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I. FIRST-PRINCIPLES CALCULATIONS

A. Electronic structure

The electronic structure of pristine and electron-doped
anatase TiOy was calculated using many-body pertur-
bation theory at the one-shot GW level [1]. This ap-
proach has been shown to describe accurately the elec-
tronic properties of many band semiconductors [2]. In
the case of anatase TiOs, the GW electronic band struc-
ture and gap size are in excellent agreement with those
obtained from angle-resolved photoemission spectroscopy
measurements [3].

The system was modelled by using the primitive
unit cell of anatase TiO, with lattice parameters
a=0b=237 Aand ¢ = 9.67 A (unit cell volume of
69.58 AS). These values were calculated using the gen-
eralized gradient approximation (GGA), and are in line
with the experimental values. The Brillouin zone was
sampled with a 4x4x4 k-point grid. We used a total of
2474 conduction bands and a 46 Ry energy cutoff for the
computation of the inverse dielectric matrix. An energy
cutoff of 46 Ry and 160 Ry was employed for the evalu-
ation of the screened and the bare Coulomb interaction
components of the self-energy operator, respectively. All
these parameters were systematically and independently
increased until the obtained electronic structure was con-
verged within few tens of meV (see Ref. [3] for a detailed
discussion).

B. Optical response

We calculated the optical spectra with and without
electron-hole (e-h) correlations, relying on the computed
GW quasiparticle energies. In the case with no e-h corre-
lations, we used the random phase approximation (RPA)
and obtained a featureless optical spectrum that quanti-
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fies the contribution of the direct e-h continuum. In con-
trast, solving the Bethe-Salpeter equation (BSE) allowed
us to capture the excitonic features observed in spec-
troscopic ellipsometry measurements both qualitatively
and quantitatively [3]. To solve the BSE, we employed a
16x16x16 k-point grid and included the 6 topmost va-
lence bands and 6 lowest conduction bands. In the plot
of the optical spectra, we applied a Lorentzian broaden-
ing with an energy width of 120 meV. All GW and BSE
calculations were performed with the BerkeleyGW pack-
age [4]. Representative RPA and BSE results at different
doping levels are shown in Fig. S1. In all three cases,
the most precise method to evaluate the rise of the e-h
continuum for the direct excitations relies on the esti-
mate of the GW direct quasiparticle gap (indicated by
the dashed violet vertical line).

C. Doping dependence

To simulate the effects produced by a finite density
of free carriers in the system, we performed BSE-GW
calculations for electron doping values between 10~3 and
10~ electrons per unit cell. This corresponds to electron
dopings between 1.4 x 10'® cm™3 and 1.4 x 10%' cm 3.
The characteristic band structure of anatase TiOy en-
sures that electron doping of the conduction band can
mimic the effects that photodoping of uncorrelated e-h
pairs produces on the exciton response of the material.
This can be observed in Fig. 1(a) of the main text. The
top of the valence band in anatase TiOq is close to the
X point of the Brillouin zone, whereas the bottom of the
conduction band is at the I" point. As such, the mate-
rial is an indirect bandgap semiconductor. The single-
particle states contributing to the exciton wavefunction
are located along the I'-Z symmetry line in the Brillouin
zone, as indicated by the violet arrows. Photoexcita-
tion of e-h pairs in our pump-probe experiments leads to
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FIG. S1. Comparison between the imaginary part of the dielectric function of anatase TiOs calculated at the RPA-GW

level (red lines) and that calculated at the BSE-GW level (blue lines). Three different dopings are shown: (a) n = 0 cm™®;
(b) n =35 x 10" cm™3; (c) n = 70 x 10" ecm™2. Only the inclusion of excitonic effects allows us to reproduce the experimental
response. In addition, the RPA-GW spectrum signals the onset of the direct e-h continuum. Such an onset is also indicated
by the direct quasiparticle gap computed at the GW level, which is represented by a dashed vertical line. The excitonic Mott
transition occurs when the quasiparticle gap overlaps to the exciton peak energy and the excitons cease to be bound.

the rapid cooling of the electrons to the the conduction
band minimum at I'" and of the holes to the top of the
valence band at X. The effect of the free-carrier density
on the exciton comes solely from the electron population
at I'. Thus, our calculations for n-doped TiOy provide
a good account of the effects produced by the uncorre-
lated e-h pairs at time delays longer than the cooling time
(> 50 fs).

D. Determination of the Mott transition

Here we describe how we estimate theoretically the ex-
citon Mott density (nas) of anatase TiOs. For a semicon-
ductor/insulator, nys is defined as the carrier density at
which the exciton binding energy (Ep) equals zero. Un-
der these circumstances, the exciton is no longer bound
and excitonic correlations can persist only in the form of
resonant enhancements of the absorption spectrum.

We follow a rigorous approach to determine Ep. First,
we calculate the single-particle band structure of the ma-
terial at the GW level of theory for different values of the
carrier density. Afterwards, we compute the exciton en-
ergy, Fe,., for each case by solving the BSE on top of the
GW results, and identify the single-particle states con-
tributing to the exciton. This allows us to estimate the
value of the quasiparticle gap (Eyp) in the region of the
Brillouin zone that builds up the exciton wavefunction.
Finally, Ep is given by E;p — Eeze. In Fig. 2(a), for
each excess carrier density, Iy, is indicated by a vertical
dashed line with the same color as the optical spectrum

for that density. FE... is simply the energy of the exci-
ton peak in the spectrum. When n = 0 cm ™ (pristine
anatase case in dark blue), E'p takes its largest value. As
we increase n, Ep starts decreasing in value, and goes
to zero for npr = 35 x 109 em™3 (see Fig. 2(b) in the
main text). Excitonic correlations persist even above n
in the form of a resonant exciton [5].

II. SINGLE CRYSTAL GROWTH AND
CHARACTERIZATION

High-quality single crystals of anatase TiOs were pro-
duced by a chemical transport method from anatase pow-
der and NH4Cl as transport agent, similar to the proce-
dure described in Ref. [6]. In detail, 0.5 g of high-purity
anatase powder were sealed in a 3 mm thick, 2 cm large
and 20 cm long quartz ampoule together with 150 mg of
NH,CI, previously dried at 60°C under dynamic vac-
uum for one night, and 400 mbar of electronic grade
HCl. The ampoule was placed in a horizontal tubular
two-zone furnace and heated very slowly to 740°C at
the source, and 610°C at the deposition zone. After
two weeks, millimeter-sized crystals with a bi-pyramidal
shape were collected and cut into rectangular bars (typ-
ically 0.8 x 0.6 x 0.15 mm?).

III. EXPERIMENTAL SET-UP

The ultrafast optical experiments were performed us-
ing a novel set-up of tunable UV pump and broad-



band UV probe, described in detail in Ref. [7]. A
20 kHz Ti:Sapphire regenerative amplifier (KMLabs,
Halcyon + Wyvern500), providing pulses at 1.55 eV,
with typically 0.6 mJ energy and around 50 fs dura-
tion, pumped a noncollinear optical parametric amplifier
(NOPA) (TOPAS White - Light Conversion) to gener-
ate sub-90 fs visible pulses (1.77 - 2.30 eV range). The
typical output energy per pulse was 13 wJ. Around 60%
of the output of the NOPA was used to generate the
narrowband pump pulses. The visible beam, after pass-
ing through a chopper, operating at 10 kHz and phase-
locked to the laser system, was focused onto a 2 mm thick
B-barium borate (BBO) crystal for nonlinear frequency
doubling. The pump photon energy was controlled by the
rotation of the crystal around the ordinary axis and could
be tuned in a spectral range up to ~0.9 eV (~60 nm)
wide. For our purpose, the pump photon energy was set
at 4.10 eV, in order to selectively excite uncorrelated e-
h pairs above the first excitonic peak of anatase TiOs.
The remaining NOPA output was used to generate the
broadband UV probe pulses with ~1.3 eV (~100 nm)
bandwidth through an achromatic doubling scheme.

To study the anatase TiOg single crystals, the set-up
was used in the reflection geometry. The specimen was
mounted on a rotating sample holder, in order to explore
the transient reflectivity (AR/R) along the desired crys-
talline axis. Pump and probe pulses, which have the same
polarization, were focused onto the sample, where they
were spatially and temporally overlapped. The spot size
of the pump and the probe were 150 pm and 80 pm full-
width at half-maximum (FWHM) respectively, resulting
in a homogeneous illumination of the probed region. The
portion of the probe beam reflected by the surface of
the crystal was detected and the time evolution of the
difference in the UV probe reflection with and without
the pump pulse reconstructed. After the sample, the re-
flected probe was focused in a multi-mode optical fiber
(100 pm), coupled to the entrance slit of a 0.25 m imaging
spectrograph (Chromex 250is). The beam was dispersed
by a 150 gr/mm holographic grating and imaged onto a
multichannel detector consisting of a 512 pixel comple-
mentary metal-oxide-semiconductor (CMOS) linear sen-
sor (Hamamatsu S11105, 12.5 x 250 pm pixel size) with
up to 50 MHz pixel readout, so the maximum read-out
rate per spectrum (almost 100 kHz) allowed us to per-
form shot-to-shot detection easily. The time resolution
varied between 1 ps and 80 fs depending on the spectral
coverage of the probe pulse. All the experiments were
performed at room temperature.

IV. ESTIMATE OF THE PHOTOEXCITED
CARRIER DENSITY

To explore the ultrafast optical response of TiOs single
crystals in the high-density regime, it is crucial to accu-

rately estimate the experimental e-h density, n._p, cre-
ated by the pump pulse. This quantity can be expressed
as

F

Ne—p = (1 — R)F/\p’ (1)

where F' is the pump fluence, hv is the pump photon
energy, A\, = 1/a the light penetration depth in the
material, and R is the reflectivity of the sample. All
parameters are evaluated at the pump photon energy
(4.10 eV). The uncertainty on n._j can be estimated
by propagating the uncertainty in the variables entering
Supplementary Equation (1), namely the absorp-
tion/reflection coefficients of the sample and the laser
parameters. Moreover, as the choice of the excitation
volume geometry is arbitrary, we discuss the approxi-
mations introduced for the calculation of the excitation
spot size.

Absorption and reflection coefficients: The
estimates of the absorption coefficient, as well as the
amount of reflection from the sample surface, are based
on measured data of spectroscopic ellipsometry, which
is the most accurate experimental technique currently
available to determine the real and imaginary parts of
the dielectric function for any insulator above its optical
energy gap. Our spectroscopic ellipsometry data are
shown in Ref. [3] and the absorption/reflectance spectra
are obtained directly from the measured optical quan-
tities without the need of a Kramers-Kronig analysis.
Since the error on the measured ellipsometry angles ¥
and A is less than 0.1%, the uncertainty in R, o, and Ap
remains well below 1%.

Incident laser fluence: The average incident
laser fluence F (measured in puJ/cm?) is defined as
F = P/(r - A), where P is the average laser power, r
the repetition rate of the laser system, and A the laser
spot size. The impinging laser power P is measured ac-
curately by using an ultraviolet-extended ultra-sensitive
photodiode. For our photodiode, the uncertainty of the
power measurement at a photon energy of 4.10 eV is
equal to 0 P = +£4%. The measurement of the spot size is
performed using a camera-based beam profiling system
consisting of a camera and analysis software. Here, the
uncertainty in the width measurement is dw = +2%.
Error propagation from w and P yields an uncertainty
in the incident laser fluence of §F = v/20w + 6P =~ 5%.

Choice of the excitation volume: Although the
uncertainty in n._p related to the laser parameters and
absorption /reflection of the sample remains below 6%, an
additional source of variation in the estimated e-h den-
sity originates from the arbitrary choice of the excitation
volume. In agreement with the approach used in the
literature, as excitation volume we consider a cylinder
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FIG. S2. (a) Simulation of the gaussian excitation beam used in our experiment (FWHM = 150 pm). (b) Profiles of the
two-dimensional intensity distributions of the gaussian beam of panel (a) (red curve) and the one obtained by approximation of
the gaussian beam with a cylinder. (¢) Simulated gaussian intensity distributions of the pump (color-coded) and probe (white
contour lines) beams used in the experiment. (d) Profiles of the two-dimensional intensity distributions of the pump and probe
beams of panel (c), showing that in these experimental conditions the probed area coincides with the most intense part of the

gaussian.

whose area A corresponds to the the laser spot size on
the sample and whose height is equal to the light pene-
tration depth A, (i.e., the depth at which the intensity of
the radiation is decreased by approximately 1/e = 37%
of its initial value). This choice of A, is justified by the
similarity between the absorption coefficient of the pump
and probe in the explored spectral range; thus, we can
reasonably consider the same penetration depth for the
pump and probe energies. On the other side, the choice
of A deserves more attention. In Fig. S2(a), we simulate
the gaussian excitation beam used in our experiment.
Conventionally, the spot size diameter is approximated
by the FWHM of the gaussian profile

FWHM \ 2
g (RO

. )

Figure S2(b) shows the results of such an approximation
by comparing the profiles of the two-dimensional inten-
sity distributions of the gaussian beam (red curve) and
the FWHM cylinder. In the former case, since the to-
tal intensity (i.e. the total volume under the gaussian

surface) is contained in a smaller base, the avarage peak
intensity is almost 1.5 times the peak intensity of the
gaussian. However, the validity of this approximation de-
pends on the relative size of the probe beam with respect
to the pump, since a small probe will be able to probe lo-
cally the photoexcited surface and provide a more precise
estimate of the e-h density. This concept is illustrated in
Figs. S2(c,d), where we compare the simulated profiles
of the pump and probe beams used in the experiment.
When the two laser beams are perfectly overlapped, be-
ing the probe much narrower than the pump, the probed
area will coincide with the most intense part of the gaus-
sian, whose intensity is almost 1.5 times smaller than
the one resulting from the FWHM approximation. With
the latter being the approximation we use in our study,
the declared excitation densities may exceed the actual
densities by a factor 1.5-2.

Therefore, by considering all sources of uncertainty
presented above, we conclude that the densities reported
in our study will differ from the actual densities by a fac-
tor no greater than 1.5-2. Such an uncertainty does not
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FIG. S3. (a) Real (e1(w)) and (b) imaginary (e2(w)) parts of the complex dielectric function of anatase TiO2, measured at
room temperature with spectroscopic ellipsometry (blue dots) along the crystallographic a-axis. Solid blue lines show the
simultaneous fits of both measured data set to the same Lorentz model.

influence the discussion and conclusion of our paper.

V. LINESHAPE ANALYSIS

In this Section, we describe the lineshape analysis per-
formed to track the relevant exciton parameters in our
pump-probe experiment. As a first step, we modeled
the steady-state complex dielectric function with a set
of Lorentz oscillators. The real (e1(w)) and imaginary
(e2(w)) parts of the dielectric function were measured di-
rectly with spectroscopic ellipsometry [3]. Figure S3(a,b)
shows the experimental traces (blue dotted lines) and the
results of the Lorentz model (blue solid lines), indicating
the accuracy of our fit. The fit function comprises four
Lorentz oscillators (accounting for the indirect gap tran-
sition at 3.53 eV, the bound exciton at 3.77 eV, the reso-
nant exciton at 4.55 eV, and an interband transition that
captures the high-energy response), as well as a back-
ground tail due to defect-assisted transitions and residual
scattered light from surface inhomogeneities. Figure S4
displays the decomposition of the ez(w) spectrum into
the different Lorentzian contributions. Next, we used
the modeled ¢ (w) and €3 (w) to determine the reflectivity
R(w) using standard electrodynamical formulas [8]. The
final result was compared to the experimental reflectiv-
ity spectrum R(w). The latter was also determined by
combining the experimental €1 (w) and es(w) measured by
ellipsometry. The accuracy of the fit can be observed in
Fig. 1(b) in the main text.

Once this model of the steady-state optical response
was established, we combined the steady-state data of
R(w) with the time-resolved reflectivity (AR/R(w,t))
measured in this work, following a well-known procedure

in the context of ultrafast broadband optical spec-
troscopy [9-11]. We remark that the static R(w) was
measured in the broad spectral range 1.0-5.5 eV, while
AR/R(w,t) was monitored by our ultrafast experiment
in the 3.6-4.4 eV region. Combining these two quantities
allowed us to obtain the momentary reflectivity R(w,t)
in the range covered by the pump-probe experiment by
multiplying (AR/R(w,t) + 1) at a fixed time delay t by
R(w) itself. These are the raw data shown in Fig. 3(b)
of the main text. Finally, to determine the momentary
absorption «(w,t), we iterated the Lorentz fit at all
measured time delays, using as starting parameters
those describing the steady-state R(w) of Fig. 1(b)
and letting only the Lorentz oscillator representing
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FIG. S4. Decomposition of the ez(w) data (blue lines) into
the separate Lorentz oscillators used in our model. The final
fit is shown in Fig. S3.



the bound exciton free to vary. This was sufficient to
reproduce the spectra at all time delays. The choice of
letting only the bound exciton free to vary is justified by
the fact that the pump excitation induces a very small
modification of the reflectivity, depleting the optical
spectral weight only around this exciton. The depleted
spectral weight is eventually transferred to very low
energies (i.e. mostly the terahertz range) in the form of
free-carrier absorption [12]. This procedure allowed us
to retrieve all the optical quantities of interest using the
standard electrodynamical formulas [8], among which
the a(w,t) spectrum presented in Fig. 3(c), as well as the
evolution of the bound exciton parameters (Fig. 3(d-f)).

VI. HIGH TIME RESOLUTION DATA

We also performed high-precision measurements of
AR/R(w,t) in a narrower spectral range around the ex-
citon peak (3.72 - 4.20 eV) with a time resolution of
80 fs. The pump fluence is the same as that used in the
pump-probe experiment with 700 fs time resolution. Fig-
ure S5(a) shows normalized temporal traces selected at
representative probe photon energies. Although the re-
sponse was measured up to 20 ps, here we just display the
first ps of dynamics. We observe a resolution-limited rise
of the response in the low-energy region of the spectrum,
followed by a fast relaxation component that is prominent
around 3.95 eV. Figure S5(b) displays the momentary re-
flectivity R(w,t) before photoexcitation (blue curve) and
at a time delay of 120 fs (red curve). At 120 fs, we ob-
serve the persistence of the bound exciton feature, which
becomes broader due to the larger long-range Coulomb
screening caused by the photoexcited uncorrelated e-h
pairs (note that the wiggles that are visible on the signal
are due to noise). The fact that the exciton broadens im-
plies a substantial modification of the exciton coherence
lifetime, but not of the exciton Ep. As such, the esti-
mated photoexcitation density represents a lower bound
to the nominal n;; in anatase TiOs.

VII. RELEVANCE OF THE HIGH MOTT
DENSITY IN ANATASE TIO,

In this Section, we describe the importance of our re-
sults in relation to fundamental and applied research.
Fundamentally, a large njy; is a prerequisite for the cre-
ation of room temperature exciton-polaritons when the
system is placed inside a microcavity. This has been ex-
plored in the case of Wannier excitons of low-dimensional
semiconductor nanostructures [34] and in the context of
Frenkel excitons in molecular systems [35, 36]. In anatase
TiO3, the excitons are characterized by large oscillator
strength, small dephasing due to population relaxation
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FIG. S5. (a) High-time resolution AR/R temporal traces se-
lected at representative photon energies, as indicated in the la-
bels. For clarity, the traces are normalized, vertically shifted,
and displayed in the first ps of response. (b) Comparison
between the momentary reflectivity R(w,t) before and after
photoexcitation.

into e-h pairs, and high njy;. These aspects together
would allow the realization of stable exciton-polaritons
in high-quality thin films of TiOy embedded in optical
cavities and open the avenue to the study of possible con-
densation phenomena and nonlinear polariton-polariton
interactions.

Technologically, a high nj; ensures that the excitons
are very stable quasiparticles even in the presence of the
large carrier densities involved in many applications. One
of these applications is photocatalysis, in which anatase
TiOs represents one of the most used platforms at room
temperature [37]. It has been proposed that the exci-
tons of anatase TiOy may allow for an efficient transfer
of energy to the reaction centers at the (001) surfaces of
conventionally-used TiOy nanoparticles [38]. The pres-
ence of a large njy; ensures that the exciton population
survives even in the presence of many thermally-activated
carriers (owing to defects and impurities) in these highly-



Material [Ep (meV)| ny (cm™?) [Temperature (K)|[Reference
Anatase TiO2 | > 150 >5 x 107 295 K This work
ZnO 60 0.8-6.4 x 10'® 295 K [13-15]
CH3NH;5PbBr3 70 8 x 10'7 295 K [11]
GaAs 4.2 1.2-1.8 x 10" 49 K [16]
GaN 26 1 x 10'® 10 K [17]
Diamond 80 3 x 10'® 295 K [18]
Cu20 150 3 x 10'® 10 K [19, 20]
Si 15 7 x 107 295 K [21-23]
Ge 4.2 1 x 10'¢ 8 K [24]
ZnTe 12.7 3 x 107 20 K [25, 26
ZnS 36-40 1.9 x 10" 2K [27]
ZnSe 19-20 0.1-5 x 10'7 2-295 K [27, 28]
Cds 28 2.6-50 x 10'7 2-295 K [29, 30]
CdSe 15 1 x 10'7 80 K [31, 32]
CdTe 24.8 3 x 10'8 295 K [33]

TABLE S1. Exciton Mott densities in three-dimensional band semiconductors.

defective nanoparticles. Another application in which
anatase TiO4 is widely used is that of transparent con-
ducting substrates. The conductivity of these substrates
stems from the transport of thermally-activated electrons
(owing to the presence of donor states, such as oxygen
vacancies or Nb/Ta substitutions) [39, 40]. Revealing
that TiOs has such a high nj,; can also guide the ra-
tional design of the carrier density needed to optimize
the transparency window of these substrates (by choos-
ing densities above n s, at which the bound exciton peak
disappears and the material is more transparent).

VIII. COMPARISON WITH OTHER MATERIALS

In this Section, we compare the results obtained on
anatase TiOs with those of band insulators (i.e. de-
void of strong electron-electron correlations) known in
the literature. To establish an accurate comparison, we
consider bulk solids characterized by a three-dimensional
electronic structure and whose exciton states are electric
dipole-allowed and built up from the mixing of single-
particle transitions between the valence and the con-
duction bands. Hence, we do not include quasi-two
dimensional materials (e.g., transition metal dichalco-
genides), confined nanostructures, as well as bulk solids
with Frenkel excitons arising from localized states (e.g.,
d—d transitions in transition metal oxides with partially-
filled d orbitals). To account for all the materials ex-
plored in the literature, in providing the estimated n; we
do not make any distinction between chemically-doped
and photo-doped systems, although the Mott transition
assumes a different meaning in the two classes of systems
(see Ref. [41] for details). The complete list is shown in
Table S1. Some of the materials considered here host
excitons with low values of Eg and therefore the esti-
mate of ny; had to be performed at low temperature.

In contrast, other solids have strongly bound excitons
and njs is evaluated at room temperature. We observe
that anatase TiOy has the largest ny,, i.e. at least one
order of magnitude higher than that exhibited by other
band semiconductors. As indicated in the main text, we
ascribe this phenomenon to the interplay between the
large E'p and the small impact of bandgap renormaliza-
tion when an excess carrier density is injected in the solid
(either through chemical- or photo-doping).
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