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The full transient dielectric-function (DF) tensor of ZnO after UV-laser excitation in the spectral range
1.4-3.6 eV is obtained by measuring an m-plane-oriented ZnO thin film with femtosecond (fs)-time-resolved
spectroscopic ellipsometry. From the merits of the method, we can distinguish between changes in the real
and the imaginary part of the DF as well as changes in birefringence and dichroism, respectively. We find
pump-induced switching from positive to negative birefringence in almost the entire measured spectral range
for about 1 ps. Simultaneously, weak dichroism in the spectral range below 3.0 eV hints at contributions of
inter-valence-band transitions. Line-shape analysis of the DF above the band gap based on discrete exciton,
exciton-continuum, and exciton-phonon-complex contributions shows a maximal dynamic increase in the tran-
sient exciton energy by 80 meV. The absorption coefficient below the band gap reveals an exponential line shape
attributed to Urbach-rule absorption mediated by exciton—longitudinal-optic-phonon interaction. The transient
DF is supported by first-principles calculations for 10?° cm~? excited electron-hole pairs in ideal bulk ZnO.

DOLI: 10.1103/PhysRevResearch.3.013246

I. INTRODUCTION

Transient optical properties [1,2] represented by the dielec-
tric function (DF) following ultrafast laser excitation can be
obtained using time-resolved spectroscopic ellipsometry (tSE)
[3,4]. In contrast to conventional pump-probe experiments
that do not investigate the change in light polarization upon re-
flection (transmission), spectroscopic ellipsometry measures
simultaneously relative amplitude and phase information of
the reflected (transmitted) electromagnetic fields [5]. This
allows a clear distinction between changes in extinction
coefficient and refractive index. Polarization- and direction-
dependent (anisotropic) optical properties are described by a
DF tensor with at least two different tensor components [6]. In
the regime of linear optics, the literature on transient optical
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anisotropy at the femtosecond time scale is mostly focused on
circular dichroism [7—13]. Transient linear dichroism was ob-
tained from single-wavelength stimulated Raman-scattering
measurements [14,15]. Transient off-diagonal DF tensor el-
ements can be obtained from magneto-optical Kerr-effect
measurements [16]. All these effects of transient optical
anisotropy can be studied individually, but they are subsumed
in the underlying material properties, which means in general
the transient DF. Although some of the mentioned setups seem
to be capable of providing the data necessary for obtaining the
full DF tensor, this has not been demonstrated.

In this paper, we report the full transient DF tensor of ZnO
in the spectral range 1.4-3.6 eV obtained by tSE. We choose
the prototypical wide-band-gap semiconductor ZnO [17,18]
for this study because its wurtzite crystal structure leads to the
simplest form of optical anisotropy—namely, birefringence
and dichroism [6]. In addition, the strong carrier—longitudinal
optic (LO)-phonon interaction in ZnO has a significant effect
on the optical properties of ZnO [19,20]. Hence the transient
DF might hint on anisotropic carrier-phonon interaction upon
laser excitation. Earlier time-resolved spectroscopy studies
on ZnO in the reflection [3,21-24] or transmission [21,25—
27] configuration mostly neglected its anisotropic optical
properties.

Published by the American Physical Society
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FIG. 1. (a) Sketch of the Brillouin zone of ZnO near the I’
point indicating relevant optical transitions along with the carrier
distribution after thermalization (a few hundred femtoseconds). The
pump transitions are indicated by violet arrows. Carrier-carrier scat-
tering results in broad Fermi-Dirac distributions of electrons (filled
circles) in the conduction band and holes (open circles) in the valence
bands. (b) These hot carriers feature effective temperatures of several
thousand kelvins, which results in their quasi Fermi level (chemical
potential, dashed lines) being shifted into the band gap. Band-to-band
transitions indicated by black arrows are partially blocked. (Adapted
from Ref. [3].)

II. EXPERIMENT

The pump-probe-based tSE setup [28] is driven by a
kilohertz-repetition-rate Ti:sapphire laser (35 fs FWHM pulse
duration) that generates UV-pump and white-light probe
pulses. Polarization-resolved reflectance-difference spectra
are acquired in polarizer-sample-compensator-analyzer con-
figuration by scanning an optical delay line up to 5 ns
at various compensator azimuth angles. The ellipsometric
spectra (isotropic Mueller matrix elements N, C, and S
[5]) at a given time delay Ar are reconstructed from the
reflectance-difference spectra after noise reduction [29] and
chirp correction (Appendix A). The spectral and temporal
bandwidths amount to 5 nm in the near-UV and about 100 fs,
respectively. The angle of incidence is 60° for the probe beam
and 54° for the pump beam, respectively. A sketch of the setup
is provided in Ref. [28]. All experiments were conducted at
room temperature.

We investigate an m-plane-oriented ZnO thin film of 38 nm
thickness (1 nm surface roughness) grown by molecular-beam
epitaxy (MBE) on an m-plane sapphire substrate [30]. X-ray
diffraction measurements confirm the single-crystal nature
of the thin film and its precise crystallographic orientation.
The structural characterization of the sample is detailed in
Appendix B. The material’s optic axis is oriented paral-
lel to the sample surface. The sample is thin enough to
assume approximately homogeneous excitation by a nonreso-
nant 4.67-eV (266 nm, polarization horizontal to the plane of
incidence) pump pulse with 50 nm penetration depth [31]. The
substrate is transparent for the pump light. The pump fluence
at the sample amounts to 720 ©J /cm? such that the estimated
density of excited electron-hole pairs is 3 x 10?° cm™3. We
sketch the relevant electronic transitions for 4.67 eV optical
excitation near the I'" point in Fig. 1 along with the carrier
distribution after thermalization [3].

III. DATA ANALYSIS

The complex-valued dielectric function ¢ is typically writ-
ten as

e =¢ +ier = (n+ik)%, (1)

where the second equality shows the connection to the com-
plex index of refraction composed of the refractive index n
and the extinction coefficient k [6,32]. The absorption coeffi-
cient is then o = 4wk E /hc (with photon energy E, Planck’s
constant /4, and speed of light ¢). In the case of ZnO [17], the
wurtzite crystal structure entails a DF tensor of the form

g% 0 0
e=| 0 ¢g° 0], 2)
0 0 &P

with the DF tensor components for polarization perpendicular
(¢%°) and parallel (eP) to the optic axis [insets in Figs. 2(a)
and 2(b)]. Therefore two spectroscopic ellipsometry measure-
ments with perpendicular and parallel orientation of the optic
axis to the plane of incidence at the same spot on the sample
are combined to obtain the full DF tensor. The simultaneous
treatment of multiple measurements poses no source of error
in the data analysis, if (1) the sample is not modified over
the duration of the measurements and (2) equal excitation
conditions are provided for the individual measurements. In
our experiment, condition (1) is fulfilled because the pump
fluence is well below the ablation threshold of ZnO (a few
J /cmz) [33-35]. Condition (2) is also fulfilled because the
excited carrier density is almost equal for the two orientations
of the sample, which is related to the similar reflectance (2%
difference) at the pump photon energy.

The numerical DF tensor components were obtained from
a wavelength-by-wavelength analysis of the measured ellip-
sometric spectra using a transfer-matrix model [36]. Surface
roughness was implemented via the Bruggeman effective-
medium approach [37], and the substrate DF was taken
from a reference measurement. The numerical approach does
not require any beforehand assumptions on the line shape
of the DF.

IV. TRANSIENT DIELECTRIC-FUNCTION TENSOR

Figures 2(a) and 2(b) feature the spectra of the DF ten-
sor components £% and €P° of the ZnO thin film at selected
pump-probe delays At directly after pumping (left column,
“excitation”). The right column of Fig. 2 (“relaxation’) shows
the recovery of the DF to its steady-state value starting
approximately 1 ps after arrival of the pump pulse. The tran-
sient birefringence n. — n, and dichroism x. — «, spectra [38]
shown in Figs. 2(c) and 2(d) are calculated from the DF
tensor components [39]. Complex-plane representations (see
Appendix E) of the DF tensor components are depicted in
Figs. 3(a)-3(d). First-principles DF tensor components are
shown as dashed gray lines. See Appendix C for technical
details about the first-principles calculations. Transient eval-
uations are shown in Fig. 4. See the Supplemental Material
for surface plots of the transient DF [40].

At negative Ar [41], the reference DF obtained from a
commercial ellipsometer is reproduced (black dotted lines in
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FIG. 2. Transient DF tensor components (a) &5 and (b) &5° as well as (c) birefringence and (d) dichroism [38] at selected time delays
At obtained using wavelength-by-wavelength analysis. The left column comprises time delays around At = 0 (excitation), whereas the right
column shows Az > 1 ps (relaxation). The blue rectangles (insets) feature the orientation of the optic axis (single arrow) in the sample in
relation to the direction of the DF tensor components (double arrow). The dashed gray lines show the results from first-principles calculations
accounting for 10 cm~3 excited charge carriers at elevated temperatures [3], and the dotted black lines correspond to the reference spectra

obtained with a commercial ellipsometer. The black arrows mark a peak structure in &5° which is observed for Az =1 ps and leads to a
characteristic loop in the complex-plane representation (Fig. 3).

Fig. 2). The maximum in & (¢)°) is associated with exci- determines the difference of the exciton energy of &5° and
tonic absorption from the light-hole and heavy-hole (split-off) &5°. The fine structure due to the crystal-field splitting (light
valence bands according to optical selection rules [19]. The  and heavy holes) cannot be resolved at room temperature
spin-orbit splitting amounts to about 36 meV [42], which [42]. Thus we model the exciton resonance in £5° by a single
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FIG. 3. Complex-plane representation (see Appendix E) of the DF tensor components in Figs. 2(a) and 2(b). The energy increases along
the counterclockwise direction of the curve. The dashed gray lines show the results from first-principles calculations accounting for 10?° cm~3
excited charge carriers at elevated temperatures [3], and the dotted black lines correspond to the reference spectra obtained with a commercial

ellipsometer. The black arrows mark a peak structure in 5° which is observed for At = 1 ps and leads to a characteristic loop in the complex-
plane representation.
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FIG. 4. (a) Integrated value of &5 (black) and &)° (red) in the
spectral range 1.4-2.8 eV in units of meV. Note the horizontal axis
break at 1 ps. (b) Integrated value of &5° (black) and eg“ (red) in the
spectral range 2.8-3.6 eV in units of meV. (c) Transient exciton en-
ergy Ex (same color code as in previous panels) as obtained from the
line-shape-model equations (3a)—(3c) (squares and triangles) and the
read-off peak energy (crosses). The read-off peak energies are rigidly
shifted by —20 meV such that they agree with the steady-state values
from the oscillator model. The exciton energy cannot be determined
from the line-shape analysis when most of the absorption is shifted
out of the measured spectral range. The dashed lines indicate the
respective steady-state exciton energies.

oscillator (3a). The thin film is transparent for photon energies
below 3.2 eV and exhibits positive birefringence in this spec-
tral range. With increasing photon energy, both birefringence
and dichroism display a negative-valued minimum followed
by a positive-valued maximum, which is an effect of the
aforementioned selection rules.

For small positive time delay At¢, the absorption above the
band gap represented by ¢; is strongly damped, accompanied
by the simultaneous decrease in ¢;. This is clearly visualized
by the shrinking radius of the semicircle of the DF in complex-
plane representation [Figs. 3(a) and 3(b)]. At Ar =0, the
absorption edge is already smeared out and strongly decreased
[Figs. 2(a) and 2(b)]. We observe &, > 0 in the spectral range
3.0-3.3 eV. The line shape of the corresponding absorption
coefficient (Fig. 6) appears monoexponential, reminiscent of

Urbach-rule absorption [43,44]. Remarkably, the correspond-
ing birefringence [Fig. 2(c)] switches from positive—being
the steady state—to negative until Az ~ 400 fs, and the local
peak structures above 3.2 eV almost disappear completely in
both birefringence and dichroism.

In addition, we observe a simultaneous shift of the ab-
sorption edge to higher photon energies [Figs. 2(a) and 2(b)].
The largest blueshift is reached after 700 fs when &5 (5°)
has become zero up to 3.33 eV (3.38 eV) and most of the
spectral weight of the absorption is shifted out of the measured
spectral range also demonstrated by the integrated value of &,
in Fig. 4(b) [45]. The exciton peak is not observed anymore
at the original peak position; instead a flat edge occurs around
3.6 eV [Figs. 2(a) and 2(b)] which transforms back to a clear
peak structure (marked by a black arrow) not until 1 ps has
passed. This peak structure produces a loop in the complex-
plane representation of the DF [Figs. 3(a) and 3(c)]. For agc,
we expect a similar peak to occur just above our measured
spectral range. Birefringence changes back from negative to
positive in the entire spectral range between Ar = 0.2 and 1
ps [Fig. 2(c)]. Absorption recovery starts from higher energies
for At > 1 ps [Figs. 2(a) and 2(b)] concomitantly shifting
to lower energies and is not yet fully completed after 5 ns
[Fig. 4(c)].

Broad weak absorption channels in the band gap [Figs. 2(a)
and 2(b) and Supplemental Material] with indications for a
local maximum around 1.7 eV are rapidly induced by the
pump laser pulse also seen in the integrated &, [Fig. 4(a)].
The related dichroism [Fig. 2(d)] is small, but a tentative local
minimum is located at 2.2 eV at At =1 ps. The maximal
amplitude of the integrated absorption is reached after 100 fs
(i.e., instantaneous within the temporal resolution of our ex-
periment) for both tensor components. These broad absorption
channels vanish with a characteristic time of 1 ps [Fig. 4(a)]
and are not observed anymore after 20 ps.

V. DISCUSSION

For both DF tensor components €% and ¢P°, transient phys-
ical parameters are extracted from a line-shape analysis of the
imaginary part of the numerical DF &, = &5 + &5 + ¢5PC in
the spectral range above 3.0 eV. The line shape is based on El-
liott’s model [46] including a Gaussian broadening parameter
y and extended by exciton-phonon complexes [20,47]:

3 _ 2
en( =] o

n=1

Ac 1+ erf(E_yEG)

E21 —exp (—2¢)’

A
eX(E) = E—’g

£SM(E) = (3b)

2
&5 (E) = Awpc ) [0 5 (E — mEpy)). (3¢)

m=1

Contributions of discrete exciton transitions at energies
Ex(n) = Eg — EX/n* with binding energy EX and band
gap Eg are represented by eX. We take n=1,2,3 exci-
ton states into account [48]. Exciton-continuum contributions
are parametrized by £5°™, where & 2 = 712|E]_§f J/(E — Eg)|. Ax
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FIG. 5. Line-shape analysis of the steady-state spectra for
At < 0 (black lines) of the wavelength-by-wavelength DF of &5°
(squares) and sgc (triangles) using the oscillator-model functions
(colored areas) given in Eqs. (3a)—(3c). The oscillator-model func-
tions are shown here for )° only.

and Ac are amplitude parameters proportional to the cor-
responding transition matrix elements [19]. Exciton-phonon
complexes (EPCs) [19,49] are modeled via e57C, where Epy, is
an effective energy of the phonon cloud constituting the EPC.
Agpc 1s the overall amplitude factor, and b is the amplitude ra-
tio of the (m + 1)st to the mth phonon replica such that Fgpc =
Agpc Zm ! expresses the ratio of the EPC to the discrete
exciton contribution [49]. The parameters y, Eé(, Agpc, and
b are assumed to be identical for both DF tensor components
g5 and agc to discard correlations. Furthermore, a constant
offset of 36 meV between the band-gap parameters E° and
EY is assumed [42], which means that we neglect a shift
between the topmost and the split-off valence band. The EPC
peaks are not clearly observed in the spectra [Figs. 2(a) and
2(b)], but their contribution is still necessary for a physically
meaningful line-shape fit [20,49]. Therefore we approximate
Eyn = 50 meV in the line-shape analysis in accordance with
the literature [3,20,49]. Due to these assumptions, we cannot
directly deduce information on the transient electron-phonon
interaction from the line shape of the EPC.

Line-shape-model spectra for the steady-state DF are
shown in Fig. 5. The colored areas correspond to the con-
tributions of discrete excitons and exciton-phonon complexes
as well as exciton-continuum contributions. Model parameters
for the steady-state spectra are tabulated in Table I. The
steady-state exciton energy Ex is about 60 meV larger than the
literature value [42], consistent with the heteroepitaxial thin
film being under residual compressive in-plane strain [30].

TABLE 1. Model parameters of the steady-state DF spectra as
shown in Fig. 5. See Eqs. (3a)—(3c) and the text for definitions. The
broadening parameter y = 83 meV.

Parameter & &5

Ay (eV?) 1.97 2.11
Ac (eV?) 12.67 13.54
Ex(n=1) V) 338 3.41
Fipc 0.19 0.19

Time delay At (ps)
-0.3 -0.2 -0.1 0 0.1 0.2 0.3

10% ordinary ray iF extra-ordinary ray 1

30 32 34 36
Photon energy (eV)

3.0 32 3.4 36
Photon energy (eV)

FIG. 6. Transient absorption coefficient corresponding to the
ordinary and the extraordinary [38] ray for Ar= —300 fs
(blue) to 300 fs (red) in steps of 100 fs. The vertical dotted lines indi-
cate the position of the free-exciton energies in ZnO for polarization
either parallel or perpendicular to the optic axis, which coincide with
the high-energy limit of the exponential line shape of the absorption
coefficient. The circles mark a crossing region of the slope lines,
which is indicative of Urbach-rule absorption [43,52].

We obtain Fgpc = 0.19, which implies that the EPC contri-
bution to our thin-film DF compared with discrete exciton
contributions is rather weak [20,49]. The transient exciton
energy Ex is depicted in Fig. 4(c). The range of time delays
—100 fs < Ar < 3 ps is excluded from the line-shape analysis
because the model parameters are uncertain for these At,
where the absorption peak is not observed anymore in the
measured spectral range. Instead, the peak position is simply
read off from the maxima in the ¢, spectra [Figs. 2(a) and
2(b)] to approximate the exciton energy, which is slightly
lower than the true peak energy. The transient exciton energy
Ex is increased by 80 meV at most after 3 ps and remains
close to this value for another 3 ps. We conclude that in this
case the increase in Ex due to band filling (Pauli blocking)
and reduction in Eé( dominate over the decrease in Ex due to
band-gap renormalization [50]. The steady-state value of Ex
is almost reached again after 20 ps, followed by a minimum
observed for Ar &~ 200 ps similar to Ref. [3]. The minimum
can be qualitatively explained by a maximum of the transient
lattice temperature [1,51] leading to a decreased band-gap
energy. After 5 ns, the transient exciton energy Ex is still
about 10 meV lower than its steady-state value. Similarly,
neither birefringence nor dichroism is fully restored yet. This
observation can be a result of persistent carrier trapping [27].
However, we expect complete relaxation within 1 ms [51].
The absorption edge (Fig. 6) is smeared out upon op-
tical excitation starting at At = —100 fs until about At =
300 fs and shows an exponential line shape whose slope lines
intersect approximately at a single point. These observa-
tions indicate Urbach-rule absorption [43,52]. As originally
reported by Urbach [53], the slope lines of the absorption
coefficient cross at a common point for varying lattice tem-
perature. However, the lattice temperature should not have
changed much until At =300 fs. Considering the intense
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excitation of optical phonons (the hot-phonon effect [2]), it is
also not clear whether the lattice temperature is a well-defined
parameter in this nonequilibrium situation. See Appendix F
for further discussion.

The physical origin of Urbach-rule absorption lies in the
presence of microscopic (possibly stochastic) electric-field
distributions, which are able to ionize the excitons [54]. Such
electric fields can arise from defects in the crystal lattice,
from disorder, or from a local lattice deformation [44,54,55].
Even if the MBE-grown ZnO thin film is subject to an
anisotropic strain relaxation governed by interfacial disloca-
tions [56], we suggest the exciton—LO-phonon interaction,
which is paramount for the optical properties of polar semi-
conductors, to be responsible for the exponential line shape of
the absorption coefficient: The charge carrier relaxation gen-
erates hot phonons that perturb the lattice potentials, which
then act like disorder on the excitons. Furthermore, free ex-
citons are still available exactly on the time scale of the
appearance of Urbach-rule absorption At = —100 to 300 fs
and become screened by the high carrier density later on
[57]. Only weakly correlated electron-hole pairs (so-called
Mahan excitons [58,59]) exist for high carrier density, which
we assign to the peak structure in the DF after 1 ps [arrows in
Figs. 2(a), 3(a), and 3(c)] as observed earlier [3].

The high-energy limit of the exponential absorption coeffi-
cient appears to coincide with the steady-state exciton energy
([60], vertical dotted lines in Fig. 6) without the blueshift due
to the residual strain [42]. The spectral position of this feature
does not change much (about 10 meV blueshift) [61]. The
built-in electric field induced by the residual strain could be
screened by the excited charge carriers. This observation hints
again at the exciton—-LO-phonon interaction as the decisive
mechanism for the Urbach-rule absorption in this case [44].

Interestingly, the exciton energy seems to be stable on
the time scale of the abovementioned Urbach-rule absorp-
tion (until At = 300 fs, Fig. 6) and increases only afterwards
[Fig. 4(c)]. We speculate that this is related to the car-
rier density of states near the valence-band (VB) maximum
and conduction-band (CB) minimum: These states become
occupied only after thermalization among the carriers taking
200 fs (400 fs) for holes (electrons) [3]. Hence many-body ef-
fects modifying the transient exciton energy would set in only
after carrier thermalization, i.e., establishment of a Fermi-
Dirac distribution (further explanation below), which is in
accordance with earlier investigations [62].

The photoexcited electron-hole pairs are expected to fea-
ture optical properties that can be described by the Drude
model in the IR spectral range [50]. In Fig. 7 we compare
the transient DF ¢*¢ (symbols) at At = 200 fs and the corre-
sponding steady-state DF (dashed lines) to the simulated line
shape of the sum of two Drude terms (solid lines) using the
known carrier density and reasonable effective carrier masses
[63,64] and mobilities. The transient data feature a reduction
in &}° and a slight increase in &5°. The line shape of ¢} resem-
bles the Drude contributions for g, = 4 background dielectric
constant, 50 cm?/(V s) electron mobility and 3 x 10%° cm™3
carrier density. Still, the same line shape can also result from
the low-energy absorption combined with the reduction in the
background dielectric constant &; = &}, induced by Kramers-
Kronig relations [65] due to the absorption bleaching at the

4 T T _____LC-——--7d15
i -
3 [l .
[ 2 -1.0
X 2 B %’ N
ER
1t 2 -0.5
or g
1 — - T=7 : 0.0
0.5 1.0 1.5 2.0

Photon energy (eV)

FIG. 7. Comparison of experimental data &5° (symbols) at At =
200 fs and the corresponding steady-state DF (dashed lines) to the
simulated line shape of the sum of two Drude terms resulting from
the electron-hole plasma [50]. The Drude model parameters are
3 x 10%° cm™3 charge carrier density, &, = 4 background dielectric
constant, and 0.24 mq (0.59 my) effective electron (hole) masses
[63,64] with my electron rest mass. The electron mobilities are in-
dicated in the plot, and hole mobilities are assumed to be lower by
a factor of m./my,. Note that the &; curves for 50 and 100 cm?/(Vs)
electron mobility coincide within the line thickness in the plotted
spectral range.

band gap. The line shape of £5° reveals no conclusive informa-
tion here because our measured spectral range does not extend
far enough into the IR spectral range to overlap with the strong
curvature of the Drude term. Therefore we cannot rule out one
or the other mechanism.

VI. CONCLUSION

In the experiment, the UV-pump laser (266 nm and
4.67 eV) promotes electrons from the light-hole, heavy-hole,
and split-off VB to the CB in the vicinity of the I point and
transfers excess energy to electrons and holes (Fig. 1). The
optical excitation conditions are identical to Ref. [3]. Thus
we expect similar carrier and phonon dynamics: Initially, the
carrier distribution in momentum space follows the spectral
distribution of the pump laser; that is, it features a peak and
is nonthermal. A Fermi-Dirac distribution is reached within
a few hundred femtoseconds. The process is called thermal-
ization, and the state is typically referred to as “hot carriers.”
Thermalization is provided by carrier-carrier scattering and
carrier-phonon scattering [1,2,51]. The thermalized carrier
distributions are very broad because the large excess energy
leads to carrier temperatures of a few thousand kelvins [66].
Multiple effects result from the presence of these hot carriers:
(1) The VB maximum and CB minimum are occupied leading
to partial Pauli blocking of band-to-band and excitonic transi-
tions (band filling) [24,27,57]. Additional suppression of the
excitonic absorption is expected from the screening by free
charge carriers [67]. Hence absorption bleaching (decrease in
€,) is observed at the band gap. Kramers-Kronig relations
[65] enforce a simultaneous reduction in &; in the nearby
spectral range. (2) Holes scatter along the flat VB to the
edge of the Brillouin zone, thereby dynamically promoting
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new electronic transitions between valence bands [68] and
prohibiting higher-energetic transitions, e.g., the El transition
at 9 eV [69], which is, however, outside our measured spec-
tral range. (3) Exchange and correlation interaction between
the carriers leads to band-gap renormalization [50,57,70,71].
See Ref. [3] for a more thorough discussion of these
effects.

The hot-carrier effects are captured by our first-principles
calculations [59] for 10%° cm™3 electron-hole pairs in ideal
bulk ZnO where confinement effects are neglected (Fig. 2).
First-principles dichroism spectra [Fig. 2(d)] agree qual-
itatively with our measurements. Differences result from
neglecting EPC and carrier confinement in the ideal bulk-ZnO
model. The calculated birefringence features an offset already
in the steady state which is related to the limited spectral range
(up to 10 eV) for the Kramers-Kronig integral for €.

Dichroism in the spectral range of the low-energy ab-
sorption could be expected, because various possible optical
transitions in the Brillouin zone are subject to selection rules
[72]. Yet, dichroism is small for all At in this spectral range,
but the difference of the integrated spectra of ¢, seems larger.
Here, £5° > sgc during the first picosecond after excitation.
Both observations can be explained by inter-valence-band
transitions near the A point (Fig. 1), where the energy dif-
ference between the topmost valence bands amounts to about
2.1 eV. Those inter-valence-band transitions are symmetry
suppressed by optical selection rules [72] for light polarization
parallel to the optic axes (¢5°). The presence of this weak
dichroism hints at inter-valence-band transitions, but defect-
related transitions cannot be totally excluded. This, in turn,
diminishes the importance of the Drude term on the low-
energy side of our measured spectral range.

The main differences compared with the observations for
a polar c-plane-oriented ZnO thin film [3] are related to the
remaining strain induced by the substrate and the missing
surface band bending of the nonpolar m-plane surface [73,74].
Less excitonic enhancement at the absorption edge is expected
on a nonpolar surface [42] while the phonon-dispersion rela-
tion seems to be resilient to polarity changes [74].

VII. SUMMARY

In summary, we have shown that time-resolved spectro-
scopic ellipsometry is an excellent tool to study pump-laser-
induced transient optical anisotropy and enables distinction
between birefringent and dichroic effects. The transient DF
tensor in the spectral range 1.4-3.6 eV of an m-plane-oriented
7ZnO thin film after nonresonant UV excitation was obtained,
and transient physical parameters were deduced from a line-
shape analysis. Pump-induced switching from positive to
negative birefringence was observed in the entire measured
spectral range for 1 ps. Weak dichroism in the spectral range
below 3.0 eV hints at contributions of inter-valence-band tran-
sitions, while the exponential line shape of the absorption
coefficient just below the absorption edge can be related to
Urbach absorption caused by exciton—LO-phonon interaction.
Finally, the transient exciton energy corresponding to the
three upper valence bands was increased by at most 80 meV
after 3 ps.
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APPENDIX A: NOISE REDUCTION AND
ELLIPSOMETRIC DATA GENERATION

The experimental setup and the data reduction as well
as error estimation are described in Refs. [3,28]. Additional
steps of the data treatment are described in this Appendix.
The experimental spectra are subject to noise due to intensity
fluctuations of the driving Ti:sapphire laser and the nonlinear
nature of the probe-white-light generation process. In order to
reduce noise, we employ the combined interpolation, scale-
change, and noise-reduction filter proposed by Le et al. [29].
The filter is based on a Gaussian kernel and trapezoidal-rule
integration. In the same process, the spectra are interpolated
from an unevenly spaced wavelength scale determined by the
dispersion of the prism spectrometer to an equidistant energy
scale [75]. This is generally desirable for the spectral anal-
ysis of the resulting dielectric function. Exemplary filtered
reflectance-difference spectra are shown in the Supplemen-
tal Material. Note the fluctuations around 1.55 eV (800 nm)
which result from diffraction effects the physical edge of
a laser filter. Linear interpolations of the final ellipsometric
parameters N, C, and S, which are much smoother than the
reflectance-difference spectra, are used to generate the param-
eters around 1.55 eV.

The probe white light is chirped, i.e., photons with higher
energy are delayed with respect to lower-energy photons,
which results from the dispersion of the refractive index of
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FIG. 8. (a)20-w x-ray diffraction scan of the main sample. (b) X-
ray (Cu K-« anode) reflectivity along with a model fit of a reference
m-ZnO thin film on an m-sapphire substrate which was grown under
nominally identical conditions to those of the main sample. The inset
in (b) shows the rocking curve of the (100) ZnO peak.

the CaF, crystal used for white-light generation and the glass
support of the wire-grid polarizer ahead of the sample. As
a consequence, the zero time delay At = 0 is not the same
for every probe photon energy. The zero time delay is in
principle arbitrary and was set during data acquisition to the
position of the largest reflectance-difference signal. Therefore
we readjust the energy—time-delay grid for the chirp, which
is modeled with an even polynomial. Exemplary plots of the
chirp-corrected data are provided in the Supplemental Mate-
rial.

APPENDIX B: SAMPLE CHARACTERIZATION

The ZnO thin film was grown by molecular beam epitaxy
(MBE) on an m-plane-oriented sapphire substrate similar to
Ref. [30]. The ¢ axis of ZnO is oriented perpendicular to
the ¢ axis of sapphire in this case. In Fig. 8(a), 260-w x-ray
diffraction scans demonstrate the sole (100) orientation [cor-
responding to (1010) orientation in (kkil) notation] of the ZnO
film with no sign of parasitic orientations. X-ray reflectivity
data of a reference m-ZnO thin film grown on an m-sapphire
substrate under identical conditions to those of the main sam-
ple are shown in Fig. 8(b). A layer stack model yields a film
thickness of 37 nm and 2-nm roughness. The smooth sur-
face has been confirmed by atomic force microscopy (AFM)
measurements as displayed in Fig. 9 which indicate a root-
mean-square roughness of about 1 nm. The rocking curve of
the heteroepitaxial ZnO thin film shows a FWHM of about
1.5° [Fig. 2(b) inset], which is relatively narrow for such a thin
film. Furthermore, the grain size along the growth direction,
as extracted from the x-ray scans using the Scherrer formula,
is limited by the film thickness confirming the overall high
structural quality.

APPENDIX C: FIRST-PRINCIPLES CALCULATIONS

The first-principles calculations are based on many-body
perturbation theory in order to investigate the optical prop-
erties of ZnO subject to electron-hole interactions. We use

10.9 nm

FIG. 9. The AFM image of the main sample reveals a smooth
surface with about 1 nm roughness.

density functional theory (DFT) [76,77] to calculate Kohn-
Sham states and energies and employ these to solve the
Bethe-Salpeter equation (BSE) for the optical polarization
function [78]. All DFT calculations are carried out using the
Vienna ab initio simulation package [79-81] and the computa-
tional parameters given in Refs. [59,82]. The BSE calculation
employs the implementation detailed in Refs. [83,84]. More
details on the calculations are presented in Ref. [3]. The
first-principles calculations constitute an ideal bulk-ZnO DF
in contrast to the thin film measured here. The energy of
the absorption edge is lower (no strain effect) and features a
higher amplitude (ideal crystal structure).

APPENDIX D: KRAMERS-KRONIG CONSISTENCY

Kramers-Kronig relations (KKR) connect the line shape of
the real and imaginary part of the DF. In order to check KKR
consistency of a given DF, one can fit a KKR-consistent B-
spline representation [85] to it. In our experiment, the relative
difference between the wavelength-by-wavelength DF and the
B-spline DF is at most 3%, which means that the wavelength-
by-wavelength DF is approximately KKR-consistent. The
wavelength-by-wavelength description was preferred over the
B-spline representation in order to avoid any artificial oscilla-
tions [86,87] at the high-energy side of the spectrum for the
subsequent line-shape analysis.

APPENDIX E: COMPLEX-PLANE REPRESENTATION
OF THE DIELECTRIC FUNCTION

Complex-valued functions can be represented in the plane
spanned by its real and imaginary part, which is called an
Argand diagram [88]. This representation is termed a “Cole-
Cole plot” when the dielectric function (DF) ¢ = ¢ + ig;
is plotted in the £-&, plane [89]. The resulting line shows
characteristic counterclockwise curves corresponding to res-
onances in the spectrum which are determined by the
Kramers-Kronig relations [90]. This complex-plane repre-
sentation is rarely reported [91,92] although it provides a
beautiful way to emphasize the DF changes in resonances.
The DF tensor components for the same time delays and
spectral range as in Fig. 2 in complex-plane representation are
shown in Fig. 3. Photon energy increases counterclockwise
along the curve. Low-energy absorption is depicted near &, =
0, while absorption bleaching is clearly seen by the shrinking
radius of the semicircle.
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FIG. 10. (a) Transient Urbach energy Ey and steepness parameter ¢ as defined in Ref. [52] for exponential model fits (not shown) of the
absorption coefficient. Squares correspond to the absorption coefficient of the ordinary ray, and circles correspond to the extraordinary ray.
We assume 300 K lattice temperature and E,;, = 50 meV effective phonon energy in accordance with the literature [3,20,49]. (b) Theoretical
steepness parameter o and Urbach energy Ey for varying lattice temperature and Ej;, as calculated from Egs. (1) and (2) in Ref. [52]. Dashed
lines indicate room temperature (RT) and the maximal electron (hole) temperature 7; (7;) in the present experiment.

APPENDIX F: URBACH RULE ANALYSIS

An exponential line shape of the absorption coefficient [53]
below the band gap can indicate the presence of Urbach-rule
absorption [43,52]. It was demonstrated that the absorption
coefficient of the ordinary ray and the extraordinary ray for
At = —100 to 300 fs shows such an exponential line shape
and that the corresponding slope lines cross each other ap-
proximately at the same point. The appearance of a “focal
point” for varying lattice temperature is another criterion for
Urbach-rule absorption [43]. In contrast to the original defini-
tion of the Urbach rule, we do not expect a change in lattice
temperature on this time scale. Only the effective carrier tem-
peratures are increasing in the sense that carriers gain excess
energy. Note, however, that quasi-thermal equilibrium, which
allows the definition of a temperature, might not be reached
yet [3].

The transient Urbach energy Ey = kT /o [Fig. 10(a)] as
defined in Ref. [52] and obtained from a model fit of the
absorption coefficient (Fig. 6) increases to Ey &~ 190 meV at

most. In our case, it is a measure of the spectral range in which
the absorption coefficient shows an exponential line shape.
The increase in Ey is slightly larger for the fits corresponding
to the extraordinary ray. The corresponding steepness param-
eter o decreases from 0.2 to 0.15 assuming 300 K lattice
temperature and Ep, = 50 meV effective phonon energy in ac-
cordance with the literature [3,20,49]. A decrease in o can be
related to increased exciton—LO-phonon interaction strength
[44,93]. However, it is not clear whether it is valid to assume
constant temperature and effective phonon energy or whether
the lattice temperature is the correct parameter in this nonequi-
librium system. An increase in 7 could overcompensate for an
increase in Ey (as in our analysis) and thus could easily lead
to an increase in 0. Theoretical curves of o and Ey for varying
lattice temperature are shown in Fig. 10(b). It is seen that the
actual value of the effective phonon energy Ep, has a weak
influence. This could indicate that the transient temperature
parameter T is more relevant for the Urbach analysis of our
experiment.
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