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Strong Coulomb interaction in monolayer transition metal dichalcogenides can facilitate nontrivial many-body
effects among excitonic complexes. Many-body effects such as exciton-exciton annihilation have been widely
explored in this material system. However, a similar effect for charged excitons (or trions), that is, trion-trion
annihilation (TTA), is expected to be relatively suppressed due to repulsive like-charges, and it has not been
hitherto observed in such layered semiconductors. By a gate-dependent tuning of the spectral overlap between
the trion and the charged biexciton through an “anticrossing”-like behavior in monolayer WS2, here we present
an experimental observation of an anomalous suppression of the trion emission intensity with an increase in gate
voltage. The results strongly correlate with time-resolved measurements, and they are inferred as direct evidence
of a nontrivial TTA resulting from nonradiative Auger recombination of a bright trion, and the corresponding
energy resonantly promoting a dark trion to a charged biexciton state. The extracted Auger coefficient for the
process is found to be tunable ten-fold through a gate-dependent tuning of the spectral overlap.

DOI: 10.1103/PhysRevB.105.L121409

I. INTRODUCTION

Semiconducting monolayers of transition metal dichalco-
genides (TMDCs) exhibit strongly bound excitons and
other higher-order excitonic complexes [1–9]. Under high
excitation density, large Coulomb interaction in these sub-
nanometer-thick monolayers can lead to a strong interaction
among these excitonic complexes [3,10–15]. Among sev-
eral many-body effects, exciton-exciton annihilation (EEA)
in particular, as determined by the Auger interaction between
two excitons, has drawn a lot of attention from researchers
[10,11,13,16–18]. In a typical Auger process in bulk semi-
conductors (such as Si or Ge), the recombination energy of
two quasiparticles (electron and hole) is taken up by a second
electron, and it is promoted to a higher energy state [19–21].
The excitonic Auger process involves two excitons where
one recombines nonradiatively, providing the recombination
energy to a second exciton. This energy usually ionizes the
receiving exciton [10,11,16]. Since these processes directly
affect the quantum efficiency of optical devices [19,22], a
clear understanding of such processes is of the utmost impor-
tance. On the other hand, Auger interaction can also be used
to produce useful photocurrent through the generation of hot
carriers [12,13].

One of the essential advantages of monolayer TMDCs lies
in the gate tunability of the optical response. Under gating,
the neutral exciton can easily transfer its oscillator strength to
a charged exciton (or trion). Similar many-body effects such
as trion-trion annihilation (TTA) should be intriguing since,
on the one hand, the relatively larger Bohr radius of trions
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may enhance the Auger process. In contrast, on the other hand,
trion-trion repulsion due to like-charges would suppress such
interaction. While Auger processes in higher-order excitonic
complexes have been demonstrated in quantum dots [23],
no such TTA effect has been reported to date in monolayer
TMDCs. In this work, we present an experimental observation
of the same in gated monolayer WS2.

II. RESULTS AND DISCUSSIONS

We prepare a stack of 1L-WS2/hBN/few-layer graphene
on a heavily doped Si wafer covered with 285 nm SiO2 using
the dry transfer method. The stack is then annealed in high
vacuum at 200 ◦C for 3 h (see the Methods section for sample
preparation). A gate voltage (Vg) is applied to the top graphene
electrode while connecting 1L-WS2 to a grounded few-layer
graphene contact. The device configuration is schematically
depicted in Fig. 1(a). According to previous reports [16,18],
1L-WS2 on Si/SiO2 exhibits an enhanced Auger effect due
to localization of excitonic species. In this work, we thus
intentionally keep the 1L-WS2 flake directly on the Si/SiO2

substrate [only covered by the top hBN; see Fig. 1(a)] to
achieve an overall higher Auger rate constant [16]. All mea-
surements are performed in an optical cryostat at T = 5 K
unless otherwise mentioned. We excite the sample with a
pulsed laser (531 nm) and collect both steady-state photolumi-
nescence (PL) and time-resolved photoluminescence (TRPL)
in situ (see Fig. 1 in Supplemental Material [24] for a setup
schematic) at different Vg.

The spectral evolution of different excitonic peaks with
Vg is depicted in a color plot in Fig. 1(b) (all the individual
spectra are shown in Fig. 2 of Supplemental Material [24]).
Figure 1(c) shows the respective fitted peak positions. We
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FIG. 1. Gate voltage-dependent modulation of excitonic com-
plexes in WS2. (a) Schematic of 1 L WS2/hBN/few-layer graphene
device. A gate voltage (Vg) is applied between the two contact
pads. (b) Color plot of Vg-dependent PL intensity (in log scale) and
the spectral position variation of the neutral exciton (χ0), positive
and negative trions (χ±), intervalley trion ( χ−

t ), and positive and
negative charged biexcitons (β±). p-doping and n-doping regions
are marked. D stands for the broad defect bound exciton emission
peak. (c) Fitted peak positions of all the relevant peaks plotted as
a function of Vg. The error bars obtained from multiple fits are
indicated. (d) Zoomed-in portion (marked by a white dashed box) of
the color plot (a), plotted in linear scale, depicting (red and yellow
lines to guide the eye represent trion and biexciton, respectively)
“anticrossing”-like behavior between χ− and β−.

explain the origin of such a nonmonotonic feature from a
combination of three competing effects: (i) Vg induces charge
carriers in the monolayer, the resulting screening weakens
the Coulomb interaction causing a suppression of the binding
energy of the excitonic complexes, which in turn results in
a blueshift in the emission energy [25–27]; (ii) the vertical
gate field induces a spatial separation between the electrons
and holes in the excitonic complexes, leading to a suppression
in the binding energy, and hence a blueshift in the emission
energy [28]; and (iii) doping-induced Pauli blocking, leading
to a redshift in emission [1,29–31]. The last effect is the
strongest one in our sample, as explained later in more detail.

The p-doping side (Vg < 0 V) shows three distinct features
[Figs. 1(b) and 1(c)], namely a neutral bright exciton (χ0), a
positive trion (χ+), and a positively charged biexciton (β+).
Due to the relative positions of the Fermi levels between
1L-WS2 and graphene, it is more difficult to inject holes than
electrons [32]. Thus it is challenging to dope the 1L-WS2

flake strongly p-type, as suggested by the sustained χ0 peak
intensity even at high negative Vg [Fig. 1(b)]. The inability
to strongly dope the WS2 film p-type leads to a negligible

doping-induced spectral-shift of the peaks for Vg < 0 [as ef-
fects (i) and (iii) are negligible]. In contrast, we observe a
small blueshift (about 2–4 meV) for all three peaks, shown
in Fig. 3 of Supplemental Material [24]. In the absence of a
significant p-doping, such a blueshift provides an estimate for
the reduction in the binding energy due to gate-field-induced
spatial separation of the electron and hole in an excitonic
complex [28].

The spectral features are rich in the n-doping side (Vg >

0 V). With an increase in doping density, the χ0 peak gradu-
ally fades out due to a transfer of its oscillator strength to the
negatively charged trion (χ−) [1,2,33–35] and charged biex-
citon (β−), as indicated in Fig. 1(b). The biexcitonic nature
of the β− peak is identified through a superlinear power law
[4,8,36] (see Fig. 4 of Supplemental Material [24]). While all
three peaks show a slight blueshift at low positive Vg, with
an increase in voltage, both the χ− (for Vg > 1 V) and β−
(for Vg > 2.5 V) peaks exhibit a strong redshift [zoomed in
Fig. 1(d)]. On the other hand, the χ0 peak position remains
nearly unaltered after an initial blueshift [Fig. 1(c)].

After Vg > 4.5 V, another distinct trion peak emerges
around 2.04 eV—in a spectral position similar to that of χ+
[Fig. 1(c)]. We attribute this to the formation of a negative
intervalley trion (χ−

t ) from the top of the spin-split conduction
bands at high Vg, as shown in Fig. 5 of Supplemental Material
[24]. It appears after a certain threshold value of Vg (4.5 V) due
to a lower filling of the top conduction bands. This peak shows
a negligible redshift due to weak Pauli blocking at higher
energy unless Vg is very high (>8 V).

As indicated in Figs. 2(a) and 2(b), the emission energy
of the χ− (β−) peak corresponds to the transition from the
trion (charged biexciton) band to the electron (trion) band.
Consequently, the trion or the charged biexciton with a large
center-of-mass (COM) momentum can emit a photon. This
is in stark contrast with the case of a neutral exciton, where
the conservation of linear momentum during radiative recom-
bination allows only near-zero momentum states (within the
light cone [37]) to emit a photon. As shown in Fig. 2(a), for
the trion, as Vg increases, smaller momentum states are filled
in the conduction band, and hence the trions with small mo-
mentum are not allowed to recombine due to Pauli blocking
of the final state. Hence, as Vg increases, the allowed trion
emission moves to a higher momentum. This effect, in turn,
results in a reduction in the trion emission energy due to
the different curvatures of the two participating bands. The
corresponding redshift �(Vg) = h̄ω(Vg = 0) − h̄ω(Vg) can be
directly mapped to the momentum (h̄Q) of the emitting trion
following the equation

�(Vg) = h̄2Q2

2

(
1

m1
− 1

m3

)
. (1)

In the above equation, we neglect any minor blueshift due
to screening and field effect. We also assume that there is
negligible filling in the conduction band (CB) around Vg = 0,
thus Vg = 0 corresponds to transitions at Q = 0 [shown in
Fig. 2(a)]. m1 and m3 are the conduction-band effective mass
and the center of mass of the trion, respectively.

Similarly, the charged biexciton emission moves to a larger
momentum with an increase in Vg due to Pauli blocking for
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FIG. 2. Mechanism for gate-dependent redshift in emission from trion and charged biexciton with nonzero center-of-mass momenta.
(a) The vertical transition from the negative trion state (|χ−〉) to the conduction band (|CB〉), emitting one photon, is shown at two different Vg

values. At Vg = 0 V, |CB〉 is almost empty, and transition from the bottom of the |χ−〉 to |CB〉 (Q = 0) is possible (shown by a sky-blue arrow).
With increasing n-doping (Vg > 0 V), lower energy |CB〉 states are blocked, and the vertical transition occurs at a higher Q value (shown by
a yellow arrow). In-plane (Qx-Qy) slice shows filling of bands up to a radius of Q by the yellow shaded area (bottom panel). The dissimilar
curvatures of the two bands result in a redshift in emission at larger filling. (b) The vertical transition from the negatively charged biexciton
state (|β−〉) to the dark trion (|χ−

D 〉) state, emitting one photon at two different Vg values. Vg = 0 V transition occurs at Q′ = 0 (shown by a
dark blue arrow). At finite Vg, the |χ−

D 〉 state is blocked up to Q′, pushing the vertical transition to occur at higher Q′ (shown by a red arrow).
In-plane (Qx-Qy) slice area, shaded in red, indicates a larger filling compared to (a) (bottom panel). Loss of electrons from the conduction band
in order to form χ−

D is represented by a shaded arrow from |CB〉 to |χ−
D 〉. (c) COM momenta of the emitting χ− and β− species plotted as a

function of Vg indicating a crossover at higher Vg.

the final trion state, and results in a similar redshift due to
the difference in curvature between the charged biexciton
and trion bands. The COM momentum h̄Q′ of the emitting
charged biexciton is related to the corresponding redshift
[�′(Vg) = h̄ω′(Vg = 0) − h̄ω′(Vg)] as

�′(Vg) = h̄2Q′2

2

(
1

m3
− 1

m5

)
, (2)

where m5 is the mass of the charged biexciton.
Using Eqs. (1) and (2), in Fig. 2(c) we plot the extracted Q

and Q′ from the measured redshifts in Fig. 1(c) as a function of
Vg. One striking observation is that, for Vg > 2.5 V, Q′ is larger
than Q. The large separation between Q and Q′ suggests that
the charged biexciton emission occurs at a larger momentum
value compared with the emitting bright trion, indicating that
the final state of the charged biexciton emission must be filled
up to a momentum h̄Q′ (> h̄Q). This, in turn, suggests that
the final state of charged biexciton emission is a dark trion
(χD

−), since the states in the bright trion band are empty for
momentum > h̄Q, and thus should have allowed transitions
for momentum just above h̄Q (and hence, Q′ should have
been close to Q). Hence, it is instructive to consider that the
charged biexciton is formed from a bright exciton and a dark
trion (χ−

D ). The long-lived nature of the χ−
D [38–40] keeps the

band filled up to a momentum h̄Q′(> h̄Q). Such a charged
biexciton configuration with χ−

D and χ0 is in agreement with
previous reports [36,41].

The zoomed-in version of the PL color plot in Fig. 1(d)
(lines to guide the eye are drawn in yellow and red to represent
the χ− and β− peak position, respectively) exhibits a striking
“anticrossing”-like feature: the two peaks initially come close
to each other, followed by a repulsion. Due to a large differ-
ence in the curvature between the initial and final states of
the χ− emission, the spectral redshift of this peak is initially
much larger compared with the β− peak [see Figs. 2(a) and
2(b)]. This effect, coupled with a gate field induced blueshift
of the β− peak, causes these two peaks to come closer at lower
Vg. However, when Vg increases, the conduction-band filling
slows down as the electrons start forming the long-lived dark
trions [shown by a shaded curved arrow between Figs. 2(a)
and 2(b)]. This, on the one hand, slows down the spectral
movement of the χ− peak, while on the other hand it en-
hances the spectral redshift of the β− emission peak—forcing
a spectral repulsion between the two peaks. This results in a
Vg-dependent tunable spectral overlap between the χ− and β−

peaks.
The PL spectra of some representative Vg values, along

with the fitting of individual peaks (shaded area), are shown
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FIG. 3. Evidence of Auger induced trion-trion annihilation. (a) PL peak evolution for a few representative Vg values. The PL spectra and
the corresponding fittings of individual peaks are shown by solid lines and shaded areas, respectively. At Vg = 5 V, almost complete overlap
between χ− and β− is observed, coupled with a strong suppression of χ− peak intensity. (b) PL intensity values of the fitted χ− (blue spheres)
and β− (red spheres) peaks as a function of Vg. The shaded region indicates the strong Auger regime. (c) Spectral area overlap of χ− and β−,
normalized with respect to χ− area, is plotted with increasing Vg. The striking anticorrelation with the χ− peak intensity in (b) is conspicuous
in the strong Auger region. (d) TRPL data (open symbols) is fitted with Eq. (5) (solid traces) after deconvolution with the IRF, at representative
Vg values. IRF is shown by the light blue shaded area for Vg = 0 V. (e) Normalized TRPL full width at half-maxima (FWHM) is plotted with
respect to Vg, indicating a nonmonotonic trend with a reduced value in the strong Auger region. (f) Fitted values of the Auger coefficient
(γ ) from (d) are plotted with Vg, again showing nonmonotonic variation. The deep shaded region covering (b), (c), (e), and (f) represents the
dominant Auger effect, which gradually reduces on both sides.

in Fig. 3(a). The variation of the PL intensity of the χ− and
β− peaks as a function of Vg is shown in Fig. 3(b). We plot
the corresponding spectral overlap (ζ ) between the χ− and
β− peaks (calculated as the overlap area between the two
peaks normalized by the area under the χ− peak) in Fig. 3(c)
(after spectral overlap, fitting with a single peak and total peak
FWHM are shown in Supplemental Material [24], Figs. 6 and
7, respectively). It is striking to note that the χ− peak intensity
is highly nonmonotonic with Vg. In particular, after an initial
increase (Vg � 1.5 V), there is an anomalous suppression in
the χ− peak intensity with an increase in Vg in the range
of 1.5 � Vg � 5 V (shaded region), beyond which it again
increases strongly. Comparing Figs. 3(b) and 3(c) reveals that
the χ− peak intensity has a strong negative correlation with ζ .

Further, we observe no such anomalous decrease in
trion intensity when we excite the same sample with a
continuous-wave laser (532 nm) at a power of 8.04 μW
(see Supplemental Material [24], Fig. 8, for more details).
The excitation density is (≈4 × 103)-fold enhanced in the
pulsed excitation mode compared with the continuous-wave
case.

These observations directly indicate the role of TTA in the
anomalous suppression of the trion emission intensity. The
mechanism is explained in Fig. 4(a) (top panel). The measured
photon energy h̄ω (h̄ω′) of the χ− (β−) emission peak corre-
sponds to the transitions between the states |χ−〉 and |CB〉
(|β−〉 and |χ−

D 〉). When the spectral overlap is large, there is a
strong resonance between these two transitions. Accordingly,
at high excitation density, a bright trion (with COM h̄Q)
can undergo nonradiative recombination to the conduction
band, providing its recombination energy to a dark trion (with
COM momentum h̄Q′). This receiving dark trion, with this
energy, moves to the β− state (with COM momentum h̄Q′)
due to the presence of the strong resonance between these
two transitions. The β− eventually emits a photon and relaxes
back to the χ−

D state. The net result of this entire process
is the annihilation of a bright trion and the transfer of its
oscillator strength for the formation of a charged biexciton.
Such an Auger-induced TTA process efficiently suppresses
the bright trion emission intensity in the range of 1.5 � Vg �
5 V [shaded region in Figs. 3(a) and 3(b)]. However, when the
spectral overlap between β− and χ− decreases (Vg > 5 V),
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FIG. 4. Schematic diagram depicting the resonant Auger mecha-
nism. (a) Schematic representation of the Auger interaction between
two trions (χ− and χ−

D ). When the spectral overlap between the β−

and χ− transition is strong, the nonradiative annihilation of a χ−

gives rise to the transition of one χ−
D to β− state (top panel). When

the spectral overlap is reduced, such strong resonance is eliminated,
suppressing the Auger efficiency (bottom panel). (b) COM momen-
tum for β− (Q′) is plotted with respect to that of χ− (Q), obtained
from Eq. (3). The energy corresponds to the maximum overlap point,
indicated by the red dots in Fig. 3(a).

the transition from |χ−
D 〉 to |β−〉 state is less efficient due

to breaking of the resonance, as depicted in Fig. 4(a) (lower
panel).

Energy and linear momentum conservation during the
Auger process provides the following relation between the
momenta of the participating trion and biexciton:

Q′2(Vg) = −15m0

2h̄2 δ(Vg = 0) + 5Q2(Vg), (3)

where δ = h̄(ω − ω′). We assume that the effective mass for
the electron and hole is 0.5m0 each. Using the maximum
overlap energy value [indicated by the red dots in Fig. 3(a)]
as the representative points for the Auger process, the relation
between Q and Q′ (corresponding to different Vg) is depicted
in Fig. 4(b).

As stated before, when the spectral resonance reduces
(Vg > 5 V), TTA is gradually suppressed, and χ− peak in-
tensity increases with Vg, as usual [Fig. 3(b)]. We also note
that, after Vg > 6 V (when ζ is small), the β− peak intensity
reduces with an increase in Vg, which could be due to a lower
generation of charged biexciton from the dark trion due to the
suppressed Auger process.

To support the above-mentioned TTA mechanism, we per-
form in situ TRPL measurement on the sample (see the
Methods section for experimental details). The raw time-
resolved spectra are provided in Fig. 3(d) (open symbols) at
representative Vg values. In Fig. 3(e), we plot the extracted
(normalized) full width at half-maximum (FWHM) of the
decay plot, which indicates a faster decay in the regime where
the trion intensity is suppressed. The observation of a faster
decay of the trion at larger spectral overlap, coupled with
reduced emission intensity, suggests an increasingly faster
nonradiative process, supporting the TTA mechanism. At
larger Vg (>5 V), when the spectral overlap is smaller, TTA is
suppressed, leading to an increase in the FWHM of the decay
plot [Fig. 3(e)].

The decay of the time-dependent bright trion population
density [n(t )] at Q is given by

dn(t )

dt
= −n(t )

τ
− γ n(t )nd (t ). (4)

Here, τ is the trion decay timescale, which includes both ra-
diative and nonradiative mechanisms (other than TTA), while
γ is the Auger coefficient for the TTA process. n(t ) and
nd (t ) are the bright and dark trion population density at Q
and Q′, respectively. Note that both the bright and dark trion
bands have similar curvature. Given that we are considering a
two-dimensional system, the density of states is independent
of the momentum. Thus, both bands have a similar density of
states irrespective of the values of Q and Q′. In addition, we
also expect that at these momentum values, the filling factors
are similar since trion and biexciton radiative recombination
peaks around Q and Q′, respectively. Hence, we approximate
nd (t ) ≈ n(t ). Then n(t ) can be written as

n(t ) = n(0)e−t/τ

1 + [n(0)γ τ ](1 − e−t/τ )
. (5)

n(0) is the trion population at time t = 0, and is estimated to
be ∼1012 cm−2 at the given laser power. Finally, the experi-
mental TRPL spectra are fitted with

n′(t ) = n(t ) + β1e−t/τ1 + β2e−t/τ2 (6)

by deconvoluting with the instrument response function (IRF).
The second and third terms, respectively, take into account
the decay from the charged biexciton and small defect tail
in the spectral overlapping region. We use γ , β1, and β2 as
fitting parameters. The respective values of τ , τ1, and τ2 are
obtained from the non-TTA region (that is, Vg < 0 V) and kept
as constant at τ = 14 ps, τ1 = 50 ps, and τ2 = 750 ps [see
Supplemental Material [24], Figs. 9(a) and 9(b), for details].
These obtained lifetime values for trion and charged biexciton
agree well with existing reports [39,42,43]. The obtained fit-
tings of the experimental data in the TTA region with Eq. (6)
are shown as the solid traces in Fig. 3(d). The value of γ

ensuring the best fit with the experimental data is plotted in
Fig. 3(f) at different gate voltages.

It is clear from Fig. 3(f) that γ is a strong function of Vg

induced spectral overlap between χ− and β−. In particular,
we extract γ = 0.016 cm2 s−1 at small positive Vg, which
increases by about ten-fold to γ = 0.18 cm2 s−1 at Vg = 4.5 V.
This suggests that the spectral overlap between the two tran-
sition energies [Fig. 4(a)] is essential to enhance the TTA
process.

In conclusion, we demonstrate a large tunability of charged
exciton and charged biexciton spectral features by applying a
gate voltage. This allows us to directly map the large center-
of-mass momentum associated with these emitting species, in
stark contrast to the zero-momentum neutral exciton. When
the two charged species are close to spectral resonance, we
observe an anomalous suppression of the bright trion intensity
with increasing gate voltage, suggesting a trion-trion annihi-
lation through the Auger process facilitated by the spectral
resonance. We could tune the strength of the Auger process
ten-fold by varying the gate-voltage-dependent spectral over-
lap. Such an electrically tunable resonant Auger process could
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be a prospective tool to explore more complex many-body
phenomena among higher-order excitonic complexes.

III. METHODS

Sample preparation. The top-gated stack is prepared by
mechanical exfoliation of the individual layers from bulk
crystals of WS2, hBN, and graphite. First, the exfoliation
is performed on polydimethylsiloxane (PDMS) using 3MTM

scotch tape, and then the layers are transferred sequen-
tially onto Si substrate covered with 285-nm-thick SiO2.
The few-layer graphene layers for the top gate electrode
and the grounding electrode are connected to two different
prepatterned metal pads. The metal pads are fabricated us-
ing direct laser lithography, followed by sputtering of Ni/Au
(10/50 nm) and liftoff. The deterministic transfer process
is performed at room temperature under an optical micro-
scope using a micromanipulator. After the transfer process is
complete, the stack is annealed at 200 ◦C for 3 h in a high vac-
uum chamber (10−6 mbar) to ensure better adhesion between
layers.

Sample characterization. A pulsed laser head of 531 nm
wavelength (PicoQuant) operated by a PDL-800D laser driver
is used for optical excitation. The laser has a pulse width
of 48 ps with a variable repetition rate (10 MHz is used in
this work). A 50:50 beam splitter is used to divert half of the

emission signal from the sample (see Fig. 1 in Supplemental
Material for a schematic) to a spectrometer for steady-state
PL. The other half of the emission signal is directed to a single
photon avalanche detector (SPD-050-CTC from Micro Photon
Devices). The detector is connected to a Time-Correlated
Single Photon Counting (TCSPC) system (PicoHarp 300
from PicoQuant). The time-resolved dynamics of the trion
is obtained using a 610 nm bandpass filter (FWHM 10 nm)
before the single-photon detector. The setup’s instrument re-
sponse function (IRF) has a decay of ∼23 ps and an FWHM
of ∼52 ps.
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