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Abstract 

The valley relaxation mechanism of the bright state of positively charged excitons 

(bright positive trions) in monolayer (1L-) WSe2 is studied through polarization- and 

time-resolved photoluminescence and transient reflection measurements. A long valley 

relaxation time, exceeding 100 ps, is observed for positive trions at low temperature, 

which is notably prolonged when compared with the characteristic excitonic valley 

relaxation time of 10 ps. With increasing temperature, the relaxation time decreases to a 

few ps. This finding implies that phonon-mediated intervalley scattering is important for 

the relaxation process of the valley-polarized bright state of positive trions. 
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The monolayers of transition metal dichalcogenides (TMDs) composed of MX2 (M = 

Mo, W; X = S, Se, Te) have recently attracted substantial attention for fundamental and 

applied physics because of their novel optical and electrical properties [1,2]. The novel 

physical properties originate from reduced dimensionality in monolayer TMDs and are 

dominated by many-body excitonic effects due to the strongly Coulomb-bounded 

electrons and holes, including neutral excitons and charged excitons 

(trions) [3,4,13,5–12]. In addition, a direct bandgap at K and −K valleys in the corners 

of the two-dimensional hexagonal Brillouin zone gives rise to valley degrees of 

freedom [14–22]. The large spin-orbit interaction and lack of spatial inversion 

symmetry in monolayer TMDs couple the valley and spin degrees of freedom 

(spin-valley locking), which enables the selective excitation and detection of excitons 

and trions at the K and −K valleys by shining circularly polarized light (valley-polarized 

states or valley polarization of excitons and trions). 

 

Of particular interest is the relaxation mechanism of valley polarization. Thus far, 

substantial efforts in experimental and theoretical studies have been successfully devoted 

to elucidate the valley relaxation mechanism of neutral excitons [16,23–29]. However, 

the relaxation mechanism of trions is not yet understood, even though trions are of 

fundamental interest and practical importance for excitonic valley-polarized phenomena 

in the electrical detection and manipulation of trions through the valley Hall 

effect [17,21,38–40,30–37]. Previous studies using time-resolved photoluminescence 

(PL), pump-probe, and Kerr rotation spectroscopy have reported stable valley 

polarization of trions [17,36,38,40,41], suggesting that the valley relaxation mechanism 

of trions differs from that of neutral excitons in which momentum-dependent long-range 
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electron–hole exchange interactions play a crucial role. Understanding the valley 

relaxation mechanism of trions requires further studies, including an investigation of 

temperature-dependent valley relaxation dynamics, which would provide important 

information regarding trion–phonon interactions in the valley physics of atomically thin 

TMDs. 

 

In this work, we studied the valley relaxation mechanism of positive trions in 

monolayer (1L-) WSe2 based on the polarization- and time-resolved PL and transient 

reflection spectroscopy. We evaluated the temperature-sensitive valley polarization and 

relaxation time of positive trions. A long valley relaxation time (>100 ps) was observed 

for positive trions at 10 K, showing considerably stable valley polarization when 

compared with excitonic valley polarization. As the temperature increases to above 100 

K, the valley relaxation occurs more rapidly on a timescale of a few ps. This finding 

implies that phonon-mediated intervalley scattering is important for the valley relaxation 

of bright positive trions. 

 

We studied the mechanically exfoliated 1L-WSe2 on a Si substrate with a 270-nm thick 

insulating SiO2 layer. A field-effect transistor structure with Pt electrodes was fabricated 

by a dry-transfer process [41], and capped with hexagonal boron nitride (hBN). The 

application of a back-gate voltage Vg enables to inject carriers to the 1L-WSe2. The 

doped hole density was 2 × 1012 cm−2 under a gate voltage Vg of −40 V [29,42]. 
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To measure the valley relaxation dynamics, we performed polarization- and 

time-resolved PL and transient reflection measurements. Polarization-resolved 

time-integrated and time-resolved PL spectroscopy techniques were applied, with a 

continuous wave He–Ne laser (photon energy of 1.959 eV, power of 10 µW) and a pulsed 

supercontinuum laser (photon energy of 1.922 eV, power of 45 µW, pulse duration of 

∼20 ps, repetition rate of 40 MHz), respectively. In the pump-probe measurement in 

reflection geometry, a ~200-fs pump pulse (central wavelength of 680 nm, repetition 

rate of 1 MHz, pump power of 1 µW) was focused on the 1L-WSe2 sample with a spot 

diameter of 2 µm, resulting in an excitation density of N ≈ 1012 /cm2 electron–hole pairs, 

which is in the linear regime [43]. A white-light probe pulse generated using a 

yttrium-aluminum-garnet (YAG) crystal was detected by a photodiode after the pulse 

passed through a monochromator [41]. 

 

A schematic of the K-valley configurations of the spin-allowed bright states of the 

positively charged excitons (positive trions) under hole-doped conditions are shown in 

Figure 1(a). The band structure of 1L-WSe2 exhibits valley-dependent spin splitting of 

the conduction and valence bands because of the strong spin-orbit couple [44]. The 

optically allowed bright trions couple with light in an efficient manner, resulting in 

dominant radiative recombination as a PL process. 

 

Figure 1(b) shows the helicity-resolved PL spectra for a gate voltage of −40 V at 

various temperatures under σ+ circularly polarized laser (selective K-valley excitation). 
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Two prominent peaks were observed, particularly at a low temperature. The emission 

peaks on the higher (>1.7 eV) and lower (<1.7 eV) energy sides correspond to the 

recombination process of bright positive trions (T+) and localized excitons in defect 

states (L), respectively [17,32,45]. At 10 K, the σ+ component of the PL spectra of the 

trions (red curves) is more intense than the σ− component (black curves). The more 

population of bright trions in the pumped K valley reflects valley polarization or the 

valley-polarized state of positive trions in 1L-WSe2. With increasing temperature, the σ+ 

and σ− components exhibit similar PL intensities, indicating that the valley polarization 

is lost at high temperatures. 

 

Figure 1(c) shows the valley polarization of bright positive trions ρ as a function of 

temperature for a gate voltage of −40 V (red circles). The valley polarization was 

estimated as ߩ ൌ ሺܫఙశ െ ஢షሻܫ ሺܫ஢శ ൅ ⁄஢షሻܫ , where Iσ+ and Iσ- are the σ+ and σ- 

components of the trion PL intensities, respectively [16,17,19]. The valley polarization 

at low temperature was ~0.4 and decreased to 0 as the temperature increased above 100 

K. This result shows that the valley-polarized bright state of positive trions is sensitive 

to temperature. 

 

The valley polarization of bright trions ρ in the PL measurement is 

phenomenologically provided by [14,16,27,31,32,46] 

ߩ ൌ ଴1ߩ ൅ ୴߬ۄT߬ۃ , #ሺ1ሻ
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where ρ0 is the initially created valley polarization by the circularly polarized light, ߬ۃTۄ 
is the mean bright trion lifetime, and τv is the scattering time of bright trions between the 

K and −K valleys. Based on Eq. (1), the initial valley polarization ρ0 and mean trion 

lifetime ߬ۃTۄ give an estimation of the valley relaxation time τv.  

 

To evaluate the mean trion lifetime, we performed time-resolved PL measurements. 

Figure 2(a) shows the time-resolved PL decay of positive trions at −40 V for various 

temperatures (red circles) and the instrument response function (IRF) of the 

experimental setup (black curves). As the temperature increases, the decay occurs more 

slowly. The PL decays were fitted using a double-exponential function as ܫ ൌܣଵ expሺെݐ/߬ଵሻ ൅  ଶሻ convoluted with the IRF, where A1 and A2 denote the߬/ݐଶexp ሺെܣ

amplitudes and τ1 and τ2 denote the time constants. The experimental transients fit well, 

as shown by the green curves. The temperature dependence of the mean trion lifetime 

defined as ߬ۃTۄ ൌ ሺܣଵ߬ଵ ൅ ଵܣଶ߬ଶሻ/ሺܣ ൅  ଶሻ is shown in Fig. 2(c) (red circles). Theܣ

mean trion lifetime increased with increasing temperature.  

 

To further understand the temperature dependence of the PL decay, we performed 

two-color pump-probe spectroscopy to study the nonradiative decay of the dark state. A 

pump pulse of 1.824 eV excites electrons from the first valence band (VB1) to the 

second conduction band (CB2) [Inset of Fig. 2(b)]. The resulting reflectance change was 

measured by visible probe pulse monitoring to the B transition between the second 

valence band (VB2) and the first conduction band (CB1) [47]. The probe photon energy 

was tuned to the B transition energy at each temperature. The B transition provides 
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information regarding the spin-forbidden dark trion state since the final state of the B 

transition (CB1) is occupied by electrons that form dark trions, and the formation and 

change of the dark trion wavefunction affect the transition [37,41,48]. Figure 2(b) 

shows the pump-probe traces at different temperatures, demonstrating that the decay 

occurs more rapidly as the temperature increases. Fitting the traces using a 

monoexponential function well reproduces the experimentally obtained pump-probe 

signals (green curves). The pump-probe decay times of the B transition are also shown 

as a function of temperature in Fig. 2(c) (blue open triangles). The pump-probe decay of 

~200 ps at low temperature is similar with the reported value of dark trion lifetime [49]. 

The pump-probe decay occurs more rapidly as the temperature increases, and the decay 

of dark excitons is accelerated as the temperature increases. 

 

The increased mean lifetime of bright trions and the faster decay of dark trions at 

higher temperatures suggest that phonon scattering mixes the spin-allowed bright and 

spin-forbidden dark states of positive trions, similar to neutral excitons [50]. The 

relaxation process from the bright to dark state has been reported to depend on the 

momentum of the bright trions through phonon scattering [41,47]; thus, for simplicity, 

we classified bright trions with small (k ~ 0) and large (k ≠ 0) momentum under 

photoexcitation with a finite laser energy bandwidth. The temperature dependence of 

the trion dynamics was modeled with the following rate equation based on the bright, 

dark, and ground states, as shown in Fig. 2(d): 
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݀ܰB,്݇0݀ݐ ൌ ܩߙ െ ݐ௞ஷ଴ܰB,്݇0,݀ܰB,݇~0݀ߛ ൌ ሺ1 െ ܩሻߙ െ ሾΓୠ ൅ ௞~଴ሺ݊ߛ ൅ 1ሻሿ Bܰ,௞~଴ ൅ ௞~଴݊ߛ Dܰ,݀ܰD݀ݐ ൌ ௞~଴ሺ݊ߛ ൅ 1ሻ Bܰ,௞~଴ ൅ ௞ஷ଴ܰB,്݇0ߛ െ ሾΓୢ ൅ ሿ݊ߛ Dܰ, #ሺ2ሻ  

where G is the optical generation rate of the photocarriers, α is the ratio of bright trions 

with finite momentum (k ≠ 0) to the total number of photoexcited bright trions, and 

NB,k~0, NB,k≠0, and ND are the populations of bright trions with small and large 

momentum and dark trions, respectively. Γb (Γd) represents the radiative (nonradiative) 

decay of bright (dark) trions, γk~0 and γk≠0 are the phonon-scattering rates of bright trions 

with small and large momentum to the dark state, respectively, and n = 

1/(exp(ΔBD/kBT)-1) is the phonon occupation number, in which ΔBD is the energy 

difference between the bright and dark state, kB is Boltzmann’s constant, and T is the 

temperature. The slow radiative decay of the dark trions is not taken into the 

consideration because the dark trions mainly decay nonradiatively [51].  

 

The time-dependent populations of bright and dark trions are calculated using the 

parameters of α = 0.95, γk~0 = (16 ps)−1, γk≠0 = (0.4 ps)−1, and ΔBD = 20 meV [41,48,50]. 

The temperature-dependent PL decay and pump-probe decay at the B transition 

monitoring the populations of bright and dark trions, respectively, are well reproduced, 

as shown in Fig. 2(c) (solid curves). The agreement indicates that the PL and 

pump-probe decay times are related to the phonon-assisted population transfer of 

positive trions between bright and dark states [52–54]. The photogenerated bright trions 

with large momentum (k≠ 0) efficiently relax to lower-lying dark states on a 

sub-picosecond timescale through phonon scattering, while the bright trions with small 
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momentum (k~0) are more stable against relaxation to the dark state. At low 

temperatures, the dark trions cannot populate the bright state due to the limited number 

of phonons. As the temperature increases, population transfer from the dark state to the 

bright state occurs due to phonon scattering, which gives rise to another relaxation 

channel and a faster population decay of dark trions. 

 

Based on the above trion dynamics, we focus on the relaxation time of the 

valley-polarized bright positive trions because the dark trions are generated as valley 

nonpolarized state in the experimental geometry [41]. From Eq. (1) and the bright trion 

lifetime shown in Fig. 2(c), the valley relaxation time τv can be estimated. Here we set 

the temperature-independent value of ρ0 as ∼0.4 based on polarization-resolved PL 

decay measurements regardless of the excitation photon energy because the valley 

polarization is insensitive to the excitation photon energy unless the photon energy is 

resonant with 2s excited bright exciton state [31,41,55]. Figure 3 shows the estimated 

valley relaxation time as a function of temperature. The similarity between ρ and ρ0 at 

low temperatures (<30 K) indicates a very long valley relaxation time of more than 100 

ps at low temperatures. As the temperature increases, the valley relaxation time 

decreases, approaching a few ps above 100 K. This temperature dependence 

demonstrates that the valley relaxation processes of bright trions are very sensitive to 

temperature. 

 

Based on these clarified valley dynamics, we further investigated the relaxation 

mechanism of the valley-polarized bright state of positive trions. The significantly long 
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trion valley relaxation time (>100 ps) at 10 K when compared to that of the excitons 

(∼10 ps) [31] suggests a different mechanism for the valley scattering process of the 

neutral and charged excitons. The relaxation process of the valley-polarized state of 

neutral excitons has been reported to mainly suffer momentum-dependent long-range 

electron–hole exchange interactions [16,23–28], whereas the exchange interaction in the 

positive trions is expected to be suppressed by additional holes because the reduced 

trion oscillator strength under hole doping due to Pauli blocking [56] should weaken the 

off-diagonal coupling among different valley configurations due to the exchange 

interactions [57,58]. The screening effect due to doped holes would also weaken the 

exchange interaction [31], which would prolong the valley relaxation. The qualitative 

agreement with the stable valley polarization of positive trions in the experiment 

indicates that the exchange interaction is expected to play a minor role in the relaxation 

process of the valley-polarized bright state of positive trions. 

 

The temperature-sensitive valley relaxation process suggests that the 

phonon-mediated intervalley scattering of positive bright trions plays a dominant role at 

finite temperatures [48,59]. In the phonon-mediated scattering process, the valley 

relaxation time τv is described as 

߬௩ି ଵ ൌ Γ଴ ൅ Γଵexp ൬ܧ୮୦୭୬୭୬݇஻ܶ ൰ െ 1 , #ሺ3ሻ  

where Γ0 is the zero-temperature intervalley scattering rate, Γ1 is the phonon-mediated 

intervalley scattering rate, and Ephonon is the involved phonon energy. The out-of-plane 

A1g and in-plane E1
2g phonons near the K valley at 210 cm−1 are candidates for 

mediating such a scattering process between the K and -K valleys because their energy 
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(~25.2 meV) is close to that of the conduction band splitting in the K valley (~40 

meV) [44,60–63]. Although intervalley scattering requires a spin-flip process, a 

Fermi−Dirac distribution of large-momentum trions at high temperatures would lead to 

an ultrafast spin-flip phonon-mediated process within picoseconds [41,48]. By assuming 

that the phonons near the K valley cause valley relaxation, the valley relaxation time can 

be calculated using the parameters of Ephonon~23 meV, Γ0 = (100-1500 ps)−1, and Γ1 = 

(0.4 ps)−1, as shown in Fig. 3 (green filled curve). The phonon-mediated valley 

scattering process well reproduces the experimentally observed valley relaxation time. 

The calculated valley polarization, as shown in Fig. 1 (c) (green), also explains the 

temperature dependence, which strongly implies that phonon-mediated valley scattering 

is the dominant valley relaxation mechanism of bright positive trions in 1L-WSe2 [Inset 

of Fig. 3].  

 

In conclusion, we have investigated the valley relaxation dynamics of positive trions 

in 1L-WSe2. We evaluate the slow valley relaxation for bright trions (>100 ps), which is 

significantly slower than the characteristic excitonic valley relaxation (10 ps). The results 

suggest that the electron–hole exchange interaction is reduced in three-body trion systems 

due to the presence of additional holes. In addition, the valley relaxation time is sensitive 

to temperature and becomes very short at temperatures above 100 K. These findings 

suggest that phonon-mediated intervalley scattering plays an important role in the 

relaxation process of the valley-polarized bright state of the positive trions. 
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Research (K-CONNEX) established by the Human Resource Development Program for 
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Figure captions 

 

Figure 1. (a) Valley configurations of the bright state of a positively charged exciton 

(bright positive trion) in the K valley in 1L-WSe2. The red and green lines denote the 

spin-up and spin-down conduction/valence bands, respectively. The -K bright trion state 

represents the time reversal of the schematics. (b) Helicity-resolved PL spectra for a 

gate voltage of −40 V under σ+ CW excitation at different temperatures. The red (black) 

curves show the PL spectra for the σ+ (σ−) component. (c) Temperature dependence of 

the valley polarization of bright positive trions for a gate voltage of −40 V (red circles). 

The green curve is the valley polarization calculated from Eq. (1) and (3). 

 

Figure 2. (a) PL decay traces of positive trions under pulsed excitation at various 

temperatures for a gate voltage of −40 V (red circles), and fitting profiles obtained from 

the convolution of the double-exponential decay with the IRF (green curves). The black 

curve is the IRF. (b) Pump-probe traces near the B transition at several temperatures 

(red circles). The solid green curves show fitting results. The inset shows a schematic of 

the B transition in WSe2, reflecting a transition between the VB2 valence and the CB1 

conductance band. (c) Temperature dependence of the decay times determined from the 

PL decays (red circles) and transient differential reflectance (blue triangles) 

measurements. The solid curve shows the decay of bright trions based on Eq. (2). (d) 

Schematic of the intravalley relaxation of positive trions. 

  

Figure 3. Temperature dependence of the valley relaxation time for a gate voltage of 

−40 V (red circles). The green filled curve is the valley relaxation time calculated from 
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Eq. (3). The inset presents a schematic of the relaxation process of the valley-polarized 

bright state of positive trions in WSe2. 
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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. 
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