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Abstract: Monolayer transition-metal dichalcogenides possess rich excitonic physics and unique valley-contrasting optical selec-
tion rule,  and offer  a great platform for long spin/valley lifetime engineering and the associated spin/valleytronics exploration.
Using two-color  time-resolved Kerr  rotation and time-resolved reflectivity  spectroscopy,  we investigate the spin/valley  dynam-
ics of different excitonic states in monolayer WSe2 grown by molecular beam epitaxy. With fine tuning of the photon energy of
both pump and probe beams, the valley relaxation process for the neutral excitons and trions is found to be remarkably differ-
ent—their characteristic spin/valley lifetimes vary from picoseconds to nanoseconds, respectively. The observed long trion spin
lifetime of  > 2.0 ns is  discussed to be associated with the dark trion states,  which is  evidenced by the photon-energy depend-
ent  valley  polarization  relaxation.  Our  results  also  reveal  that  valley  depolarization  for  these  different  excitonic  states  is  intim-
ately connected with the strong Coulomb interaction when the optical excitation energy is above the exciton resonance.
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1.  Introduction

The  monolayers  of  the  transition  metal  dichalcogenides
(TMDCs),  such  as  MoS2 and  WSe2, are  direct  bandgap  semi-
conductors  with  two  inequivalent  valleys  at  the  corners  of
the  hexagonal  Brillouin  zone.  Owing  to  the  inversion  sym-
metry breaking and strong spin–orbit interactions, the interb-
and transition determined by the valley-contrasting optical se-
lection rule can give rise to a generation of valley pseudospin
in  TMDC  monolayers[1−3].  Thus,  the  valley  polarization  of  TM-
DC  monolayers  can  be  optically  generated  and  detected
through optical  excitation with the selective helicity[4−12].  The
time-resolved  photoluminescence  (TRPL),  time-resolved  Kerr
rotation  (TRKR)  or  Faraday  rotation  spectroscopy  have  been
utilized  to  explore  the  intrinsic  spin/valley  lifetime  and  the
physical origin of depolarization[13−20]. Interestingly, the meas-
ured  time  constants  of  the  Kerr  or  Faraday  signals  in  mo-
nolayer  WSe2 differ  by  more  than  three  orders  of  magnitude
from  a  few  picoseconds  to  tens  of  nanoseconds,  largely  de-
pending on the prepared monolayers and experimental condi-
tions.  The  observed  long-lived  spin  relaxation  process  near
the  trion  resonance  on  the  time  scale  of  nanoseconds  or
even  longer  for  WSe2 is  proposed  to  be  associated  with
either  a  transfer  from  trion’s  spin  polarization  to  the  resi-
dent electrons/holes[16, 18, 19] or the inherent feature of trion it-
self[20–22].  Although  the  nature  of  the  observed  long  trion
spin  lifetime  remains  an  issue  of  debate,  these  studies  illus-
trate  the  feasibility  of  the  long  lifetime  of  valley  pseudospin
in  monolayer  TMDCs  favorable  for  future  application  in  val-
leytronics.

It  is  known that  the monolayer  WSe2 exhibits  strong and
rich  excitonic  effects.  The  neutral  excitons  and  trions,  as  well
as  other  Coulomb-correlated  complexes  such  as  the  local-
ized  excitons,  biexcitons  and  dark  excitons  in  the  mechanic-
ally exfoliated WSe2 monolayers, have been investigated previ-
ously[23−30].  It  is  thus  a  good material  platform to  explore  the
valley  dynamics  of  different  excitonic  states  and  the  associ-
ated physical  mechanisms,  which is  fundamentally  important
for the spin/valleytronics application based on TMDCs materi-
als.  However,  the  spin/valley  polarization  dynamics  in  WSe2

monolayer grown by molecular beam epitaxy (MBE) is rarely re-
ported  at  present.  Compared  with  the  mechanically  exfoli-
ated  and  CVD-grown  monolayer  TMDCs,  MBE-grown  TMDCs
monolayers  are  expected  to  exhibit  improved  quality  with
fewer  interfacial  defects  and  less  disorder,  and  thus  provide
an  alternative  approach  for  achieving  novel  opto-  and  spin-
electronic devices based on large-area TMDCs.

In  this  work,  we  present  a  systematic  study  of  the  valley
polarization  dynamics  of  the  neutral  excitons  and  trions  in
MBE-WSe2 monolayer  grown  on  a  sapphire  substrate  by  us-
ing  the  ultrafast  two-color  TRKR  spectroscopy.  Thanks  to  the
continuous  tunability  and  flexible  selection  of  the  excitation
laser  wavelength,  as  well  as  the  sub-picosecond  time  resolu-
tion  with  a  similar  method  as  in  our  previous  work[31],  valley
polarization  relaxation  processes  of  the  neutral  excitons  and
trions  are  investigated  by  selectively  tuning  both  the  pump
and  probe  photon  energy,  and  the  remarkable  difference  in
valley  lifetime for  these  excitonic  states  is  uncovered.  In  con-
trast  to  the  much  shorter  valley  polarization  lifetime  for  the
neutral excitons (~1.5 ps), the valley polarization lifetime of tri-
on was found to be ~2.4 ns. With a remarkable valley spin life-
time  change  observed  for  trion  by  a  systematical  tuning  of
pump/probe  photon  energy,  it  was  concluded  that  the  long
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valley  spin  lifetime  change  for  trion  was  associated  with  the
formation of dark trions by intervalley scattering process. 

2.  Experimental details

For both the time-resolved reflectivity (TRR) and TRKR ex-
periments,  we  used  a  mode-locked  femtosecond  Ti:sapphire
laser  (Chameleon  Ultra  II,  Coherent,  Inc.)  that  was  equipped
with  an  optical  parameter  oscillator  (OPO)  to  independently
tune the photon energies of both pump and probe pulses. Fur-
ther fine tuning of probe energy was accomplished by choos-
ing  ultra-narrow  pulses  with  band-pass  filters  from  a  super-
continuum  white  light,  which  was  generated  by  a  nonlinear
photonic crystal  fiber (FemotoWHITE-800, NKT Photonics) un-
der  excitation  of  the  Ti:sapphire  laser.  The  temporal  pulse
width  is  about  150  fs  for  both  the  pump  and  probe  pulses.
The time-averaged powers for the pump and probe beam are
set  to  be  700  and  70 μW,  respectively,  with  a  spot  diameter
of  about  2 μm.  A  detailed  scheme  of  the  experimental  setup
can be found in Ref.  [31, 32].  For the TRR measurement,  both
the pump and probe pulses are linearly polarized, with the re-
flected  probe  beam  detected  by  a  silicon  photodetector.
Whereas for the TRKR measurement, the pump pulse is set to
be circularly polarized and the reflected probe beam is detec-
ted by  a  silicon balanced photodetector  in  combination with

a  Wollaston  prism  and  a  half  waveplate  to  achieve  a  sensit-
ive  detection  of  the  weak  Kerr  rotation  signal.  The  investig-
ated  WSe2 monolayer  was  grown  on  a  sapphire  substrate  by
molecular beam epitaxy (2D Semiconductors, Inc.). 

3.  Results and discussions

The  studied  monolayer  MBE-WSe2 grown  on  sapphire
was  first  characterized  by  atomic  force  microscope  (AFM),  as
shown  in Fig.  1(a).  The  height  profile  in  the  inset  confirmed
that  the  thickness  of  WSe2 is  about  0.75  nm,  corresponding
to  a  monolayer.  Then,  the  photoluminescence  (PL)  of  MBE-
WSe2 monolayer and its sapphire substrate at room temperat-
ure  was  investigated  by  using  a  532  nm  continuous-wave
laser excitation, the results are shown in Fig. 1(b). A strong PL
peak at 740 nm (1.675 eV) at room temperature, which corres-
ponds  to  A  exciton of  monolayer  WSe2

[13, 16, 33, 34],  again  con-
firms the monolayer nature of  the studied MBE-WSe2 on sap-
phire substrate.  In addition, a sharp PL peak can be observed
at  1.789  eV  for  both  WSe2 monolayer  and  its  sapphire  sub-
strate. The PL response at 1.789 eV coincides with the fluores-
cence position of chromium ions[35].  This implies that chromi-
um  ions  are  present  in  the  sapphire  substrate,  for  which  the
chromium  ions  were  unintentionally  doped  during  the

 

Fig. 1. (Color online) (a) AFM micrography of the monolayer WSe2 grown on sapphire substrate, the inset is the height profile of the monolayer
MBE-WSe2.  (b) Room temperature PL spectra of the as-grown monolayer WSe2 on sapphire and sapphire substrate itself.  (c)  The PL spectra of
MBE-WSe2 monolayer as a function of temperature. (d) PL spectrum and Gaussian fit of MBE-WSe2 monolayer measured at 10 K.
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growth.  This  characteristic  fluorescence  peak  can  be  filtered
out through a long-pass filter when studying the valley polar-
ization dynamics of  MBE-WSe2 monolayer.  Then,  the PL spec-
tra  of  MBE-WSe2 monolayer  at  different  temperatures  were
measured  as  shown  in Fig.  1(c).  The  obvious  PL  peaks  at
1.757 and 2.110 eV at 10 K are assigned to be the A and B ex-
citons of  WSe2,  according to previously reported results[33, 34].
It  is  also  observed  that  the  PL  peak  of  A  exciton  for  MBE-
WSe2 monolayer  exhibits  a  redshift  of  approximately  40  meV
compared  with  the  mechanically  exfoliated  monolayer  WSe2

on a Si/SiO2 substrate. According to previous studies, this red-
shift may result from a different dielectric environment or inter-
facial  strain[36, 37].  The  PL  peak  of  A  exciton  shows  significant
redshifts  with  increasing  temperature  (as expected),  while
the  PL  peak  of  B  exciton  shows  slight  blueshifts,  first  at  low
temperature and then redshifts  at  higher temperature,  which
may  result  from  the  thermal  activation  of  the  trapped  ex-
citons.  This  suggests  that  there  may  be  unintentional  shal-
low  defects  states  slightly  below  the  conduction  band,  so
that  the  B  excitons  involving  the  lowest  conduction  band
tend  to  be  trapped  more  easily  than  A  excitons.  With  the  in-
crease of temperature, the trapped excitons can be thermally
activated into the delocalized states and captured by the com-
peting  nonradiative  decay  channels  or  recombine  as  free  ex-
citons, giving rise to slight blueshifts of B exciton with the carri-
er redistribution in band tails[38, 39]. Moreover, unlike the mech-
anically  exfoliated  monolayer  WSe2,  the  A  exciton  (A),  trions
(T)  and  localized  excitons  (L)  cannot  be  well  resolved  for
MBE-WSe2.  As  seen  in Fig.  1(c),  one  can  observe  a  broad
shoulder  at  low-energy  side  along  with  the  A  exciton.  Thus,
the  PL  peaks  associated with  different excitons  were  clarified
using  Gaussian  peak  fitting,  as  shown  in Fig.  1(d).  The  three
peaks centered at 1.757, 1.722 and 1.699 eV refer to the A ex-
citon,  trions  and  localized  excitons,  respectively.  The  trion  is
peaked  approximately  30  meV  lower  than  that  of  A  exciton,
so the sample is considered to be n-type doped based on pre-
vious  studies  for  WSe2

[16, 40, 41].  The  full  width  at  half  maxima
(FWHM) of  the A,  T,  and L peak is  25,  64,  46 nm, respectively.
Compared  with  mechanically  exfoliated  WSe2,  the  broader
peaks  may  result  from  defects  in  MBE-WSe2.  Moreover,  the

much weaker PL of trion than that of A exciton indicates that
the  density  of  bright  trions  is  quite  low,  which  also  implies
that  the  resident  carrier  concentration  is  low  in  the  n-type
MBE-grown  WSe2 studied  in  this  work.  In  addition,  the
stronger PL of localized excitons infers existence of a substan-
tial  number  of  defect  states  and  disorder  in  MBE-grown
WSe2.

The  TRR  of  these  excitonic  states  is  then  studied  first  at
low  temperature  of  10  K  with  a  fixed  optical  pumping
wavelength  of  660  nm  (120  meV  above  the  A  exciton)  but
with  different  probe  photon  energies  tuned  in  resonance
with  A  exciton  and  trions,  respectively,  as  shown  in Fig.  2(a).
The  rising  time  of  all  ∆R/R signals  is  limited  only  by  the  time
resolution  of  the  pump  pulse,  representing  an  ultrafast  ex-
citon  and  trion  formation  time[42, 43].  The  TRR  measurements
show multiexponential  decay at  both probe photon energies
resonant  with  A  exciton  and  trion.  The  deduced  decay  time
constants  at  10  K  are  2.4  ps  (τ1)  and 43  ps  (τ2)  when probing
resonantly at A exciton. The fast decay of A exciton is consist-
ent  with  previous  reports  for  the  mechanically  exfoliated
monolayer  WSe2,  and  is  related  to  phonon  scattering,  trap-
ping,  and  exciton  recombination[7, 9, 10, 44].  When  probing  re-
sonantly at trion, the decay curve can be fitted by a triple ex-
ponential  decay  function,  and  the  respective  decay  con-
stants of 2.0 ps (τ1), 20 ps (τ2), and 159 ps (τ3) are derived. Dir-
ect  comparison  of  the  TRR  results  for  A  exciton  and  trion
shows a  similar  decay time scale  of τ1 and τ2 but  a  much lar-
ger spectral weight of the long-lived (>100 ps) decay compon-
ent  for  trion.  This  indicates  that  trion  has  different  relaxation
channels from the A exciton. The similar results in previous re-
ports suggest that the longer decay time τ3 of trions may res-
ult from the formation of dark trion states[11, 25, 45].

We  then  studied  the  TRKR  response  by  turning  the  lin-
early  polarized  pump  pulse  to  a  circularly-polarized  pump
pulse,  while  the  other  conditions  remained  to  be  the  same.
The inset of Fig.  2(b)  shows the normalized TRKR response of
monolayer  MBE-WSe2 with  respect  to  its  peak  values  meas-
ured  at  10  K  with  the  probe  energy  resonant  with  the  A  ex-
citon.  When  reversing  the  helicity  of  the  pump  pulse,  a  re-
versal  sign  of  the  Kerr  signal  is  observed,  indicating  that  the

 

Fig.  2.  (Color  online)  (a)  Normalized transient  differential  reflectivity  (ΔR/R)  and (b)  TRKR signals,  with respect  to  the peak values  measured at
various probe energies in resonance with A exciton (A) and trion (T),  respectively,  for MBE-WSe2 monolayer.  Here pump energies are all  set at
1.879 eV, and the measured temperature is 10 K. The inset in (b) shows the normalized TRKR response measured under excitation of right- (σ+,
red trace) and left- (σ−, blue trace) circularly polarized pump beam, with the probe energy to be resonant with A exciton.
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Kerr signal originates from the optically initialized valley polar-
ization.  Upon  excitation  by  the  circularly  polarized  pump
pulse,  the  TRKR  signal  reaches  to  the  maximum  value  at  a
time delay of ~1 ps. This suggests that the initially photogen-
erated  excitons  are  completely  polarized  in  one  valley.  The
temporal  decay  of  the  Kerr  signal  thus  reflects  the  dynamic
valley depolarization of  A exciton.  The Kerr  trace of  the A ex-
citon  is  fitted  by  an  exponential  decay  function  with  the  de-
duced  lifetime τv1 =  3.7  ±  0.2  ps,  which  is  on  the  same  order
of magnitude as previously reported results for the mechanic-
ally  exfoliated  WSe2

[13, 31].  This  fast  exciton  valley  depolariza-
tion  is  well  known  to  result  from  mainly  the  electron-hole
Coulomb  exchange  interaction[46].  Note  that  the  depolariza-
tion  at  near-resonant  excitation  can be  different  from that  of
on-resonant  excitation  because  the  efficiency  of  this  ex-
change  mechanism  depends  on  the  center-of-mass  mo-
mentum of excitons[47].

When  probing  resonantly  at  trion,  the  TRKR  signal  first
exhibits a fast drop from the initial  value, followed by a long-
lived decay tail, as shown in Fig. 2(b). The decay trace probed
for  trion  shown  in Fig.  2(b)  exhibits  a  triple-exponential  de-
cay  behavior  with  three  characteristic  time  constants:  2.3  ±
0.2  ps  (τv1),  29.4  ±  2.6  ps  (τv2),  and  287.8  ±  6.6  ps  (τv3).  Thus,
the  trion  of  MBE-WSe2 again  exhibits  longer  valley  lifetime
compared  to  the  A  exciton  even  under  non-resonant  excita-
tion, as has been reported previously for the mechanically exfo-

liated  monolayer  WSe2.  It  is  noted  that  the  first  decay  con-
stant  of  trion  is  roughly  the  same  as  the  valley  polarization
lifetime  of  the  measured  A  exciton.  Previous  ultrafast  time-
and valley-resolved measurements have unraveled the valley-
dependent  many-body  processes,  including  phase  space
filling  and  band-gap  renormalization  effects[8, 48−51].  The  ab-
sorption  bleaching  of  the  trion  transition  due  to  the  greatly
pumped  excitons  has  already  been  observed[20, 52].  The  cre-
ation  of  valley-polarized  excitons  blocks  the  trion  transition
in  the  same  valley  owing  to  the  same  ground  state.  These
facts suggest that the measured valley depolarization probed
at trion’s resonance arises from the rapid exciton valley depol-
arization.  This  kind of  exciton-trion  correlation  is  expected to
disappear owing to the largely reduced exciton density when
tuning the pump energy far  below the A resonance,  and this
is evidenced as stated below.

To  further  explore  the  origination  of  the  observed  long
valley  lifetime  of  trion,  a  detailed  TRKR  investigation  of  trion
by  varying  temperature  and  pump  photon  energy  is  per-
formed. Fig.  3(a)  shows  a  systematic  temperature-dependent
TRKR of trion from 10 to 100 K, with pump and probe photon
energies  of  1.879  and  1.722  eV,  respectively.  For  temperat-
ures  higher  than  100  K,  the  signal-to-noise  ratio  is  too  small
to  obtain reliable  data.  A  general  trend shows that  the valley
relaxation  time  decreases  with  increasing  temperature,  indi-
cating  an  enhanced  valley  relaxation  at  higher  temperatures.

 

Fig. 3. (Color online) (a) Temperature-dependent TRKR responses and their fittings (solid lines) probed for trion, pump and probe photon ener-
gies are set to be 1.879 and 1.722 eV, respectively. (b) Temperature-dependent valley relaxation time deduced from results in (a). (c) TRKR meas-
ured at various pump energies with a fixed probe energy of 1.710 eV at 10 K. The solid lines are fitting results. (d) The extracted long valley life-
time τv3 as a function of pump wavelength at 10 K.
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Again, one can notice that the fastest decay constant (τv1)  re-
mains  at  the  same  magnitude  as  that  of  excitons  in  the  en-
tire  measurement  temperature  range.  This  suggests  that  this
fast  process  is  indeed  related  to  the  strong  exciton-trion  co-
herent  coupling,  through  which  the  neutral  excitons  act  as
an efficient valley relaxation channel for trions[52].

The intermediate decay time (τv2),  which is within tens of
ps,  is  similar  to  the  emission  time  of  excitons  and  trions
observed  in  previous  TRPL  measurements[11, 23, 39].  One  may
speculate  that  this  decay  process  is  related  to  the  photoex-
cited excitonic radiative recombination,  as  Kerr  rotation actu-
ally measures the density of polarized excitons or trions with-
in  the  probe  beam  spot  area.  However,  the  interband  radiat-
ive  recombination  in  both  valleys  is  excluded  because τv2 is
observed  to  decrease  with  increasing  temperature,  which
contrasts with the increased exciton radiative lifetime at high-
er  temperature  expected  for  the  two-dimensional  semicon-
ductors[53, 54].  According  to  the  broad  PL  feature  for  both  A
and  B  excitons  in Fig.  1(a),  there  could  exist  a  massive
amount  of  defect  states  and  disorder  in  MBE-grown  WSe2.
Thus,  the  trion  valley  relaxation  channel  characterized  by τv2

may be associated with the defect-assisted recombination,  in
which  the photoexcited  electrons  are  captured  easily  by  the
defect levels following fast  intervalley scattering and then re-
combine radiatively[16].  In  fact,  the fine structure of  bright  tri-
on is also expected to influence the trion valley polarization dy-
namics,  which  has  been  reported  for  monolayer  WS2

[17] and
WSe2

[20].  It  has  been  demonstrated  that  the  optically  bright
trions can be formed with an additional  carrier  located either
within  the  same  valley  (singlet  trions)  or  in  a  different  valley
(triplet  trions),  and  there  is  an  energetic  splitting  of  about
7  meV  (trion  fine  structure)  between  these  states  due  to  the
exchange  interaction[21, 55]

. Valley  polarization  of  bright  sing-
let  or  triplet  trions  can  exhibit  fast  depolarization  within  a
few ps or tens of ps[20, 56].

The  measured  long  valley  lifetime  (τv3)  on  the  order  of
hundreds  of  ps,  is  again  comparable  to  the  extracted  decay
time constant τ3 of  trions by TRR measurements,  as shown in
Fig.  2(a).  It  is  thus  speculated  that  the  long  trion  valley  life-

time τv3 could be related to the spin/valley-polarized interval-
ley  dark  trions  because  there  is  no  obvious  difference
between  the  valley  lifetime τv3 and  lifetime  of  trion  itself[21].
The previously reported correlation between the TRKR and PL
intensity  occurring  at  the  trion  resonance[22] also  suggests
the  conversion  of  valley-polarized  bright  trion  to  the  nonra-
diative  dark  trion  states,  in  which  the  intervalley  scattering
facilitated  by  either  defects  or  phonons  plays  an  important
role[21, 57].  With increasing temperature,  the valley depolariza-
tion process will be enhanced with a shorter τv3 because phon-
ons become more active at higher temperature, which is coin-
cident  with  the  observed  temperature-dependent  trend  of
τv3 shown in Fig. 3(b).

Furthermore,  we  carefully  tune  the  pump  energy  below
the  A  exciton  resonance,  to  approach  closer  to  the  trion  re-
sonance.  The  TRKR  results  at  10  K  are  presented  in Fig.  3(c),
the  valley  polarization  is  observed  to  persist  much  longer  as
the pump energy approaches the T resonance.  When slightly
reducing the pump energy from 1.771 to 1.739 eV,  the valley
lifetime for trion exhibits a remarkable change from ~ 0.28 to
~  2.46  ns  correspondingly,  as  shown  in Fig.  3(d).  Meanwhile,
the  spectra  weight  of  this  long-lived  component  appears  to
significantly  decrease,  resulting  in  a  larger  error  bar  of  valley
polarization lifetime τv3. This remarkably different τv3 by slight
variation  of  pump  photon  energy  strongly  suggests  that  the
observed  long  valley  polarization  lifetime  is  associated  with
the  dark  trion,  as  we  speculated  earlier.  If  the  long  trion  val-
ley  lifetime  is  associated  with  the  resident  carriers  after  trion
recombination,  as  proposed  in  previous  study[15],  then  there
would  be  no  such  sensitive  dependence  on  the  pump
photon energy.  When the pump energy is  tuned to be lower
than  the  A  exciton  resonance,  the  exciton  formation  will  be
greatly  suppressed  and  the  intervalley  electron–hole  ex-
change  interaction  cannot  occur  effectively.  Bright  trions  are
formed directly through a phonon-assisted process upon optic-
al  excitation.  Since  the  dark  excitonic  states  lie  energetically
below the bright exciton, exciton-phonon scattering is highly
efficient  even  at  low  temperatures,  which  accelerates  the  ex-
citonic dephasing process as studied previously[58, 59].

 

Fig. 4. (Color online) Schematics of the bright and dark trion states in WSe2. (a) A bright singlet trion and (d) a bright triplet trion; when optically ex-
cited in the K valley of n-doped WSe2. (b), (c), (e), and (f) illustrate the possible conversion channels from bright to dark trions under phonon- or de-
fect-assisted scattering.

Journal of Semiconductors    doi: 10.1088/1674-4926/43/8/082001 5

 

 
S M Hu et al.: Valley dynamics of different excitonic states in monolayer WSe  2 grown by ......

 



Since the studied WSe2 monolayer is n-type, the lower con-
duction band in both valleys has occupied states with spin ori-
entation opposite to that  of  the valence band in the respect-
ive  valley.  Four  possible  conversion  channels  from  bright  to
dark  trions  are  proposed,  as  illustrated in Fig.  4.  Upon excita-
tion  of  the  circularly-polarized  light,  either  the  bright  singlet
or  triple  trions  could  be  formed,  as  diagrammed  in Figs.  4(a)
or 4(d).  In  the  case  of  singlet  trion  that  is  formed  entirely  in
the K valley as depicted in Fig. 4(a), the singlet trion could de-
cay  to  a  dark  state  via  a  phonon-assisted  spin  flip  to  the
lower conduction band (Fig. 4(b)). Alternatively, the bright sing-
let  trion  could  also  decay  to  the  lower  energy  dark  trion
through  defect  or  phonon  assisted  momentum  scattering  to
the K′ valley (Fig. 4(c)). The dark trion can no longer relax radi-
atively, although its long valley relaxation recorded by Kerr ro-
tation will persist because the absorption of the linearly-polar-
ized  probe  will  be  affected  by  the  population  imbalance
between K and K′ valleys.

The  triplet  trion  occupies  both  valleys,  being  composed
of  an  optically  excited  electron  and  hole  in  the K valley,  and
an  electron  in  the  lower  conduction  band  of  the K′ valley.  In
the  case  of  bright  triplet  trion  as  shown  in Fig.  4(d),  a  similar
scattering  processes  could  occur  as  that  of  the  singlet  trion.
The optically excited electrons can undergo spin flip via phon-
on  scattering  to  the  lower  conduction  band  within  the  same
valley,  as  shown  in Fig.  4(e),  or  undergo  momentum  scatter-
ing assisted by defects and phonons to the other valley, as de-
picted in Fig.  4(f).  In  both  cases,  the  trion  becomes dark,  giv-
ing rise to a long-lived Kerr  rotation response and a long val-
ley  spin  lifetime.  Although  these  four  conversion  channels
from bright to dark trions can lead to long valley lifetime asso-
ciated with dark trions, the intravalley spin-flip scattering as il-
lustrated in Fig. 4(b) and Fig. 4(e) may have less chance to oc-
cur, especially at low temperatures. A previous study has sug-
gested  that  the  singlet  trion  decaying  via  spin-conserving  in
tervalley  scattering  as  depicted  in Fig.  4(c)  is  most  energetic-
ally  favorable  and  is  a  symmetry-allowed  channel[57, 60].  In
addition,  as  we  discussed  earlier,  the  observed  long  spin
lifetime τv3 should  not  originate  from  the  resident  electrons,
whose  spin  lifetime cannot  be  so  sensitive  to  the  fine  tuning
of pump energy. Regardless of the peculiar dominant scatter-
ing  channel,  the  efficient  conversion  from  bright  to  dark
trions  that  is  facilitated  via  defect-  and  phonon-assisted
intervalley scattering upon excitation is  the most likely origin
of  the  observed  long  valley  lifetime τv3 in  monolayer  MBE-
WSe2. 

4.  Conclusion

In conclusion, the valley relaxation process for neutral ex-
citons  and  trions  in  monolayer  MBE-WSe2 is  investigated.  A
comparison study of TRKR with TRR reveals the long valley life-
time  associated  with  dark  trions  in  monolayer  MBE-WSe2,
which is evidenced by the excitation-energy-dependent TRKR
measurements.  Under  photoexcitation  at  energies  above  the
exciton  resonance,  the  valley  lifetime  of  trions  is  mainly  de-
termined  by  the  rapid  recombination  and  valley  depolariza-
tion process of bright excitons or trions. A long trion spin life-
time up to 2.4 ns can be observed and is  associated with the

formation  of  dark  trion  state  when  pumped  at  energy  close
to the trion resonance. The different valley dynamics in atomic-
ally  thin  TMDCs  prepared  by  different  growth  methods  re-
quire  further  exploration  to  achieve  the  robustness  of  the
long-lived valley polarization. 
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