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Abstract 

Optical excited state dynamics of bright and dark positively charged excitons (positive 

trions) in 1-layer (1L-) WSe2 were studied by a combination of time- and 

polarization-resolved photoluminescence and pump-probe spectroscopy. Bright positive 

trions showed ultrafast relaxation to dark positive trions (∼1 ps) and to ground state (10±5 

ps), while dark positive trions showed slow decay to the ground state (∼300 ps) at 10 K. 

Under valley selective excitation with circularly polarized light, the valley relaxation 

time of the bright trions was 1.5±0.5 ns at 10 K, which is much longer than typical exciton 

valley relaxation times of 10 ps. This insight into the slower valley relaxation dynamics 

of positive trions suggests that the electron-hole exchange interactions that is dominant in 

neutral exciton valley relaxation, are suppressed by the presence of additional holes.  
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Atomically thin transition metal dichalcogenides (TMDs) possess novel properties 

originating from their extremely low dimensionality, making monolayer TMDs an ideal 

platform for investigating fundamental physics in two-dimensional systems1,2. The 

two-dimensional character of monolayer TMD strongly enhances Coulomb interactions, 

which imparts extraordinarily large binding energies to bound electrons and holes (e–h) 

as neutral excitons, two-electrons and a hole (2e–h) as negatively charged excitons 

(negative trions), and an electron and two-holes (e–2h) as positively charged excitons 

(positive trions)3–12. These features result in novel optical and electrical properties 

dominated by the many-body excitonic effects in monolayer TMD. These highly stable 

neutral excitons and trions have valley degrees of freedom, because TMDs have a direct 

bandgap with a band-edge located at energy degenerate valleys (K, −K) at the corners of 

the hexagonal Brillouin zone2,13–20. The valley degrees of freedom coupled with the spin 

degrees of freedom originating from strong spin-orbit interactions and breaking of 

inversion symmetry enable selective photoexcitation of excitons and trions to the K or 

−K valleys with the use of circularly polarized light. These effects give rise to valley 

polarized excitons and trions (valley polarization). 

 

Three-body trions are fascinating quasiparticles among valley excitonic phenomena 

because their net charge enables detection and manipulation by an electric field through 

the valley Hall effect19. In TMDs, positive trions have two states, denoted as optically 

bright and dark states, for which electron and hole spins in the same valley are oriented 

anti-parallel and parallel to each other, respectively. In tungsten-based TMDs (WS2 and 

WSe2), the dark state at the lower energy sides markedly influences the optical 

properties21–23. However, the role of the optically-forbidden dark state in optically 
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excited state dynamics and valley polarization has yet to be fully clarified. Recent 

research has examined dark trions in monolayer WSe2 through the use of strong 

in-plane magnetic fields24,25 and plasmonic effects26,27. However, because these 

techniques affect trion properties, direct probing of the intrinsic properties of dark trions 

is required. To the best of our knowledge, comprehensive studies of positive trion 

dynamics including bright and dark state and their role in the valley depolarization 

process have yet to be demonstrated. 

 

In this paper, we studied the relaxation dynamics of bright and dark positive trions for 

valley polarization in 1-layer (1L-) WSe2 with the use of combined time- and 

polarization-resolved photoluminescence (PL) and pump-probe spectroscopy. We reveal 

ultrafast relaxation from bright to dark trions (∼1 ps) and slow decay of dark trions to 

the ground state (∼300 ps) at 10 K. Notably, the valley relaxation time of the bright trions 

(>70 ps) is much longer than the typical exciton valley relaxation time (10 ps) at 10 K. 

Conversely, dark trions are equally distributed in the K and −K valley after the efficient 

population transfer from the bright trions with a large momentum. 

 

We studied a mechanically exfoliated 1L-WSe2. The number of WSe2 layers was 

determined from the optical contrast and peak positions in the Raman and PL spectra28–30. 

To focus on positive trions, a field-effect transistor (FET) was fabricated from a 1L-WSe2 

layer by a dry-transfer method onto Pt electrodes on a SiO2/Si substrate with an SiO2 

layer thickness of 270 nm. The device was covered by hexagonal boron nitride (h-BN). A 
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back-gate voltage VGate was applied to inject holes into the 1L-WSe2. The doped carrier 

density n under a gate voltage VGate was estimated from the relationship of the geometric 

capacitance and the back-gate voltage using ݊ ൎ | Gܸୟ୲ୣ|ߝߝ଴/ݐS୧Oమ, where 3.9=ߝ is the 

dielectric constant of silicon dioxide, ߝ଴ is the dielectric constant of vacuum, and ݐS୧Oమ 

is the thickness of SiO2
31. Through the use of the above relationship, the doped hole 

density at gate voltages of −40 V was estimated to be 2×1012 cm−2. 

 

In the polarization-resolved pump-probe experiments, a σ+ circularly polarized pump 

pulse excites the 1L-WSe2, then a delayed σ+ and σ− circularly polarized probe pulse 

measures the change of reflectivity as a function of pump-probe delay times. A ~200-fs 

pump pulse having a center photon energy of 1.824 eV was generated by an optical 

parametric amplifier from the output of a femtosecond laser with a repetition rate of 1 

MHz. A probe pulse of ~350 fs having photon energies between 1.6 and 2.3 eV duration 

was generated by a nonlinear process in YAG crystals. The average pump power of 1 

µW was focused to a spot diameter of 2 µm with the use of a 100× objective lens (NA = 

0.55). The excitation density of N ≈ 1012 /cm2 electron-hole pairs in 1L-WSe2 is in the 

linear regime32. The reflected probe light was detected with a photodiode after passing 

through a monochromator. The electrical signal from the reflectance change induced by 

the pump-pulse was fed into a lock-in amplifier at a chopping frequency of ~800 Hz.  

 

Polarization-resolved PL was measured with a continuous wave He–Ne laser (photon 

energy of 1.959 eV, power of 10 µW). Time-resolved PL spectroscopy was conducted by 
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time-correlated single-photon counting (TCSPC), where the 1L-WSe2 was excited by a 

pulsed supercontinuum light source (photon energy of 1.922 eV, power of 45 µW, pulse 

duration of ∼20 ps, and repetition rate of 40 MHz). The temperature of 1L-WSe2 was 

controlled by a cryogen-free cryostat. 

 

Figure 1(a) shows a schematic diagram of the band structure of 1L-WSe2 with an 

out-of-plane valley-contrasting spin splitting in valence and conduction bands owing to 

the strong spin-orbit interaction. The valence-band splitting of 450 meV is much larger 

than the conduction-band splitting of 40 meV33. Because the bottom of the conduction 

band and the top of the valence band have opposite spin configuration in 1L-WSe2, the 

interband transition from the first-valence band (VB1) to the first-conduction band 

(CB1) is optically forbidden but allowed to the second-conduction band (CB2), as 

shown in Fig. 1(a). The two transitions from VB1 to CB2 (red arrow) and from 

second-valence band (VB2) to CB1 (green allow) are denoted A and B transitions, 

respectively1,14. In addition, the opposite spin configurations for the K and −K valleys 

enable the optical selection rules for interband transitions with valley-selective 

excitation of electron-hole pairs via circularly polarized light, and the optically oriented 

valley polarization can be detected by circular polarization of the PL signals.  

 

Under hole-doped conditions two valley configurations of positively charged excitons 

(positive trions) including spin-allowed bright and -forbidden dark states are possible as 

illustrated in Fig. 1(b). The spin-allowed bright trions efficiently couple to light, 
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whereas spin-forbidden dark trions do not couple to light, and usually have much longer 

recombination lifetime than those of the bright trions. The two trion states can be 

probed with the use of combined PL and pump-probe signals of A and B transitions: The 

PL measurements probe the recombination process of the bright state, whereas the B 

transitions probe the dark state population because the final state of the B transition 

(CB1 band) is occupied by electrons forming the dark trions and the formation and 

change of the wavefunction of the dark trions affect the transition. The A transitions 

monitor the hole population in the VB1 band, which reflects both bright and dark trion 

populations because the initial state of the transition (VB1) band is occupied by holes 

that form bright and dark trions. The population decay of the bright and dark trions 

reduces the VB1 hole population. To date, the A and B transition features have been 

used to investigate the optically allowed and forbidden state of neutral excitons34 and 

negative trions35.  

 

Figure 1(c) shows differential reflectance spectra δR/R= (RSample −RSilicon)/RSilicon of 

1L-WSe2 on a SiO2/Si substrate at 10 K with a gate voltage of −40 V based on the 

reflectance of 1L-WSe2 (RSample) and the silicon substrate (RSilicon). Optically excited 

electron-holes capture excess holes electrostatically-injected into the 1L-WSe2, forming 

positively charged excitons (positive trions). We observed a dispersive feature near 1.72 

eV from positive trions (T+ ) owing to the A transition from VB1 to CB236. Another 

peak was observed near 2.14 eV. We assigned this peak to the B transition from VB2 to 

CB1. The energy difference between the A and B transitions of ~420 meV is mainly 

determined by the energy splitting of the valence-band of 450 meV. 
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Figure 1(d) shows the polarization-resolved PL spectra with gate voltages of −40 V at 

10 K under σ+ excitation corresponding to K valley excitation. A prominent emission 

appeared near 1.72 eV, which originated from recombination of the bright positive 

trions (T+ )36. The emission peak at 1.67 eV appears to originate from localized excitons 

at defect states15,36,37. The σ+ component of the PL spectra of the trion (red curve) has a 

higher intensity than the σ− component of the PL spectra (black curve). The optically 

generated trions at the K valley are more populated in the pumped K valley, which 

corresponds to the valley polarized bright trion state in 1L-WSe2 (valley polarization). 

The valley polarization ρ can be estimated as ߩ ൌ ሺܫఙశ െ ஢షሻܫ ሺܫ஢శ ൅ ⁄஢షሻܫ , where Iσ+ 

and Iσ- are the trion PL intensities of the σ+ and σ- components, respectively. The valley 

polarization ρ of positive trions was estimated to be approximately 0.3 at 10 K. 

 

Figure 1(e) shows the time-resolved PL decays of the positive trions under −40 V at 

10 K (red circles), as well as the instrumental response function (IRF) of the setup 

(black curve). The PL transients are fitted with a single-exponential decay function as ܫ ൌ ܣ expሺെݐ/߬ሻ convoluted with the IRF, as shown by the green curve, which gives a 

bright trion lifetime of 10±5 ps. Similar decay times of trion PL emission have been 

reported15,38,39.  

 

Ultrafast dynamics of the bright and dark trions in 1L-WSe2 were studied further by 

two-color helicity-resolved pump-probe spectroscopy at 10 K. Figure 2(a) shows the 



8 

 

time development of polarization-resolved transient differential reflectance spectra 

probed around the B transition with σ+ polarization by pump pulse with σ+ polarization. 

The pump energy of 1.824 eV was tuned to be above the A transition and below the B 

transitions so that electrons and holes were excited to CB2 and VB1 in the K valley, 

respectively. The transient reflectance signals of the B transition were observed even for 

the lower optical excitation around the A transition. Figure 2(c) shows the transient 

spectra at different delay times. The observed reflectance changes are simply attributed 

to the decrease of absorption caused by the Pauli-exclusion principle (state-filling 

effect) originating from photoexcited electrons in the CB1 band, and there were no peak 

shifts in the transient reflectance over time. Figure 2(e) shows the decay profiles of the 

transient differential reflectance at 2.12 eV. As shown in the inset of the Fig. 2(e), the 

reflectance changes rise within a finite time of approximately 1 ps, suggesting ultrafast 

electron relaxation from the excited CB2 to CB1 state and transformation from bright to 

dark trions. After reaching the maximum, the reflectivity change showed a slower decay 

on the order of several hundred ps. The decay constant of 300 ps determined by fitting 

the decay profiles with a single exponential decay function corresponds to dark trion 

relaxation time.  

 

Figure 3(a) shows the time development of polarization-resolved transient 

differential reflectance spectra of σ+ component probed around the A transition after the 

arrival of the pump pulse with σ+ polarization. Figure 3(c) shows the transient spectra at 

various delay times. The σ+ component shows the asymmetric spectral change. The 

differential reflectance spectra were analyzed considering the decrease of absorption 
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(bleaching) and the shift of the peak energy40. The analyzed differential reflectance 

spectra indicated by the shaded areas in Fig. 3(c) almost reproduced the experimentally 

obtained results. The differential reflectance spectra of the σ+ component derived from 

both the absorption bleaching and the shift of the peak energy. Figure 3(e) shows the 

time-development of the extracted bleaching contribution for the σ+ component after 

fitting (red circles). The time-development of the bleaching of the σ+ component showed 

bi-exponential decay with fast and slow components. The fitting of the transient with a 

bi-exponential decay results in a fast decay component of ~10 ps and a slow decay 

component of ~300 ps, which is consistent with the bright trion decay of 10±5 ps in the 

PL measurements and the dark trion decay of ~300 ps in the B transition, respectively. 

This is because the pump-probe signals of the A transition reflect the bright and dark 

trion populations, as stated above. 

 

Figure 4 summarizes the intravalley bright and dark trion dynamics suggested by the 

transient differential reflectivity and time-resolved PL measurements. The schematics of 

trion dynamics in the many-body (trion) and one-electron picture are shown in Fig. 4(a) 

and 4(b), respectively. The optically excited electron-hole pairs capture 

electrostatically-injected holes to form bright trions. The fomration of bright trions is 

expected to be occurring within the time resolution of ~350 fs because of strong 

Coulomb interaction41. The bright trions suffers radiative decay to the ground state on 

the time scale of 10±5 ps, while the population transfer from bright trions to dark trions 

also happens on the order of 1 ps. Finally, the dark trions decay nonradiatively to the 

ground state on the time scale of ~300 ps.  
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The two relaxation pathways of the bright trions, including the transformation to dark 

trions (~1 ps) and radiative recombination (10±5 ps) suggest a momentum dependent 

scattering process of the bright trions. The dark trion formation requires a spin-flip 

process, and is thus expected to be slower than radiative recombination, although this is 

the case only at the minimum of K valley (k ≈ 0). The optically generated bright trions 

in nonequilibrium conditions immediately after the photoexcitation because of the finite 

laser energy bandwidth, are thermalized to be continuously distributed both around and 

away from the minimum of the K valley (k ≈ 0 and k > 0, respectively) within ~100 fs 

due to carrier-carrier scattering42. The observed fast transformation to dark (~1 ps) 

trions on the similar timescale of carrier-phonon scattering process42 indicates that the 

phonon scattering process causes not only intravalley-cooling of the carriers to 

Fermi-Dirac distribution around the minimum of the CB2 (k ≈ 0) determined by the 

lattice temperature, but also spin-flip intervalley-scattering to the CB1 band. The cooled 

carriers around the minimum of the CB2 are stable against the spin-flip scattering, 

resulting in the radiative decay to ground state on the timescale of 10±5 ps. Such 

momentum dependent scattering processes are consistent with the reported ultrafast 

spin-flip process for neutral excitons in monolayer WS2
34.  

 

The helicity-resolved PL and pump-probe signals give additional information on the 

valley dynamics. Phenomenologically, the valley polarization ρ in the time-integrated 

PL measurement is expressed as14,36,43–46 
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ߩ ൌ ଴1ߩ ൅ ୴߬ۄT߬ۃ , #ሺ1ሻ  

where ρ0 is the initial valley polarization created by the circularly polarized light, ߬ۃTۄ 
is the mean trion lifetime, and ߬୴ is the valley relaxation time between K and −K 

valleys. Here, we calculated the value of ρ0 to be ∼0.35 from polarization-resolved PL 

decay measurements47. From the time-resolved PL decay measurements, as shown in 

Fig. 1(e), the trion lifetime ߬ۃTۄ is given as 10±5 ps. Through the use of Eq. (1) and the 

experimentally obtained parameters, the nearly same value of ρ0 and ρ suggests the 

much longer valley relaxation time of 1.5±0.5 ns than the trion lifetime of 10±5 ps. The 

valley relaxation time of bright trions at 10 K is at least longer than the relaxation time 

at 50 K of 70 ps48, which is longer than the valley relaxation time of excitons of 

approximately 10 ps at 10 K46. 

 

Figure 2(b) and (d) show the transient reflectance signals probed around the B 

transition for the σ+ and σ- components, respectively. The transient reflectivity of the σ+ 

and σ- components showed almost identical changes, reflecting the same population of 

electrons of CB1 at the K and −K valleys. The time-development of the transient 

reflectance for σ- components, as shown in the Fig. 2(c) (black diamonds), also 

indicated identical time-development to that of the σ+ component (red circles). Figure 

3(b) and (d) show the transient reflectance signals probed around the A transition for the 

σ+ and σ- components, respectively. In contrast to the differential reflectance change of 

the B transition, the differential reflectance spectra of the A transition showed notable 

differences between the σ+ and σ- components. The fitting procedure revealed that the σ- 

component derived mainly from the absorption bleaching [filled lines in Fig. 3(d)]. 
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Figure 3(e) shows the time-development of the bleaching signal for the σ- component 

after fitting (black diamonds). This was a common bi-exponential decay as the σ+ 

component, although the intensity of bleaching was different. The inset shows the 

difference between the σ+ and σ- components, indicating a long-lasting difference on a 

time scale longer than that measured by our setup (>800 ps). 

 

In the B transition pump-probe measurement, the σ+ (σ-) probe pulse monitors the 

unpumped −K (pumped K) valley because the CB1 and VB2 has the opposite spin 

configuration to that of CB2 and VB1, respectively. As shown in Fig. 2(e), the σ+ and σ- 

components show identical signals, meaning that the photoexcited electrons relax to 

CB1 in the K and −K valleys equally and the dark trions are not valley polarized. 

Conversely, in the A transition pump-probe measurement, the σ+ components show 

larger bleaching signals [Fig. 3(e)] with an additional peak shift compared with the σ- 

components, where the σ+ (σ-) probe reflects the pumped K (unpumped −K) valley 

information. The transient peak shift in the pumped K valley is thought to be caused by 

bandgap renomarlization49,50 and an increase of the Fermi level by optically excited 

electrons and holes51 after ~1 ps. The existence of the energy shift only in the pumped K 

valley suggests that holes are not intervalley-scattered to the unpumped –K valley. The 

population unbalance of long-lived spin-polarized holes at the K and –K valleys induces 

long-lasting differences of the bleaching signals of the σ+ and σ- components with 

lifetimes of >800 ps52, which is consistent with previous Kerr rotation 

measurements38,53–55. 
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Figure 4 also summarizes the intervalley bright and dark trion dynamics. The optical 

excitation of electron-hole pairs in the K valley under hole doping causes initial ultrafast 

decay into bright trions in the K and −K valleys, which determines the initial valley 

polarization ρ0. The optically generated bright trions with large momentum (k>>0) 

undergo fast trion relaxation from bright to dark states with γk≠0 of (~1 ps)−1, which 

results in efficient population transfer to dark states through phonon-assisted processes34. 

The other bright trions at the center of the K valley (k≈0) decay radiatively with Γb of 

(~10±5 ps)−1. The bright trions also undergo intervalley scattering between the pumped 

K and unpumped −K valley on a time scale longer than 70 ps. Conversely, dark trions 

are equally distributed in the K and −K valley, and only decay nonradiatively to the 

ground state with a Γd of (~300 ps)−1. Finally, the valley polarized holes suffer 

intervalley scattering to reach an initial condition with valley-nonpolarized holes on a 

time scale longer than 800 ps. The timescales of bright and dark positive trions are 

summarized in Table S156. 

 

Having comprehensively clarified the valley dynamics, we next comment shortly on 

the valley relaxation process of positive bright trions. The valley relaxation time of 

trions (>70 ps) is longer than the valley relaxation time of excitons (∼10 ps)46. In the 

case of neutral excitons, momentum-dependent long-range electron-hole exchange 

interactions have been shown to be dominant in valley relaxation14,45,57–61. As a first step, 

the exchange interaction in the valley relaxation process of the positive trions is 

discussed by considering the effects of excess holes. The hole doping would reduce the 

trion oscillator strength because of the Pauli blocking effect62. Because the strength of 
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the exchange interaction is proportional to the oscillator strength63, the off-diagonal 

coupling between different valley configurations in exchange interactions are 

suppressed for positive trions23. Furthermore, the screening effect originating from 

doped carriers might also reduce the exchange interaction46. The suppressed exchange 

interaction under hole doping would slow down valley relaxation, which qualitatively 

explains the observed long valley relaxation of positive trions. 

 

In summary, we studied the relaxation dynamics of bright and dark positive trions for 

valley polarization in 1L-WSe2. We reveal ultrafast relaxation from bright to dark trions 

(∼1 ps) and slow decay of dark trions to the ground state (∼300 ps) at 10 K. We also 

found that the valley relaxation time of the bright trions (> 70 ps) was much longer than 

the typical exciton valley relaxation time (10±5 ps). These insights into the valley 

dynamics of positive trions indicate that electron-hole exchange interactions are 

suppressed by additional holes in three-body trion systems. The valley dynamics of the 

positive trion systems reported here provide further motivation for microscopic 

theoretical studies on many body effects and valley dependent exchange interactions, 

which are pronounced in emergent monolayer semiconductors. 
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Figure captions 

 

Figure 1. (a) Schematic illustration for the A (B) transition in WSe2 corresponding to a 

transition from the spin-orbit-split VB1 (VB2) valence band to CB2 (CB1) conduction 

band. (b) Valley configurations of positively charged exciton (positive trion) including 

bright and dark states in K valley in monolayer WSe2. Red (green) line denotes spin-up 

(spin-down) conduction and valence bands. The remaining configurations are the time 

reversal of those shown in the figure (−K bright and dark trions). (c) Differential 

reflectance spectrum measured at 10 K at gate voltage of −40 V. Dispersive features 

around 1.7 and 2.1 eV correspond to the A and B transitions, respectively, as shown in 

Fig. 1(b). (d) Polarization-resolved PL spectra under σ+ excitation at 10 K at a gate 

voltage of −40 V. The red and black curves show the σ+ and σ− PL intensities, 

respectively. (e) Time-resolved PL decay profiles of positive trions measured at 10 K 

under the gate voltage of −40 V (open circles), and fitting results with convolution of 

exponential decay with the instrumental response function (IRF) (green curve). Black 

curve shows the IRF. Inset illustrates the configuration of the bright trion recombination 

process, which dominates the PL signal. 

 

Figure 2. (a, b) Time- and probe-energy resolved transient differential reflectance 

around the B transition at the gate voltage of −40 V with different delay times at 10 K. 

The pump pulse is σ+ circularly polarized and the probe pulses are σ+ and σ- circularly 

polarized for (a) and (b), respectively. (c, d) Transient differential reflectance spectra 

probed at the B transition at the gate voltage of −40 V with different delay times at 10 K. 

(e) Decay profiles of the transient differential reflectance at 2.12 eV. Solid curve shows 
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fitting results. Inset shows a close up of the early decay time. Inset illustrates the 

transition from bright to dark states at early delay times and the dark trion 

recombination process at later times, which determine the pump-probe signal at the B 

transition. 

 

Figure 3. (a, b) Time- and probe-energy resolved transient differential reflectance 

around the A transition at the gate voltage of −40 V with different delay times at 10 K. 

The pump pulse is σ+ circularly polarized and the probe pulses are σ+ and σ- circularly 

polarized for (a) and (b), respectively. (c, d) Transient differential reflectance spectra 

probed at the A transition at the gate voltage of −40 V with different delay times at 10 K 

(open circles). Solid lines are fitting results assuming bleaching and shift. (e) Decay 

profiles of the bleaching signal (red circles for σ+ and black diamonds for σ- probe). 

Solid curves are fitted by bi-exponential functions. Inset shows differences between the 

σ+ and σ- polarized probe signal (circles) and a guide to eye (line). Inset illustrates the 

configurations of the bright (dark) trion recombination process at early (later) delay 

times, which dominate the pump-probe signal at the A transition. 

 

Figure 4. (a) Schematic of the intra- and intervalley relaxation processes of positive 

trions in the K valley excitation by circularly polarized light. (b) Schematic of the same 

valley relaxation process of electrons and holes in a one-electron band picture, and the 

respective time scales as measured in the experiment.  
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Figure 1 K. Shinokita et al. 
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Figure 2 K. Shinokita et al. 
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Figure 3 K. Shinokita et al. 

 

 



21 

 

 
Figure 4 K. Shinokita et al. 
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