the horizontal lines mark our

set-up resolution for the two experiments: the dashed line is for the 12 ps resolution corresponding

to the data shown with the open symbols; the solid line is for 4ps resolution corresponding to the

data shown with the solid symbols. By comparing the two sets of data, it is seen that the accuracy

in determination of the lifetime for the fast PL decay component is limited due to relatively poor

time-resolution, which is also likely to be the source of thescatter in the data obtained using con-

volution with the response function of the apparatus. On theother hand, the measurement of the

slow decay component is significantly less affected by the resolution. The corresponding decay

time shows no apparent dependence onT, and is in the range 70-100 ps, reaching 70 ps at room

temperature. It is evident from the PL transients in Fig. 1(d), that the slow decay component be-
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comes more pronounced asT is increased. We quantify this with the ratior = Islow/Itot. HereItot

is the total integral under the PL decay curve, andIslow is the time-integral of the fitting function

used for the slow component. The temperature dependence ofr is plotted in Fig. 2(c). A steep

transition to the regime where the slow component dominatesoccurs between 100 and 250 K (e.g.

r > 0.8 for T=225K), in the regime where the trion contribution to PL becomes negligible.

Temperature dependence of WSe2 photoluminescence

Similarly to single-layer MoSe2, WSe2 exhibits readily identifiable PL peaks at lowT. Fig. 3 (a)

shows a typical lowT=9 K PL spectrum (measured on sample 4) with four pronounced maxima

at 1.737 eV (X), 1.704 eV (X∗), 1.675 eV (P1) and 1.653 eV (P2), as well as a broad feature at

lower energy (P3). The two highest energy peaks are attributed to the neutralexciton and the corre-

sponding trion.14,15,17The lower energy peaks are typically assigned to bound excitons.12,14,15,17

Their PL decreases rapidly with increasing temperature, and is negligible forT >100 K,12,14,15,17

as shown in Fig. 3 (b) (data for sample 3). In our sample, possibly due to significant doping,X∗

dominates the PL spectrum between 70 and 200K. However, its intensity steadily decreases with

T above 70K. As seen in Fig. 3 (b), forT >230 K the neutral exciton PL dominates. Fig. 4 (a)

also shows that the PL intensity from all states (referred toas ’overall’ in the figure) decreases with

T up to about 200K. However, the strong increase of the neutralexciton PL forT > 200K up to

ambient conditions overrides this trend. This behavior strongly contrasts WSe2 with MoSe2.

Because of the dominatingX∗ PL at lowT and relatively broad PL features, the TRPL signal

for the neutral exciton can be measured reliably only for temperatures above 110 K [see Fig. 3 (c)].

A bi-exponential decay is observed with clearly distinct ’fast’ and ’slow’ components. The contri-

bution of the slow component increases withT, accompanied with the increase of the associated

PL decay time.X∗ also shows bi-exponential decay in the whole range ofT, where it is detectable

for T <150K [see Fig. 3 (d)]. The slow component is less pronounced than forX at highT.

Fig. 4(b),(c) show the analysis of these data. The trends fordecay times in both fast and slow

components are rather similar, with both gradually increasing with T. ForX∗ (circles in Fig. 4), the
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fast decay times remain around the resolution limit with a slight increase up to 4 ps atT >100K,

whereas the slow decay time grows from 7 ps forT=9 K to 23 ps forT=168K. The decay times for

the slow and fast components for both exciton and trion are very similar in the overlapping region

of 100K> T >175K, where both PL peaks are clearly detectable. ForX∗, TRPL can be measured

reliably up to approximately 170K, where contribution fromthe strongX PL becomes difficult to

separate.

For higher temperatures 200K> T >300K, exciton decay times continue to grow: very slight

increase from 3.6 to up to 5-6 ps is observed for the fast component, whereas a much sharper in-

crease from 20 to 120 ps is observed for the slow component. Atthe same time, the contribution

of the slow component to the overall exciton PL decay also increases. Similarly to the case of

MoSe2, we quantify the increase withT of the contribution of the slow-decaying component by

plotting in Fig. 4 (d) the ratior. This shows that the contribution of the slow component dominates

the radiative decay forT >200 K. From comparison with Fig. 4(a), it is evident that the range of

temperatures where the rise of the exciton decay time is observed coincides with the temperature

range where also both the slow decay component contributionand exciton PL is strongly increas-

ing, whereas the trion PL becomes negligible. In contrast toX, it is evident from Fig. 4 (d) that the

fast decay dominates theX∗ dynamics for allT.

Discussion

In order to interpret our data we consider the impact of exciton and trion localization on the PL

intensities and dynamics. ForT ≈10K, the typical PL full width at half maximum in the samples

studied here are 8 meV (X) and 6 meV (X∗) for MoSe2 and≈20 meV (for bothX andX∗) in WSe2.

These values corresponding to the inhomogeneous broadening provide an approximate measure of

the localization potential induced by the disorder. It could be expected that a ’transition’ from

localized to free excitons and trions may occur at temperatures of the order of 80 and 200 K

in MoSe2 and WSe2, respectively. This is close to the temperatures where significant changes
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are observed in the temperature dependences of exciton and trion PL intensities and dynamics in

MoSe2 and WSe2 in this study.

In the low temperature regime probed in our experiments atT ≈10K, both neutral excitons

and trions could form a mixture of localized and free complexes,29 with trions more likely to be

localized due to a larger mass and their charge. In MoSe2, the fast decay exhibited by excitons is

caused by radiative recombination28 and binding into trions as Fig.1(b) implies. The PL decay is

likely to reflect the dynamics of free excitons, as they have ahigher oscillator strength compared

to the localized states. Trion PL comes mostly from localized complexes and shows a longer decay

time as a result. In this temperature regime in WSe2, additional decay of trions to low energy dark

states occurs, which may account for the relatively fast PL decay compared to MoSe2.

When the temperature is increased, the fractions of both free trions and free excitons increase.

The excitons and trions become more mobile which causes a newnon-radiative decay as they can

more easily reach non-radiative centers. This effect is very pronounced in MoSe2 in the range

10<T< 100K where both trion and exciton PL intensity falls withT with the overall PL intensity

decrease by more than 100 times. In addition to weaker localization, the trion formation from free

excitons and electrons is less likely as the temperature is increased.13 Overall, in MoSe2 the trion

life-time shortens in this regime due to activation of localized states, ionization of the trions and

occurrence of new non-radiative recombination channels.

In WSe2, the trion PL decrease gradually happens over a larger temperature range up to≈250K,

consistent with a larger thermal energy required to overcome the localization potential in this ma-

terial. The trion PL decay shows a dominating and relativelyweakly temperature-dependent fast

component with the PL decay time of≈5ps, possibly due to fast relaxation into the low energy

dark states. In addition, there is a slow PL decay component with the PL decay time reaching up

to 20 ps forT >100K, which may reflect decay of the neutral exciton population. The decay in

those states could be observable in the trion PL decay due to their feeding into the trion population

as well as a partial spectral overlap of excitons and trions.

In the highT regime, localization is not important and the probability to form trions is also low.
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Both factors lead to suppression of trion PL. In WSe2 this is also accompanied with a significant

growth withT of the exciton PL intensity. This occurs due to thermalization leading to enhanced

population of the bright exciton states, and also implies that in the presence of trions a strong non-

radiative decay channel existed through which the exciton population could decay. Further to the

PL intensity changes, the exciton PL dynamics exhibit a slowcomponent caused by the exciton

thermalization within the bright sub-band. This is accompanied with a spread of excitons over

a range of k-vectors where they are decoupled from light. This could lead to a linear increase

of the average exciton radiative life-time withT.28 In our experiments, in MoSe2 the decay time

associated with the slow component is nearly constant over awide range of temperatures (shows

a weak decrease withT), which is possibly an indication that another temperature-dependent non-

radiative decay mechanism is present influencing the neutral exciton population. In WSe2, a strong

increase of PL decay time is observed once the exciton thermal energy has exceeded the typical

localization energy of 20 meV forT >200K. However, in neither MoSe2 or WSe2, the exciton

decay time reaches the ns range recently reported in other studies at elevated temperatures.27 The

most likely cause of such relatively short life-times is theexciton-exciton annihilation,27,30–32more

pronounced for free excitons and elevated temperatures.

Conclusions

In conclusion, we presented a detailed study of the carrier dynamics in atomically thin semicon-

ductors MoSe2 and WSe2 in a wide temperature range 10-300 K, revealing a complex interplay

between the particular ordering of the dark and bright exciton sub-bands in the two materials as

well as presence of trions, influence of exciton and trion localization and various non-radiative

processes. Despite significant differences in the band-structure leading to the opposing tempera-

ture dependences of the neutral exciton PL intensity in MoSe2 and WSe2, many similarities have

been observed in the neutral exciton dynamics such as a pronounced increase of the exciton decay

time at high temperatures. It is observed that major changesin the neutral exciton dynamics, as
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well as exciton and trion PL intensity, occur for elevated temperatures where the exciton thermal

energy exceeds the typical localization energy caused by the disorder potential. This transition to

the mobile excitons occurs in our samples around 100 and 200 Kin MoSe2 and WSe2, respec-

tively, in agreement with the differing inhomogeneous linewidths observed in PL. Complex trion

and exciton dynamics are observed for lower temperatures where thermal energy is of the order or

lower than the typical localization energy.

The impact of localization requires further study, as it fundamentally defines the character

of electronic excitations in the two-dimensional system, which in addition to trions in the low

electron density and/or strong localization limit can alsoexhibit Fermi polarons33 in the opposite

limit. In the context of TMDCs, the ability to uncover this character will help to reveal the origin

of the unexpected values for exciton and trion g-factors observed recently,34–38 opening the way

to implementation of valleytronics ideas.5
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Figure 1: Time-integrated (TI) and time-resolved (TR) photoluminescence (PL) for single-
monolayer MoSe2 samples. (a) TIPL spectra in the range 12-110K. Exciton (X) and trion (X∗)
peaks are labeled. Spectra are multiplied by factors shown on the graph. (b) TRPL PL traces for
T=12 K for X (squares) andX∗ (circles) (sample 1). Lines show the fitting functions. The inset
shows theX PL decay time andX∗ rise time as a function of gate voltage in sample 5. The gate
voltage is used to vary the carrier concentration in the film with a positive voltage corresponding
to a higher concentration. (c),(d) TRPL traces forX∗ (sample 1) in (c) andX (sample 2) in (d) for
a range of temperatures. Normalized PL intensities are shown.
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Figure 2: Temperature dependence of time-integrated (TI) and time-resolved (TR) photolumines-
cence (PL) for single-monolayer MoSe2 samples. (a) Spectrally integrated TIPL intensity. Depen-
dences forX (squares),X∗ (circles) are shown for samples 1 and 2. (b)X (squares) andX∗ (circles)
PL decay times in samples 1 (solid symbols) and 2 (open symbols). The horizontal lines mark the
set-up resolution for the two experiments: the dashed line is for the 12 ps resolution corresponding
to the data shown with the open symbols; the solid line is for 4ps resolution corresponding to the
data shown with the solid symbols. (c) The ratio of the time-integral of the function used to fit the
slow PL decay component,Islow, and the total integral under the PL decay curve,Itot, r = Islow/Itot.
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Figure 3: Time-integrated (TI) and time-resolved (TR) photoluminescence (PL) for single-
monolayer WSe2 samples. (a) A TIPL spectrum measured atT=9K in sample 4. Neutral exciton
(X) and trion (X∗) peaks as well as localized exciton peaks P1, P2 and P3 are labeled. (b) TIPL
in a temperature range 9-293 K. Individual spectra at each temperature are normalized. Features
as in graph (a) are labeled. (c),(d) TRPL traces forX (c) andX∗ (d) in sample 3 for a range of
temperatures. Normalized PL intensities are shown.
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Figure 4: Temperature dependence of time-integrated (TI) and time-resolved (TR) photolumines-
cence (PL) for single-monolayer WSe2 samples. (a) Spectrally integrated TIPL intensity. Depen-
dences forX (squares) and all PL in the range shown in Fig.3 (triangles) are shown. (b),(c)X
(squares) andX∗ (circles) PL decay times. The data for the slow and fast decaycomponents are
shown in (b) and (c), respectively. Open and solid symbols show X PL decay data for two different
samples. (d) The ratio of the time-integral of the function used to fit the slow PL decay component,
Islow, and the total integral under the PL decay curve,Itot, r = Islow/Itot. Data for bothX (squares)
andX∗ (circles) are shown.
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