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Distortion of light pulses in ZnO caused by both bound and free excitons is demonstrated by time-of-flight
spectroscopy. Numerous lines of bound excitons dissect the pulse spectrum and induce slowdown of light
propagation around the dips. Exciton-polariton resonances determine the overall pulse delay, which approaches
1.6 ns at 3.374 eV for a 0.3 mm propagation length, as well as the pulse curvature in the time-energy plane and
its attenuation. Analysis of cw and time-resolved data yields the excitonic parameters inherent for bulk ZnO. A
discrepancy is found between these bulk parameters and those given by surface-probing techniques.
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I. INTRODUCTION

The phenomenon of light retardation in a dispersive
medium has been studied from the beginning of the last
century,! for both local dielectric’> and exciton-polariton
systems.? Garrett and McCumber* examined the propagation
of a Gaussian light pulse near a resonant absorption line. In
addition to exceptional variation of the group velocity, they
predicted unchanged width and shape of the pulse for many
exponential absorption depths. Early experiments showed no
significant changes in the temporal shape of the pulse at the
excitonic resonances in GaAs (Ref. 5) and GaP.° The distortion
of the pulse spectrum was not considered, while the optical
dispersion implies a different group velocity and attenuation
for the higher- and lower-energy edges of the pulse.”® That can
result in pulse curvature in the time-energy plane and a shift of
its maximum. The narrow absorption line can produce a hole
in the pulse spectrum, causing temporal beats.” More recent
time-resolved (TR) measurements have found such features of
pulse distortion in various semiconductors.'®-14

Resumption of the interest in slow light was stimulated
by possible applications in information processing.!> That
requires a delay significantly exceeding the pulse duration,
while their ratio is limited when quantum coherent effects are
exploited. The resonant dispersion allows one, in principle, to
realize a high ratio, but at the cost of severe signal attenuation.
Wide-gap semiconductors, like ZnO and GaN, possess strong
excitonic resonances that makes them suitable for such light
retardation. Light velocity as low as 6000 km/s in ZnO
(Ref. 13) and 2100 km/s in GaN (Ref. 14) was measured below
the bound exciton (BX) lines. In view of these findings, the
question about the distortion of a light pulse has been revived.'®

Here, we report on delay and distortion of light pulses by
excitons in ZnO. The results are interesting for two reasons:
First, ZnO possesses numerous lines related to different states
of donor-bound excitons. The fine spectrum of these excitons is
probed by time-of-flight spectroscopy via the local distortion
of the pulse shape at different energies. Second, simulation
of the general shape of the transmitted pulse permits us to
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determine basic parameters of exciton-polariton resonances,
inherent to bulk ZnO. They turn out to be somewhat different
from those given by surface-probing techniques.

II. EXPERIMENTAL DETAILS

The time-of-flight experiments were performed using free-
standing c-plane ZnO samples with thickness L = (0.3-2) mm
supplied by Tokyo Denpa Co. Pulses of a picosecond tunable
laser (Mira-HP, second harmonic) hit the sample placed in
a He cryostat. Their detected temporal width (15-30 ps)
was determined by instrumental accuracy of the system as a
whole (dependent on the jitter of the laser pulses and spectral
resolution of the monochromator, etc.). A Hamamatsu streak
camera with a 2 ps temporal resolution (for the fastest time
range) was used to record the TR images of the collected light.

Two schemes of measurements were exploited. In the
forward (transmission) geometry, excitation and detection are
carried out from different sides of the sample. In the backward
geometry, this is done from the same side [Fig. 1(a), inset].
In both cases, we were able to register a series of replicas,
arising due to the light reflection from the crystal boundaries.
Propagating like polaritons,'* they cover a distance of nL,
where n is an odd (even) number for the forward (backward)
geometry. Thus, their study is the same as the investigation
of a set of samples with identical parameters but different
lengths. The initial time moment when light impinges on the
sample surface was determined in the forward geometry by
means of measurements of the light pulse without the sample.
In the backward geometry, we used for this purpose a light
streak directly reflected from the surface (OL in our notation),
which precedes the series of replicas in a time-resolved image.
This way is more precise because it excludes variation of
the delay time due to readjustment between two different
measurements.

Supplementary continuous-wave (cw) photoluminescence
(PL), transmission, and reflection measurements were per-
formed at different temperatures using a He-Cd laser (for PL)
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FIG. 1. (Color online) (a) Combined images of four pulses
propagating through the 0.3 mm sample (logarithmic intensity scale).
The boundaries between them are marked by white lines. The delay
time dependence (dashed line) is calculated neglecting the BX lines to
show the dominant contribution of the free-exciton resonances. The
inset presents the scheme of the signal detections in the forward and
backward geometries; labels nL mark the light replicas. (b) Spectra
of cw PL, transmission, and reflection (the inset) measured in the
same sample. Ay and A, denote the transverse and longitudinal A
exciton emission peaks. Dashed lines show the transmission spectra
simulated neglecting the BX lines with2T"; (1) 3 ueV and (2) 30 ueV.

or a tungsten lamp (for the others). In the PL spectra, the
number (2—4) and intensity of the dominant BX lines vary
among the samples, while their energies are almost identical.

III. RESULTS AND DISCUSSION

Typical images of the light pulses propagating at different
energies are shown in Fig. 1(a). Below the BX lines, a
series of replicas can be seen. The higher-energy edge of the
curved light stripe is observed in the close vicinity of the A
exciton at 3.374 eV with a delay of about 1.6 ns. This light
stripe gradually narrows due to increasing absorption. Further
shift of the pulse toward higher energies results in its full
quenching accompanied by an increase of the BX PL. These
images apparently show that the general curvature and delay
of the pulses follow the slowdown of the group velocity due
to the optical dispersion controlled by the exciton-polariton
resonances.

In contrast, the influence of the BX lines is spectrally local.
They provide dips cutting the pulses into several parts and
induce extra retardation of light nearby. Because even a very
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FIG. 2. Selected spectral cross sections of the light pulses passing
the 0.3 mm sample, made at different delay times from 110 ps
(bottom) up to 1200 ps (top). The dips corresponding to several
important lines are labeled. The shape of the initial light pulse is
shown by the dotted curve.

weak line causes noticeable absorption if a sample is thick
enough, the number of BX lines resolved by the time-of-flight
spectroscopy (similar to transmission) is higher than in the
PL spectra [Fig. 1(b)]. The spectral cross sections of the
pulses (Fig. 2) allow us to reconstruct the fine structure of
the BX spectrum, which contains at least 18 lines in the
3.356-3.374 eV range (Table I). These lines can be divided
into three groups: (i) Two sets of A and B excitons bound
to neutral donors D°X, separated by a gap of ~4.5 meV.
They produce the strongest local changes. (ii) Excitons bound
to ionized donors DX, at higher energies. iii) Weak lines
related to the vibrational-rotational (vr) states of the bound
excitons. Besides, a few additional lines are discovered by this
time-of-flight study.

To model the pulse delay and distortion, the spectrum of
the impinging laser pulse Ey(w) is approximated as a Gaussian
with central frequency wy and the envelope maximum in the
time domain at ¢+ = 0. The amplitude and phase of the pulse
in the frequency domain are given by the Fourier transform at
the boundary of the medium, z = 0.8 In the linear regime, the

TABLE 1. Parameters of bound excitons in bulk ZnO obtained
through the pulse distortion analysis. The notation follows Ref. 19;
X denotes unidentified lines.

Transition  E (eV) fex Transition E (eV) fBx

I;(DTX,) 33733 1x1077 X 3.3635 5x 1077
I(D*X,) 33721 1x107% 1(D°X,) 33623 1x107°
I (DYX,) 33717 1x107% I(D°X,) 3.3620 1x 107°
X 33705 3x 1077 I"(D°X,) 3.3616 1x 1076
X 33695 3x 1077 Is(D°X,) 3.3614 2x107°
X 33685 1x107° Ig(D°X,) 3.3608 5x10°°
ISB(DOXB) 33669 1x107° L(D°X,) 3.3600 5x107°
1B(D°Xp) 33653 2x107% I(D°X,) 33593 5x107°
IB(D°Xp) 33647 2x107% I(D°X,) 33566 1x107°
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electric field at the spatial point z = L can be described as

o i dw
E(L,t) = / Eo(w)T(L,w)e™" " —. )
oo 2
Here, the amplitude transmission coefficient T(L,w) takes
into account the multiple reflections and attenuation of light
impinging normally on a slab with parallel boundaries.!’
It depends on the complex wave vector of light in the
sample, k(w) = (w/c)/e(w), with e(w) being the dielectric
function of the medium. The pulse shape in the time-frequency
representation is calculated by means of the Gabor transform
with the temporal window of ~15 ps.'8

For a medium with several exciton-polariton resonances,
e(w) is written as e(w) = &, + Zi X, where g, is the
background dielectric constant (taken as 8.1) and X ; are the
contributions of these resonances. When the resonances are
assumed to be homogeneous, an expression taking into account
the spatial dispersion can readily be used.?® With inhomoge-
neous broadening induced, e.g., by structural imperfections,
each X ; term can be represented by the convolution of the line
with a Gaussian centered at the same frequency:'*

_ fi@o.; 1 —_"?2>
Xf_/wo,,+ﬂk2+s—irj—wﬁAjeXp(A§ a5
2

Here, each j resonance is characterized by a frequency wy ;,
an oscillator strength f;, and a damping term I';. A ; describes
the inhomogeneous width. Spatial dispersion is taken into
account by the term gk* = (h?/2M j)kz, where the effective
masses M are assumed to be infinite for the BX and equal to
0.9m, for each free-exciton resonance. Equations (1) and (2)
account for the spatial dispersion in a simplified way. They
are valid for @ not too close to wy j, which is sufficient
for our purposes. Variation of the group velocity v,(w) =
dw/dk, controlled mostly by f;, determines the different
delay T = L /v, of the pulse constituents and, hence, the pulse
curvature.

In our simulations, all noticeable BX lines were taken into
account. i’ =1 peV and A = 75 eV characterize these
narrow lines. The fgx values corresponding to the observed
local distortion are given in Table I. For the sake of illustration,
we present the modeling of the intricate pattern appearing
when the central energy of the pulse falls into the gap between
the closely situated I and I7 lines. The light propagates there as
an extremely narrow ~0.3 meV stripe [Fig. 1(a)]. Figures 3(a)—
3(c) show that a twice higher f value taken for the D°Xp
transitions (4 x 107 vs 2 x 107®) provides an unacceptably
long delay and too strong distortion of the pulse.

To determine the parameters of the exciton-polariton
resonances, we consider exclusively the data on the processes
taking place inside the crystal, namely, cw transmission and
pulse propagation. We abstain from using the data from
reflection and PL spectroscopies, because they probe mostly
a region close to the surface. The modeling is simplified
owing to the fact that each excitonic parameter is responsible
predominantly for some particular characteristics. The derived
exciton-polariton parameters are collected in Table II (the
distant C exciton is neglected).
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FIG. 3. (Color online) Simulations of the shapes of Gaussian
light pulses propagating through the 0.3 mm sample. (a)—(c) A pulse
centered at 3.365 eV modeled (a) neglecting BX lines, and taking into
account the BX lines with (b) f =2 x 107% and (c) f =4 x 107°.
Arrows mark the experimental delay of the pulse center. (d) Pulses
centered at 3.354, 3.360, 3.366, and 3.373 eV modeled using the
data of Tables I and II. The black line presents the calculated delay
dependency for relative intensity >107". In each particular image
with boundaries marked by white lines, the intensity (logarithmic
scale) is normalized to the maximum value.

The modeling reveals two severe limitations:

(1) The damping term A" must be as small as ~3 ueV at
low temperature. Higher values would result in full opaqueness
in the transmission spectra in the range where the narrow
BX lines are clearly resolved [Fig. 1(b)]. This is independent
of the model used to describe e¢(w), because the absorption
depends on the imaginary part of the dielectric function, which
is determined by this term.

(2) The inhomogeneous width A cannot exceed 0.5 meV
for the A exciton resonances. This restriction arises from the
observation of the transmitted light at 3.374 eV. With stronger
broadening, which may occur in crystals of worse quality or

TABLE II. Low-temperature exciton-polariton parameters de-
rived from volume- and surface-probing measurements.

Parameter A exciton B exciton

TR and cw transmission
hawy (eV) 3.376 + 0.0002 3.382 £ 0.001
f 0.0072 4 0.0002 0.012 £ 0.001
w7 (meV) 3 5
nl (ueV) 3+£0.2 3.54+0.5
hA (meV) <0.5 <1

PL and reflection

hawy (V) 3.3758 4+ 0.0002 3.382 £+ 0.001
Al* (meV) 0.75 1.5
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FIG. 4. (Color online) Images of nL replicas recorded in the
0.3 mm (a) and 1 mm (b) samples in the backward and forward
geometry, respectively. 0L marks the pulse directly reflected from
the surface. The black lines present the calculated delay dependencies
shown for intensity of the transmitted light larger than 10~ of the
incident light intensity.

with a temperature rise, the pulse propagating at this energy
would be fully attenuated.

These constraints based on the signal attenuation are
more rigorous than a requirement imposed on the effective
damping parameter, which should be less than the longitudinal-
transverse splitting ;7 to maintain the polaritonic modes.”!
Moreover, our data do not exclude the possibility that the
excitonic resonances inside the crystal are homogeneous with
Al of a few ueV.

As a result, we were able to simulate the TR images
using the same exciton-polariton parameters for all samples
(the BX parameters were slightly varied). Close agreement is
observed between the simulated [Fig. 3(d)] and experimental
[Fig. 1(a)] images of the pulses of different energies. Figure 4
presents the light replicas measured in the different samples.
Their shapes are also well consistent with the calculated delay
dependencies.
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In addition, our modeling has revealed an obvious contra-
diction between the results of volume- and surface-probing
experiments (Table II). The successful fitting of reflectivity
spectra [Fig. 1(b), inset] requires the empirical damping term
AT = 0.75 meV in the model of homogeneous resonances.?
A similar result can be obtained assuming the resonances as
inhomogeneous withiA 4 ~ 0.9 meV. However, both variants
would provide too strong attenuation of the propagating light.
Further, the splitting between the PL peaks, ascribed to
transverse and longitudinal A exciton emission, is 1.6-2 meV,
whereas the rough estimation using the bulk parameters gives
wrr ~ 3meV. This dependence on the measurement technique
is suggestive of a certain deterioration of the excitonic
resonances at the surface, which can be induced by modified
structural properties.?>??

IV. CONCLUSION

In conclusion, a strong resonant delay of light pulses in
ZnO is accompanied by their severe attenuation and shape
distortion. Simulation of these effects enables us to determine
the excitonic parameters of bulk ZnO, as well as to establish
that the resonances must have a low damping and limited
broadening to allow the light propagation. Time-of-flight
spectroscopy gives an opportunity to investigate the fine
structure of a spectrum.
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