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1. Interband and intra-excitonic absorption

As discussed in the main text, optically bright excitons in a semiconductor can be created (annihilated)
by absorption (emission) of a photon of resonant energy h®. For Wannier excitons, the absorption

coefficient for one-photon interband transitions fulfills the following relation'

ayp (@)~ |dey 2 2|0, @ = 0)]* )

Here d., is the interband dipole matrix element evaluated with single-electron Bloch waves in the
conduction and valence bands. s, (¥ = 0) marks the slowly varying envelope function of the excitons,
characterized by the quantum number p. Importantly, the envelope function is evaluated at vanishing
distance 7 between electron and hole. Furthermore, momentum conservation in combination with the
small momentum of a photon in the visible spectral range stipulates that optical absorption creates

excitons with vanishing centre-of-mass momentum K.

In contrast, intra-excitonic absorption of a gas of Wannier excitons in the 1s quantum state is found by

analogy with quantum transitions in the hydrogen atom to scale as

o (W)~ Zu|(¢u|F|¢1s>|2 ()

Note that the intra-exitonic absorption depends on the full spatial profile of the exciton’s envelope
functions, but is independent of the interband dipole moment d.,, which is typically a complicated
quantity to compute. Furthermore, mid-infrared radiation can couple to the orbital degree of freedom
of all Is excitons, irrespectively of K, since this process does not create or annihilate excitons, but it
probes a pre-existing ensemble of electron-hole pairs. Measurements of the internal Rydberg-like mid-
infrared absorption of excitons are, therefore, the most direct way of retrieving quantitative
information on the internal structure, envelope functions, oscillator strengths, densities and dynamics

of all excitons with arbitrary momentum K.

2. Interband absorbance of monolayer WSe,

Supplementary Fig. 1 displays the measured linear absorption spectrum (red solid curve) of the WSe,
monolayer characterized in Fig. 1 of the main text. By calculating the overlap integral with the pump
spectrum (blue broken curve), the number of absorbed pump photons 7, can be determined from the
total pump fluence. In the main paper, the value retrieved in this way (Fig. 3a, dashed line) is

compared with the density of resonantly injected excitons ny (Fig. 3a, red spheres).
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Supplementary Figure 1 | Spectral absorbance. Spectral absorbance (red line) and PL intensity (blue solid
line) of the WSe, monolayer depicted in Figs. 1b and c, together with the pump spectrum (blue dashed line) used

in the experiments underlying Figs. 1-4.

3. Mid-infrared response of photoexcited bulk WSe,

It is instructive to compare the photo-induced mid-infrared response of monolayer WSe, (Figs. le and
2) with data taken in a bulk WSe, crystal under identical experimental conditions (Supplementary
Fig. 2). Utilizing atomic force microscopy, the thickness of the specimen is determined as 20 nm. In
the bulk sample, optical pumping with a spectrum shown in Fig. 1d (pump fluence ® = 42 uJ/cm?)
creates unbound electron-hole pairs far above the indirect bandgap of the material (Eypux = 1.2 €V).
AE(tgos) recorded at #,, =75 fs (red curve) exhibits a phase shift of /2 (Supplementary Fig. 2a), in
stark contrast to the response of the monolayer (Fig. 1e) where the phase between AE and E.r is
shifted by 7. For the bulk case (Supplementary Fig. 2a), the maxima, thus, occur at the zero-crossings
of the reference electric field, indicating an effective temporal shift of the probe transient towards
earlier times. This response is typical of a Drude gas of unbound electron-hole pairs that modifies the
effective optical path length through the sample. Indeed the spectra of the real parts of the optical
conductivity Ac, (Supplementary Fig.2b) and the dielectric function Ae; (Supplementary Fig. 2c),
confirm that the response is mostly inductive, i.e. dominated by Ag;, whereas the photo-induced
conductivity change is reduced by almost one order of magnitude with respect to the situation in the

monolayer sample. Furthermore, no resonance is seen in Supplementary Fig. 2.

A Drude model (black dashed lines) reproduces Ag,(®) fairly well and coarsely accounts for Ac,. For
optimal fits, we extract a scattering time of 42 fs and a density of free carriers of 4.3 x 10" ¢cm™, in

good agreement with the density of absorbed photons.
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Supplementary Figure 2 | Drude response of bulk WSe,. a, Waveform of the probe pulse E.; (black)
transmitted through the unexcited WSe, monolayer and pump-induced change AE (red, scaled up by a factor of
100) at #,, =75 fs after pumping of a photoexcited 20 nm thick bulk WSe, with an 90-fs pulse featuring the
spectrum depicted in Fig. 1d (pump fluence, @ = 42 uJ/cm?). b, Corresponding real part of the pump-induced
mid-infrared conductivity Ac;(hw) as a function of photon energy, hm. ¢, Corresponding real part of the
dielectric function, Ag;(hw). Red spheres: Experimental data; black dashed curve: Drude model simultaneously
fitting Ac; and Ag,. The adapted parameters for the carrier density and the Drude scattering time are

4.3 x 10" cm™ and 42 fs, respectively.

4. Pump wavelength dependence of the dielectric response of monolayer WSe,

Supplementary Figure 3 summarizes the mid-infrared response of the photoexcited monolayer of
WSe, for various pump wavelengths. All data are taken at room temperature. Upon non-resonant
above-bandgap excitation (pump wavelength: 400 nm; FWHM: 10 nm; Supplementary Fig. 3a), A,
(Supplementary Fig. 3b) and Ag; (Supplementary Fig. 3c) exhibit spectral shapes that are characteristic
of unbound electron-hole pairs. A Drude model reproduces the experimental response functions

reasonably well (Supplementary Figs. 3b.c, black dashed curves).

The second column in Supplementary Fig. 3 (panels d-f), reports measurements performed with a
pump spectrum centred at 742 nm, i.e. at the high-energy wing of the interband 1s exciton resonance
(Supplementary Fig. 3d). This excitation scenario is identical to the one discussed in Figs. 1-4 of the
main manuscript. The spectral response functions, AG; and Ag,, recorded at a pump delay time of fpp =

275 fs, are characteristic of the excitonic 1s-2p transition (Supplementary Figs. 3e.f).

Both Ao, and Ag; can be simultaneously fit by the two-dimensional Wannier exciton model
(Supplementary Eq. 14), assuming realistic values of the exciton density (Supplementary Figs. 3e.f,
dashed curves). The extracted parameters for the two-dimensional Wannier exciton model are given in
the figure caption.
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Supplementary Figure 3 | Mid-infrared response of photoexcited monolayer WSe, for various pump
wavelengths at T = 295 K. a — ¢, Data collected with a pump centred at Ac = 400 nm. a, Pump spectrum (black
solid curve) and spectral absorbance of the 1s A exciton (red solid line). b, ¢, Ac;(hw) and Ag,(hw) at tpp = 500
fs. Red spheres: experiment. Black dashed curves: Drude model with an electron-hole pair density of
14 x 10" cm™ and a scattering time of 18 fs. d — f, Analogous data collected for a pump spectrum centred at
Ac=742 nm (d). e, f, Ac\(hw) and Ae;(hw) at tpp =275 fs. Red spheres: experiment. Black dashed curves:
numerical fit via 2D exciton model (nx = 1.8 x 10" cm?, Ers =179 meV, A= 105 meV). g — i, Analogous data
for a pump spectrum (g) centred at Ac =760 nm. h, i, Ac;(hw) and Ag,(hw) at 7pp =275 fs. Red spheres:
experiment. Black dashed curves: numerical fit via 2D exciton model (nx = 1.1 x 10 cm™, E,s = 179 meV,
A=90 meV. j - 1, For a pump spectrum centred at Ac = 820 nm (j), no measurable mid-infrared response is

observed (k,1).

The third column of Supplementary Fig. 3 repeats the experiments with a slightly longer pump
wavelength of 760 nm, corresponding to excitation at the low-energy wing of the 1s exciton line
(Supplementary Fig. 3g). The spectral response functions Ac; and Ag, (Supplementary Figs. 3h,i) are
very similar to the case shown in Supplementary Figs. 3e.f. Importantly, we find the same energy of
the 1s-2p resonance (179 meV), which confirms the microscopic picture of the intrinsic properties of

excitons being responsible for the resonance (1s-2p transition).
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Finally, exciting the monolayer with a pump centred at 820 nm (last column of Supplementary Fig. 3)
does not lead to any measurable absorption, since the pump-wavelength is energetically far below the
1s excitonic interband resonance of 744 nm (Supplementary Fig. 3j). Accordingly the spectral
response functions Ac; and Ag, for a pump delay time of fpp = 275 fs vanish (Supplementary Figs.

3k,).

5. Two-dimensional Wannier exciton model for monolayer WSe,

We model the properties of the observed A excitons in WSe, using the slowly-varying envelope
approximation of two-dimensional Wannier excitons. In this framework, the total exciton wave
function is composed of a wavepacket of Bloch functions from the conduction and valence bands. The
relative motion of electron and hole is captured by an envelope function which is obtained in formal
analogy with the two-dimensional hydrogen atom, scaled by the reduced effective band mass p and
modified by dielectric screening. The stationary Schrédinger equation for the envelope functions y in

polar coordinates r and ¢ is given by

ﬁz(az 10 1 92
2p

szt t r_za_q)z) + Veh(T)] Y(r, @) = EY(r, @) 3)
where Vi, () is the interaction potential. Note that in this equation we have only taken into account the
relative motion of electron and hole described by their distance r. The centre-of-mass motion is

trivially described with a plane wave with momentum K.

Separating the variables via Y(r, @) = R(r®(p) 4
; =L ,ilg

one obtains () = e 5)

with the quantum number 1=0+1,%2,.. (6)

describing the angular momentum. The radial part R(r) of the wavefunction solves the equation

aa_:ZR(T) T %:_TR(T) + {2_5 [E = Ven(r)] - i—zz}R(r) =0 7)

The quantum number [ = 0 corresponds to s-states, [ = +1 to p-states and so on.
The ansatz R(r) = r~2u(r) (8)
leads to the 1D Schroédinger equation

[_Z_;aa_:z + Veff(r)] u(r) = Eu(r) ©

with an effective potential
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h2

Vete(r) = Ven(r) + 22 (lz —1/4) (10)

In the simplest case the interaction potential V() can be described with a locally screened Coulomb

interaction potential (cgs-units) given by

e?

Ven(r) = —— (1)

er

where ¢ is the dielectric constant of the monolayer (¢ = 4.5, see Ref. 2). For this potential, an analytic

solution can be found (simple 2D hydrogen model’).

Following the theory of Refs. 4 and 5, however, a correct description of the physics of a monolayer
system calls for nonlocal screening due to a non-uniform dielectric environment. The interaction

potential is then given by (cgs-units)

Ven(r) = =2 [Hy (L22227) — y, (22| (12)

219 219 219

with the dielectric constant of the substrate, €5, and the screening length in the absence of a
substrate, ry. Furthermore, Hy, is the Struve function of order 0. Y, represents the Neumann function of
order 0. The potential is proportional to the simple Coulomb interaction oc% for large r, but
proportional to log(r) for small separation. In contrast to the interaction potential for the simple 2D

hydrogen model, this nonlocally-screened interaction potential can only be treated numerically. Both

potentials are shown in Fig. 2h.

By numerically solving the 1D Schrodinger equation (Supplementary Equation 9) with the nonlocally
screened interaction potential one obtains the radial distribution function rRf; ,, as shown in Fig. 2g as
well as the eigenenergies Ejg,, as shown in Fig. 2h. The dielectric constant of the CVD diamond
substrate is assumed to be &5 = 5.64 and the screening length 7, is chosen such that the transition

energy |E1S — E2p| matches our experimentally determined value of 170 meV. The screening length
° 2_
turns out to be 1y, = 27 A. According to Ref. 6, ry can be calculated by ry, = % degr, Where g, = /g, g,

and the effective layer thickness degr = d - /€ /€,. €,and g are the components of the static dielectric
tensor of bulk WSe,. With &, = 11.7 and &, = 8.7 and d = 7 A for WSe," one finds r, = 30 A, which is in

good agreement with our value.

The excitonic 1s-2p intraband oscillator strength including the degeneracy of the 2p-state (I = +1) is

given in Ref. 7:

fls—Zp = Zh_g Eis — E2p||(¢2p|5&|¢1s>|2 (13)
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We find fis_,p, = 0.32 using the numerically determined wavefunctions g5, = Ryg2p X @15 2p,

w=0.167 X my, and |Ey5 — E,p| = 170 meV.

In order to reproduce both real and imaginary part of the experimentally extracted dielectric function
with the theoretical Wannier exciton model, we finally introduce phenomenological broadening. This

is achieved by modelling the 1s-2p transition as a Lorentzian oscillator:

2
Be(w) = 2% x Jis-2p (14)

Efes_ o _:
h—z—ﬂ) —iwA

with the fit parameters exciton density ng, resonance frequency E,s and linewidth A.

6. Comparison of the 1s-2p transition energy extracted from intra- and interband spectroscopy

The energy of the 1s-2p transition of the A exciton found in the experiments is compatible with
literature values measured by interband spectroscopy under different conditions. In the work of He et
al.® the 1s-2p transition amounts to roughly 225 meV with an uncertainty of about 30%. The more
recent work by Wang et al.” reports a level spacing between the 1s and the 2p states of 140 meV. This
energy is slightly different from the energy of 170 meV which we measured directly by means of THz
spectroscopy of the intra-excitonic transition. This discrepancy may be explained by the different
effective screening of the excitonic binding potential due to the different substrates used in the
experiments (for the influence of the substrate see Ref. 5). While our sample is placed on a CVD
diamond substrate, Wang et al.” employ a SiO, substrate. Furthermore, surface adatoms may influence

the level spacing, too.

7. The role of trions

The mid-infrared response of the photoexcited single-layer WSe, sample investigated in the main text
is dominated by neutral excitons. Even though the subtle fine structure observed in AG, and Ag; at
delay times tpp > 1 ps (Fig. 2 e, f) may be an indication of trionic correlations, their influence is

relatively weak for the following reasons:

1. The optical pump pulses are spectrally located at the high-energy wing of the interband resonance of
the Is A exciton (see Fig. 1d). For an estimated binding energy of about 30 meV'’, trions are not

expected to be directly generated by optical injection. Scattering processes are required to dissipate the
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excess energy. Yet such processes are efficient only at low temperatures, which leads to the second

argument:

2. The experiments take place at room temperature, whereas the experiments from Refs. 10 - 12 have
been performed at low temperature. In a temperature scan, Wang et al.'' observe the disappearance of

the trion PL line above 200 K due to thermal dissociation.

3. The density of background doping is relatively low in the WSe, sample used here. This point is
confirmed by comparing the PL intensity of excitons and trions in WSe,. Supplementary Figs. 4a and
b compare the PL intensity from monolayers of WSe, (from the same batch used in the manuscript)
and a MoSe, reference. At low temperatures, the trion peak is much weaker in WSe, as compared to
MoSe, under similar excitation conditions; at room temperature the trion peak is not discernible in
either compound. In addition, the trion line of the WSe, monolayer flake is even substantially weaker
than the one shown in Fig. 1(c) of Ref. 11, suggesting relatively low background doping in our WSe,
flakes. Based on the work by Fang et al.” it is expected that the background doping density in WSe,
flakes used here is below 10'' cm™. This number is more than one order of magnitude smaller than the
density of optically injected neutral excitons in the experiments. Even at low temperature, only a

minor fraction of excitons could, thus, form trions for numerical reasons.

4. The spectral response of the photoexcited sample is quantitatively described by the 1s-2p transition
of neutral excitons. Since the same model needs to reproduce both AG; and Ag;, simultaneously, this is
a quite stringent benchmark for realistic models. The fine structure of trions is expected to be more
complex — somewhat similar to the hydrogen anion. As mentioned in the main text, the subtle fine
structure in Figs. 2e and f might be a first indication of trions, but the spectral weight is too weak yet

to draw clear conclusions as to the structure and dynamics of trions.

5. Finally, the dynamics observed in the experiments is perfectly reconcilable with time resolved PL as
e.g. in Refs. 11 and 14 in a picture of neutral excitons, whereas trions have been shown to follow a

substantially slower decay dynamics.
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Supplementary Figure 4 | Interband photoluminenscence spectra of monolayer MoSe, and WSe,. a,
PL spectra of monolayer MoSe, for different lattice temperatures. b, Corresponding data from monolayer
WSe, taken from the same bulk crystal source used in the manuscript. The spectral positions of the 1s A
excitons (A), the trions (T) and localized exciton states (S) are indicated. With increasing temperature, the
exciton lines redshift (in agreement with the Varshni formula) and broaden and the relative weight of trions
decreases. Since PL is the time-integrated result of multi-scale dynamics involving photogeneration,
momentum- and energy scattering, formation of trions (at low temperatures) and radiative recombination,
PL will be more sensitive to low-energy states, such as trions, than higher-energy states, such as 1s excitons.
Still the trion intensity is much weaker than the free-exciton peak. This provides evidence that even on
extended timescales the density of neutral excitons strongly exceeds the density of trions in the WSe,

sample.

8. Density dependence of intra-excitonic resonance

Figure 3 in the main text summarizes the dependence of ny, E.s and A on the pump fluence ®@. These
data are extracted by fitting the two-dimensional exciton model to the dielectric response functions

measured for five different fluences, at a fixed delay time #pp = 75 fs (Supplementary Fig. 5).

9. Linewidth of the 1s-2p transition and its dynamics

The linewidth of the 1s-2p resonance is likely dominated by the broadening of the 2p state. Even
though the exciton density is still below the Mott density estimated by close packing of 1s excitons,
this statement is not true for the more extended 2p state. The combination of a relatively large Bohr
radius (~3 nm) and the high excitation density required in the experiment cause sizable overlap
between neighbouring excitons. In this situation exciton-exciton scattering could be efficient for 2p

states.
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Supplementary Figure 5 | Density dependent dielectric response. a, c, e, g, i, Real part of the pump-induced
mid-infrared conductivity Ac;(hw) of a photoexcited monolayer WSe,, as a function of photon energy, hw, for
five different pump fluences @ at a fixed pump delay time #pp = 75 fs. b, d, f, h, j, Corresponding real part of the
dielectric function, Ag;(h®w). Red spheres: Experimental data; black dashed curve: Two-dimensional Wannier
exciton model simultaneously fitting Ac, and Ag,. The adapted parameters of exciton density ny, transition

energy E. and linewidth A are given in Fig. 3.

In fact, Supplementary Fig. 6 shows that the width of the 1s-2p resonance decreases strongly at lower
excitation densities. Extrapolating the measured data at #pp = 75 fs of Supplementary Fig. 6 towards
zero density with a least-square linear fit provides an intrinsic width of the resonance of 90 meV.
Given a width of the 1s resonance of 45 meV and assuming a slightly wider 2p resonance would
account for the experimental finding reasonably well. Since 2p excitons are energetically degenerate
with large-momentum 1s states (Fig. 1a) there is a large phase space for scattering of 2p excitons and
it is reasonable to expect stronger broadening of the 2p vs. the 1s state. Phonon scattering likely plays

a key role in the broadening of the 2p state (see also discussion of Supplementary Fig. 9).

On a more subtle level, the ultrashort radiative decay broadens optically bright 1s states by 9 meV,
contributing to the PL linewidth. This broadening should also add to the 1s-2p linewidth A, yet only
for K = 0. Although A is always dominated by the width of the 2p state, the 1s-2p resonance of a bright
exciton ensemble at fpp = 75 fs (Supplementary Fig. 6, red spheres) is indeed tentatively broader than
the corresponding resonance at fp=0.8 ps and 1.6 ps, when the excitons are mostly dark

(Supplementary Fig. 6, black triangles).
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10. Field-resolved optical pump/mid-infrared probe spectroscopy

In order to map out the dynamics of the full dielectric response of the photoexcited WSe, monolayer
we employ optical pump/mid-infrared probe spectroscopy with field-resolving detection of the probe
waveform. The schematic is shown in Supplementary Fig. 7.

An optical pump selectively injects 1s excitons. After a variable delay time fpp a phase stable mid-
infrared probe pulse propagates through the sample. The waveform transmitted through the sample is
focused onto a thin electro-optic crystal. A co-propagating 12-fs near-infrared gate pulse samples the
momentary birefringence induced by the transient carrier wave of the probe pulse. By a systematic
variation of the delay time fzos between the probe transient and the gate a complete image of the
oscillating carrier wave of the mid-infrared field transient is obtained. The waveform transmitted
through the excited and the unexcited sample is directly compared to obtain E,.; and AE as discussed in
the main text (Fig. 1e). By Fourier transformation of the time-domain data of AE(fgos) and E(fgos)
and standard Fresnel analysis'’, the complete complex-valued dielectric function or, alternatively, Ac,

and Ag, can be extracted as shown in Fig. 2 and Supplementary Figs. 3, 5.

For a nearly bandwidth limited mid-infrared pulse used in the experiment, one can show that the
maximum pump-induced change of the transmitted electric field AE,, is directly proportional to the
spectrally integrated response of the system. This fact can be seen as follows (see also Refs. 16 and

17).

The frequency domain data of the complex-valued pump induced change, AE, can be expressed as a

product of a real-valued amplitude AE(w) and an exponential function containing the phase ¢:

AE(w) = AE(w) exp(—ip(w)) (15)
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Fourier transformation takes AE back into the time domain:

AE(tgos) « [ AE(w) exp(—igp(w)) - exp(iwtgos) dw (16)

For a nearly bandwidth limited (almost unchirped) pulse the frequency dependence of the phase is
nearly linear @(w) = @y + t, - w. Here t, represents the maximum of AE in the time domain. Thus

AE can be rewritten as
AE(tgos) x [ AE(w) - exp(io (tgos — to)) dw (17)

The maximum of the modulus of AE(gos) is reached when tgog = t,. In this case Eq. (17) simplifies

as
AEmax = AE (tgos = to) < [ AE(w) dw (18)

Thus, the maximum amplitude of the pump induced field change is proportional to the spectrally
integrated response of the system. Since the changes in the transmission AE (w) are exclusively caused
by the 1s-2p excitonic resonance (see Fig. 2), the maximum of the pump induced change, AE,,,«, can
directly be attributed to the spectrally integrated change of the dielectric function, f:: Ag(w) dw. The
latter scales linearly with the exciton density nx. Instead of acquiring the full two dimensional dataset
as a function of fpp and #g0s, the time dynamics of the exciton density can be deduced from a 1D scan

of AEax:

nx(tpp) X AEmax(tpp) (19)
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Supplementary Figure 7 | Two-time dependent pump-probe spectroscopy. A pump pulse induces a change
in the dielectric function of a sample. After the time interval #pp a mid-infrared field transient probes the system.

Its waveform is scanned via a gate pulse that copropagates through the detector crystal with a variable delay time

NATURE MATERIALS | www.nature.com/naturematerials 13


http://dx.doi.org/10.1038/nmat4356

SUPPLEMENTARY INFORMATION Dok 101038/ NATa3SS

11. Rate equation model for exciton dynamics and quantum yield

The time dynamics of the exciton density nyx can be modeled with a set of rate equations taking into
account all relevant generation and decay mechanisms of all excitons. We distinguish between two
subsets of excitons — optically dark large-momentum states and optically bright states featuring

momenta within the light cone, as illustrated in Supplementary Fig. 8a.

The density of bright excitons, which decay radiatively, is denoted by ngx, whereas non-radiative dark

T T A T t T
2p Energy i @ =16 piem? |

AE,,(a.u)

10 ¢ @ = 42 pllem?

5
Lt
B 05
Luz
<

0.0 L

-0.2 0.0 0.2 0.4 0.6
L (ps)

Supplementary Figure 8 | Rate equation model. a, Schematic exciton dispersion and separation of excitons
into a subset of optically bright 1s states (density nrx) featuring small K vectors within the light cone (dashed
line) and non-radiative states (density nyx) at large K vectors remaining dark for interband transitions. G(t)
describes the generation rate by pump-induced interband transitions,T is the time constant for radiative
recombination. I" denotes the rate for the intraband scattering of 1s excitons via exciton-phonon interaction and
v1is the exciton annihilation rate caused by nonradiative Auger decay. b, Density of excitons nx as a function of
tpp for a pump fluence @ = 16uJ/cm?. Red spheres: Experimental data. Black line: Rate equation model with
T=150fs, y=0.13 cm?/s and T'=3.7 x 10'* 1/s. ¢, Corresponding data for a pump fluence ® = 42 pJ/cm? with

the same parameters.

states feature a density nnx. Note that excitons within the light cone can also be optically dark, e.g., by

virtue of spin selection rules. These states are included in the density nnx.

Bright excitons can be directly generated by the pump pulse and subsequently decay either radiatively
or by Auger recombination. Alternatively, their density can be reduced by momentum scattering into

dark states. Hence nrx fulfills the rate equation:

d 1 1
T = G(t) — Ry — 5 ¥(npx + 1nx)® — Iigy (20)
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where the time-dependent function G(t) considers exciton generation by the pump pulse, T is the
radiative decay constant, ydenotes the Auger decay constant and I' is the momentum scattering rate.
The optically dark states, in contrast, are populated via momentum scattering out of the bright states

and decay by Auger recombination. The corresponding rate equation reads

dTLNX
dt

1
= I'ngx — 5 Y(nnx + 1Rrx)? 2D
The total density of 1s excitons nx measured by the mid-infrared probe is given by

nx = ngx + nnx (22)

Fitting the experimental data of nx with a numerical solution of the coupled differential equations one
can extract all relevant time constants and rates. Since T = 150 fs and y=0.13 cm?/s are already known
from partially fitting AE,,,, (see Figs. 4a and b in the main text) and the generation rate G(¥) is set by
the 90-fs pump pulse, adapting the full rate equation model to the experimental data (Supplementary
Figs. 8b and c) allows us to extract the exciton-phonon scattering rate I'=3.7 ps"'. The temporal
evolution of the 1s exciton density ny is well described for different pump fluences with the same set

of parameters.

The momentum scattering rate I obtained here can be elegantly compared with values of exciton
mobilities recently measured in WSe,'®. Within a ballistic model, the exciton mobility p can be

written as:

_ e
T rm*

i (24)

where M* is the effective exciton mass. We obtain a mobility x = 700 cm?/Vs, which is in good
agreement with a value found in the literature'® The non-radiative bi-molecular decay caused by exci-

ton-exciton annihilation (Y= 0.13 cm?/s) describes the temporal evolution for longer delay times zpp.

With the help of this rate equation model one can estimate the maximum possible quantum yield for
resonant injection. This can be done by comparing the time-integrated value of ngyx with the density of
all injected excitons. Assuming that all bright excitons within the light cone recombine radiatively one
can estimate the maximum quantum yield to be 10%. The result, however, should be vastly different
for non-resonant excitation far above the fundamental bandgap, where additional loss channels may
come into play. For exciton densities lower than in the present case non-radiative decay channels, such
as trapping at impurities or surface states of the substrate, will become more important than Auger
recombination. This can result in a strongly enhanced PL yield observed for free-standing TMDCs'”.

These extrinsic effects cannot be taken into account in this model.
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12. Pump wavelength dependence of the population decay

Supplementary Figure 9 summarizes the dynamics of the electron-hole pair density of the
photoexcited monolayer of WSe, for various pump wavelengths. All data are taken at room
temperature. Non-resonant above-bandgap excitation (pump wavelength: 400 nm; FWHM: 10 nm,
Supplementary Fig. 3a) creates unbound electron-hole pairs. The dynamics of the pair density
(Supplementary Fig. 9a) is qualitatively different from the temporal traces observed for resonant
exciton injection (Figs. 4a and b): It increases rapidly within the time duration of the pump pulse of
90 fs and stays approximately constant within the subsequent time window of 10 ps. Neither the
ultrafast 150 fs decay nor the bi-molecular recombination is observed. This is indeed expected since
the assignment of the two main features to radiative and Auger recombination, respectively, depends

on the presence of excitons.
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Supplementary Figure 9 | Population dynamics for various pump wavelengths at T = 295 K. a, Maximum
of AE.x as a function of #pp (fluence @ =48 pJ/cm?) for non-resonant above-bandgap excitation of unbound
electron-hole pairs at Ac = 400 nm. Red spheres: experiment. Black solid line: guide to the eye. b, AE,.«(tpp) for
resonant creation of excitons with Ac =742 nm and @ = 16 pJ/cm?2. Red spheres: experiment. Black solid line:
rate equation model with T=150fs, y=0.13 cm¥s and I'=3.7x 10"*1/s. ¢, Analogous data for a pump
spectrum centred at Ac =760 nm and ® = 16 uJ/cm?2. Red spheres: experiment. Black solid line: rate equation
model with =150 fs, y=0.13 cm?/s and I = 2.5 x 10'* 1/s. d, For a pump spectrum centred at A¢ = 820 nm, no

measurable mid-infrared response is observed.

The temporal evolution of the exciton density (Supplementary Fig. 9b) performed with a pump
spectrum centred at 742 nm, i.e. at the high-energy wing of the interband 1s exciton resonance
(Supplementary Fig. 3d), exhibits the fingerprint of excitonic decay discussed in the main paper: An
ultrafast exponential decay with a time constant of 150 fs is followed by the bi-molecular dynamics
indicative of Auger recombination. The black solid line in Supplementary Fig. 9b shows the rate
equation model adapted to the experimental data. The extracted parameters for the rate equation model

and the two-dimensional Wannier exciton model are given in the figure caption.
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With a slightly longer pump wavelength of 760 nm (Supplementary Fig. 3g), corresponding to
excitation at the low-energy wing of the 1s exciton line, the dynamics of the exciton density
(Supplementary Fig. 9¢) is very similar to the case shown in Supplementary Fig. 9b. Importantly, the
same radiative lifetime of T = 150 fs can be extracted. This finding confirms the microscopic picture of

the excitons being responsible for the ultrafast decay (radiative lifetime).

Interestingly, the fraction of excitons decaying within the first 200 fs increases slightly as the pump
wavelength is increased from 742 nm (Supplementary Fig. 9b) to 760 nm (Supplementary Fig. 9c).
This fact is captured quantitatively by fitting the experimental data via the rate equation model (black
solid curves in Supplementary Figs. 9b,c): A reduction of the momentum scattering rate I' by a factor
of 1.5 is found as the pump is tuned from 742 nm to 760 nm. This intriguing observation is likely a
consequence of an inhomogeneous broadening of the 1s line, where high-energy states may find a

larger phase space for scattering.

Finally, exciting the monolayer with a pump centred at 820 nm (Supplementary Fig. 3j) does not lead
to any measurable absorption (Supplementary Fig. 9d), since the pump-wavelength is energetically

below the 1s excitonic interband resonance of 744 nm.

13. Temperature dependence of the exciton dielectric response and dynamics

As an additional test of our microscopic model we investigate the temperature dependence of the
ultrafast mid-infrared exciton response. In order to maintain comparable excitation conditions for all
temperatures, different interference filters (bandwidth: 10 nm) were used to tune the pump wavelength
in resonance with the temperature-dependent 1s excitonic interband transition. The PL spectra and the
adapted pump spectra, for three select temperatures, 7'=260 K, 295 K and 330 K, are shown in
Supplementary Figs. 10a-c, respectively, which covers the maximum temperature window accessible

to the experimental setup.

Interestingly, the dielectric response functions Ac, and Ag, (Supplementary Figs. 10d-i) are
qualitatively similar for all temperatures tested. The broad maximum in Ac; and the dispersive shape
of Ag, are characteristic of the 1s-2p resonance and are well fit by the two-dimensional Wannier
exciton model (Supplementary Eq. 14) with parameters given in the figure caption. Briefly, the 1s-2p
resonance frequency is independent of temperature. The width of the resonance, in contrast, increases
clearly with temperature from A(260 K) = 89 meV via A(295 K) =118 meV to A(330 K) = 126 meV.

This trend suggests phonon scattering to play an important role in the broadening of the 2p state.
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Supplementary Figure 10 | Mid-infrared response of photoexcited monolayer WSe, for various lattice
temperatures. a — ¢, Measured photoluminescence spectrum of the monolayer (blue solid line) and the pump
spectrum (blue dashed line) for three different temperatures (a, 260 K, b, 295 K, ¢, 330 K). d — f, Real part of the
pump-induced mid-infrared conductivity Ac,(hw) of a photoexcited monolayer WSe, as a function of the photon
energy ho for three different temperatures (d, 260 K, e, 295 K, f, 330 K), pump fluences ® =24 yJ/cm? and
pump delay times fpp = 275 fs. g — i, Corresponding real part of the dielectric function Ag;(hw). Red spheres:
Experimental data. Black dashed line: d — i, Two-dimensional Wannier exciton model simultaneously fitting AG,
and Ag,. The adapted parameters of 1s A exciton density nx, transition energy E,., and linewidth A, are: d, g, nx
=1.86x 10" cm?, Eres = 183 meV, A=89 meV. e, h, ny = 2.53 x 10" cm™?, E,; = 183 meV, A= 118 meV. f, i,
ny = 262 x 10" cm?, E,s = 183 meV, A= 126 meV. j — 1 Maximum of the pump induced change AE,.x as a
function of the pump delay time #pp for three different temperatures (j, 260 K, k, 295 K, 1, 330 K) and a pump
fluence ® = 24 pJ/cm? Red spheres: Experimental data. Black solid line: j — 1 Rate equation model with

T=150fs, y=0.13 cm¥sand T =3.1 x 10" 1/s (j), T =3.7x 10 1/s (k), T=43 x 102 1/s (1).
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Beside the spectral shapes of the response functions, the dynamics of AE,,«(#,,), Which is proportional
to the Is exciton density, confirms the microscopic picture given in the main paper. The density
dynamics is displayed in Supplementary Figs. 10j-1 for the three selected temperatures. In all cases, an
ultrafast initial decay of a subset of excitons is observed, followed by a slower bi-molecular dynamics.
Importantly, the time constant of the ultrafast decay remains temperature independent — as expected
for radiative recombination of excitons located within the light cone. Interestingly, however, the
relative weight of the fast and the slower decay dynamics exhibits a clear trend: With increasing
temperature, the share of excitons undergoing ultrafast radiative recombination decreases
monotonically. This observation is quantitatively captured by adapting the rate equation model to the
experimental data. Best agreement is obtained with the same fast decay constant of T = 150 fs, for all
temperatures. However, the momentum scattering rate increases from I'=3.1x10"71/s to
I'=4.3 x 10" 1/s as the temperature is raised from T = 260 K to 330 K. This fact underpins the role of

phonons for momentum scattering of excitons described by the rate T".
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