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By employing time-of-flight spectroscopy, the group velocity of light propagating through bulk ZnO is
demonstrated to dramatically decrease down to 2044 km/s when photon energy approaches the absorption
edge of the material. The magnitude of this decrease is found to depend on light polarization. It is concluded that
even though the slowdown is observed in the vicinity of donor bound exciton (BX) resonances, the effect is chiefly
governed by dispersion of free exciton (FX) polaritons that propagate coherently via ballistic transport. Based
on the experimentally determined spectral dependence of the polariton group velocity, the polariton dispersion
is accurately determined.
DOI: 10.1103/PhysRevB.83.245212

PACS number(s): 78.66.Hf, 78.47.D−

I. INTRODUCTION

There has been substantial fundamental and technological
interest1–5 to control and slow down light propagation in dispersive materials attributable to its great potential for a variety
of innovative applications, e.g., in all optical communication
networks, novel acousto-optical devices, quantum information
storage and processing, etc. For example, it was shown6 that
slowing the group velocity of a laser pulse down to the speed
of sound in solids leads to enhanced acousto-optical effects,
which is promising for applications in quantum optics for
effective wave mixing and amplification. Implementation of
controllable slow-light delays7,8 in photonic-crystal waveguides and fibers enables realization of all-optical buffers and
variable optical delays. Moreover, laser pulses have even
been brought to a halt in opaque atomic medium, which
allowed storage of coherent optical information for up to
1 ms.9,10 This represents an important step toward quantum
information storage and processing. In semiconductor materials the concept of slow light can be realized by utilizing
singularities of dielectric function in the vicinity of excitonic
resonances and exciton-photon coupling that leads to polariton
formation. By using time-of-flight spectroscopy, a decrease
in light group velocity owing to polariton dispersion has
indeed been experimentally demonstrated for a variety of
bulk semiconductors and related low-dimensional structures
including bulk CdSe,11 GaP,12 CuCl,13 GaN,14 CdZnTe,15 and
GaAs quantum wells.16
In recent years ZnO has been recognized to be among
the most promising semiconductor materials for optical and
electronic applications. As a wide bandgap semiconductor
with a direct bandgap and large exciton-binding energy
of about 60 meV, ZnO is a key candidate not only for
biodetection and transparent electronics but also in optical
communications, high-density data storage systems, as well as
for short wavelength light emitters including lasers. Moreover
light-matter interaction effects, such as polariton formation,
are known17–19 to be exceptionally strong in ZnO, facilitated
by the polar-bonding character and large polarizability of ZnO
matrix. Therefore polaritonic effects are foreseen to contribute
to novel fascinating applications of this material, e.g., in
polariton lasers operating at room temperature.20
In principle the polariton formation should also substantially affect group velocity of light propagating through ZnO
1098-0121/2011/83(24)/245212(7)

media. The first experimental verification that the light can
indeed be slowed down in ZnO was recently obtained from
time-resolved photoluminescence (PL) studies of donor bound
exciton (BX) emission.21 It was found that time required for
transfer of the emitted photons from the BX recombination
through a 1-mm ZnO crystal is rather long, i.e., reaching
200 ps, which was attributed to the dispersive propagation
of the BX polaritons. However, analysis of the results was
complicated by the fact that the delay of the detected BX
emission was partly related to delayed formation of the BX
following expansion of electron-hole plasma through the
crystal from the front surface of the sample where it was
initially excited.
In the present study we avoid this complication by investigating propagation of laser pulses instead. We show that
light experiences dramatic slowdown when photon energies
approach the absorption edge of ZnO, to a degree determined
by light polarization. This effect is analyzed in the framework
of polariton propagation. It is concluded that even though the
slowdown is observed in the vicinity of donor BX resonances,
the main contribution to the effect in fact arises from free
exciton (FX) polaritons that propagate coherently via ballistic
transport. Based on the experimentally determined spectral
dependence of the polariton group velocity, the polariton
dispersion is accurately determined.

II. SAMPLES AND METHODS

Light propagation was studied by time-of-flight spectroscopy using commercially available c-plane ZnO substrates
from Cermet, Inc. and Denpa Co. with thicknesses of 0.25
and 0.55 mm, respectively. To reduce light absorption in
the vicinity of excitonic resonances, some of the Denpa
ZnO substrates were mechanically polished down to the
thickness of 0.13 mm. Effects of polarization of light on
its group velocity in the wurtzite matrix were evaluated by
performing time-of-flight measurements for the following
relative orientations of the light wave vector k, the electrical
field vector E, and the principal axis c of wurtzite ZnO: (i)
kc, E⊥c (α-polarization); (ii) k⊥c, E⊥c (σ -polarization);
and (iii) k⊥c, Ec (π -polarization). In the two latter cases,
a 1-mm-thick sample cut from the Denpa ZnO substrate was
used.
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FIG. 1. (Color online) (a) Transient spectra of a 3.351-eV laser
pulse transmitted through the 0.55-mm ZnO sample in the αmeasurement geometry (kc, E⊥c). The light intensity is displayed
in the logarithmic scale. The stronger signal denoted as “I” corresponds to the main laser pulse, whereas the weaker component
“II” is attributed to the light pulse that has experienced two
internal reflections at the sample surfaces before exiting the sample.
(b) Temporal profiles of the transmitted light with energies as
indicated by the solid lines in (a). (c) Typical PL spectrum recorded
in the back-scattering geometry. All measurements were performed
at 4 K. (d) A schematic illustration of the measurement geometries
employed in the time-of-flight and PL measurements. The inset in
(a) shows a close up of the transient spectra within the D0 XA spectral
region. The dotted lines in the inset indicate the spectral positions of
the D0 XA1 and D0 XA2 resonances. The spectra were measured for the
0.13-mm-thick ZnO.

Time-resolved optical measurements were carried out
at temperatures of 4–150 K using a tunable Ti:sapphire
femtosecond-pulsed laser with a repetition frequency of
76 MHz and duration of about 150 fs. Second-harmonic
laser pulses tuned below the FX but in the vicinity of BX
energies (3.326–3.361 eV) were used as a light source during
time-of-flight measurements. This allowed us to solely study
propagation of the laser light and to avoid PL excitation.
The transmitted light was detected in the forward geometry
with light propagating along the normal to the sample surface
[Fig. 1(d)]. The time origin was calibrated by carefully
removing the sample out of the beam. Typical laser power was
around 10 W/cm2 . PL measurements were performed in the
back-scattering geometry under excitation by third-harmonic
laser pulses with the photon energy of 4.66 eV. The transmitted
laser light and PL were detected by a Hamamatsu streak
camera combined with a 0.5-m grating monochromator. Time
resolution of the whole system was better than 2 ps.
III. EXPERIMENTAL RESULTS

Figure 1(a) shows a representative image of a laser
pulse, which was initially tuned to 3.351 eV, after it was

transmitted through a 0.55-mm-thick Cermet ZnO sample in
the α-measurement geometry (kc, E⊥c). Several important
features can be noticed. First of all, the light could only
be transmitted when photon energies are below 3.360 eV,
which indicates strong near-band-edge absorption at the higher
energies. [After decreasing thickness of the sample down to
0.13 mm, light propagation can be studied even for photon
energies slightly above the D 0 XA resonances as shown in
the inset of Fig. 1(a)]. Second, the image (i.e., streak) of the
transmitted light is strongly bent toward the absorption edge.
This means that the time required for light propagation through
the sample (to be referred further as time delay) critically
depends on photon energy and increases when the photon
energy approaches the region of near-band-edge excitonic
absorption. For example the time delay for the main component
(denoted as “I”) increases from about 49 ps for the 3.335 eV
photons to up to 217 ps for the 3.360 eV photons. This
dependence can also be seen from Fig. 1(b), which shows
time profiles of the transmitted light for energies as indicated
by the solid lines in Fig. 1(a). Moreover, in addition to the
intense signal from the main laser pulse, the image contains a
much weaker signal denoted as “II” in Figs. 1(a) and 1(b).
The corresponding time delay at any wavelength is about
three times longer than that for the main transmitted pulse,
which results in stronger bending of the streak. We attribute
this feature to the light pulse which has experienced two
internal reflections at the sample surfaces (which act as a
Fabry-Perot cavity) before exiting the sample, i.e., propagated
inside the sample in forward-backward-forward directions.
Comparison with the reference PL spectra [Fig. 1(c)] shows
that the observed slowdown occurs in the vicinity of donor BX
resonances denoted as D 0 XA 1 and D 0 XA 2 in Fig. 1(c).
The slowdown of photons with energies in the vicinity of
the absorption edge is also observed in the π - (i.e., when k⊥c,
Ec) and σ - (i.e., when k⊥c, E⊥c) geometries, as shown
in Figs. 2(a) and 2(b), respectively. In these cases, however,
only the main transmitted pulse is observed, likely due to
poorer quality of the surfaces after cutting the sample. In the
σ -geometry light propagation remains basically identical to
that observed in the α-geometry discussed previously. On the
other hand it is significantly modified when the light wave
has π -polarization. Under this condition the ZnO samples
become transparent in the regions of the D 0 XA 1 and D 0 XA 2
absorption, and a blue shift of the absorption edge up to
approximately 3.375 eV is observed. With increasing power
of the laser light up to 800 W/cm2 , the transmitted signal can
be detected within the spectral range of 3.3771–3.3810 eV
(i.e., above the 3.375-eV resonance) even for the 1-mm-thick
ZnO [see the inset of Fig. 2(a)]. It is also noticeable that the
bending of the streak toward the absorption edge is by far
less pronounced for the π -polarization, meaning shorter time
delays.
The observed dependence of the light absorption on light
polarization can be understood in light of selection rules for
optical transitions in the wurtzite matrix. Indeed, crystal-field
and spin-orbit interactions split valence band (VB) of ZnO
into the so-called A-, B-, and C-subbands. Assuming an
inverse ordering of the VB states,22–24 i.e., A( 7 ), B( 9 ), and
C( 7 ) states, symmetries of the corresponding excitonic states
in ZnO are 7 ⊗ 7 = 1 ⊗ 2 ⊗ 5 , 7 ⊗ 9 = 6 ⊗ 5 ,
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FIG. 2. (Color online) Transient spectra of a 3.358-eV laser pulse
with the (a) π - and (b) σ -polarization after transmission through
the 1-mm-thick ZnO sample. The light intensity is displayed in
the logarithmic scale. The dotted lines indicate positions of the
specified excitonic resonances. The employed laser power was around
10 W/cm2 . The inset in (a) shows a close up of the transient spectra
in the vicinity of the 3.375-eV resonance. The spectra were measured
after increasing the laser power to 800 W/cm2 .

and 7 ⊗ 7 = 1 ⊗ 2 ⊗ 5 for the A-, B-, and C-excitons,
respectively. From group theory considerations the only
dipole-allowed transitions are  5 for E⊥c and  1 for Ec
polarizations. Moreover, oscillator strengths of the A and
B  5 excitons are significantly larger than that for the C
 5 . On the other hand the A  1 excitons are spin-forbidden
and consequently have low oscillator strength, whereas the C
 1 excitons are spin-allowed.24 Therefore, optical-absorption
transitions related to the upper A- and B-VB subbands (and
the associated D 0 X resonances) are the most pronounced ones
in the α- and σ -geometries, consistent with our experimental
data. In contrast the A  1 resonance, which defines the ZnO
absorption edge for the Ec light polarizations, is rather
weak. Spectral positions of the relevant excitonic resonances
are indicated by the dotted lines in Figs. 2 and 3. From the
inset in Fig. 2(a) one may also notice the presence of an
even weaker resonance located at ∼2 meV above the A  1 .
The spectral position of this resonance corresponds to that of
a longitudinal A  5L exciton,23 which may become weakly
visible when Ec because of, e.g., coupling with A  1 or
imperfect optical alignment. This resonance will, however, not
be further considered as it has a very low oscillator strength
and does not affect time delays of the transmitted light.
The results from the time-of-flight measurements of all
investigated samples obtained in three measurement geometries are summarized in Fig. 3, where symbols denote the
experimentally measured delay times for the ZnO samples
with the specified thicknesses. Data denoted by dots represent

FIG. 3. (Color online) Time delays of laser pulses caused by
propagation through the ZnO media with the specified thickness for
(a) kc and (b) k⊥c. The data points attributed to the 1.65-mm-thick
ZnO represent time delays for the signal “II” shown in Fig. 1, i.e.,
for a laser pulse that has undergone the forward-backward-forward
propagation inside the 0.55-mm sample. The solid lines represent
spectral positions of the marked excitonic resonances.

the time delays in the Cermet ZnO, whereas all other data were
obtained from the Denpa samples. Clearly the slowdown effect
is common in ZnO and relies on the presence of excitonic
resonances as a magnitude of the effect largely depends on
light polarization.
Light propagation also remains dispersive at elevated
temperatures. This is illustrated in Fig. 4 where spectral dependences of the delay time measured at different temperatures in
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FIG. 4. (Color online) Time delays of the transmitted laser pulse
measured from the 0.55-mm-thick ZnO at the specified temperatures.
The data are plotted as a function of energy distance E to the
FXA ( 5 ) exciton to account for a temperature-induced shift of the
ZnO bandgap.
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the α-geometry are shown. The data are plotted as a function
of energy distance to the FXA ( 5 ) exciton to account for a
temperature-induced shift of the ZnO bandgap and, therefore,
of the spectral position of the FXA ( 5 ). The latter was
determined based on the performed temperature-dependent
PL studies. The measurements were unfortunately limited to
temperatures up to 90 K, as strong broadening of the absorption
edge at higher temperatures hampered light transmission close
to the excitonic resonances.
IV. DISCISSION
A. Mechanism for light propagation

Before discussing the origin of the observed slowdown
of light in ZnO in the vicinity of the excitonic resonances,
let us first elucidate the mechanism responsible for light
propagation. In a dielectric medium, light propagation could be
either ballistic11,12,14 or diffusive14 depending on concentration
and scattering cross-section of scattering centers in the
material. Both mechanisms could, in principle, account for
the resonant decrease of light velocity in the regions of excitonic resonances.14 However while the diffusive propagation
features a broad outgoing angle of the transmitted light, a
narrow angular distribution is expected in the ballistic regime.
This allows us to discriminate between these mechanisms
by measuring the angular distribution of light intensity after
transmission through the sample. Representative results are
shown in Figs. 5(a) and 5(b) for the Denpa and Cermet ZnO,
respectively. Only a very weak divergence of the transmitted
laser light, which is independent of the photon energy, is observed suggesting that the light propagation in the investigated
samples is predominantly ballistic. This conclusion is further
supported by the observation of the “reflection” streak [signal
“II” in Figs. 1(a) and 1(b)], i.e., the transmitted laser pulse that
experienced two internal reflections. This finding indicates
weak scattering of the laser light, which is characteristic for
the ballistic regime. We note, however, that the “reflection”
signal was not detected in the Cermet ZnO, which may imply
a weak contribution of the diffusive component.
(a) Denpa

ZnO

(b)

Cermet ZnO

Intensity (arb. units)

372nm
370nm
369.2nm

-2

-1

0

1

2 -2

-1
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FIG. 5. (Color online) Angular distributions of the transmitted
light, with the wavelengths of 369.2, 370 and 372 nm, through the
(a) Denpa and (b) Cermet ZnO.

Under conditions of the ballistic transport, light wave will
propagate coherently with a group velocity vg defined as
vg (E) =

1 dE
.
h̄ dK

(1)

Since the time required for light propagation in this regime
linearly depends on the sample thickness L, the group velocity
and its dispersion can be experimentally determined by vg =
L/Td from the measured time delay Td . The obtained spectral
dependence of vg is shown in Fig. 6. It provides evidence that
the light velocity in ZnO dramatically decreases down to ∼2 ×
106 m/s, i.e., 1500 times slower than the speed of light in
vacuum, when approaching excitonic resonances. Moreover,
under these conditions the group velocity can be controlled
by changing polarization of the propagating light, e.g., from
2 × 106 m/s when E⊥c to 1.1 × 107 m/s when Ec for the
3.365-eV photons.
B. Origin of the slowdown effect

The observed spectral dependence of the group velocity
can be understood by taking into account exciton-photon
coupling, which leads to the formation of a mixed-mode
state called exciton-polariton that is now a true eigenstate of
the system. Within the polariton framework the light wave
entering the sample is converted into the polariton wave
which then propagates through the media with the group
velocity determined by the polariton dispersion.14,17,18 In the
case of several excitonic resonances the dispersion of the
exciton-polaritons neglecting the spatial dispersion can be
expressed as
2

fi E0i
h̄2 c2 K 2
=
ε
+
∞
2
E2
E0i
− E 2 − iEh̄i
0 i
i=D XA

+



2
fj E0j

j =A,B,C

2
E0j
− E 2 − iEh̄j

.

(2)

Here ε∞ is the background dielectric constant. The second
and the third term represent contributions from the D 0 X and
FX resonances, respectively, where the summation should be
done over all optically active states. E0 , f, and  are the resonance energy, oscillator strength, and the damping constant
(considered to be wavevector K independent), respectively.
The subscript i (j) denotes the association of these parameters
to the specific D 0 X (FX) resonance. We would like to note
that even though the polariton concept in ZnO has usually
been applied to FX polaritons, contributions of the BXs were
also included in Eq. (2) for completeness of the analysis.14
Equations (1) and (2) can be used to simulate spectral dependence of the polariton-group velocity. The corresponding
results are shown by the solid (black dashed) lines in Fig. 6 for
the Denpa (Cermet) ZnO using the parameters given in Table I.
The background dielectric constants ε∞ for E⊥c and Ec
light polarizations were set to 6.69 and 7.47, respectively.25
The damping term h̄ j for all resonances was assumed to be
0.5 meV, which is of the order of the PL linewidth. For
the Denpa ZnO only D 0 XA1 and D 0 XA2 resonances were
considered, and the ratio between their oscillator strengths
was estimated based on the measured ratio between the
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resonances (see Table I) were required to reproduce the vg (E)
dependence for the Cermet sample (shown by the black dashed
line in Fig. 6).
In order to cross check whether the obtained fitting
parameters are reasonable, we have applied them to estimate
the concentrations of the related donor impurities. The oscillator strength of the D 0 X resonance depends on the donor
concentration N as described by27

 
2
h̄e |Pcv | 2
4π N
f =
(3)
ψ(r,0)dr ,
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where Pcv is the momentum matrix element, e is the electron
charge, and m0 is the free-electron mass. The exciton wavefunction ψ(r, ρ) has the form14
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FIG. 6. (Color online) Spectral dependence of the reverse group
velocity. The symbols represent experimental data, and the curves
are the simulation results using Eq. (2) with the parameters listed
in Table I. The solid (dashed) curves represent a best fit for the
Denpa (Cermet) ZnO. The red dotted curve represents results of
the simulations performed by omitting contributions of all D 0 X
resonances. Note that the simulated time delays within the spectral
range of the strong absorption from the D 0 X and FXA ( 1 ) resonances
are not shown here for clarity. The vertical lines denote the spectral
positions of the excitonic resonances as specified.

corresponding PL intensities. For the Cermet sample, another
resonance at 3.3567 eV (D 0 XA3 ) observed in both transmission
and PL spectra was also included. The spectral positions of
the FX resonances were taken from Refs. 17 and 26, while
their fj values were chosen based on the reported values17
of the corresponding longitudinal-transverse splitting. These
values are consistent with the measured spectral positions
of the D 0 XA and FX-PL lines in the investigated samples,
which are in excellent agreement with the reported values for
bulk strain-free ZnO.26 The oscillator strengths for the D 0 X
resonances were treated as fitting parameters. The best fit to
the experimental data for the E⊥c light polarizations was
obtained assuming f (D 0 XA1 ) = 1.3 × 10−5 and f (D 0 XA2 ) =
2.6 × 10−5 for the Denpa ZnO (shown by the black solid
line in Fig. 6), whereas higher oscillator strengths for these
TABLE I. The parameters of the excitonic resonances obtained
from a best fit of Eqs. (1) and (2) to the experimental data.
Oscillator strength, f
Transition

E0 (eV)

E⊥c

FXA (5)
FXB (5)
FXA (1)
FXC (1)
D0 XA1 (Denpa)
D0 XA1 (Cermet)
D0 XA2 (Denpa)
D0 XA2 (Cermet)
D0 XA3 (Cermet)

3.3758
3.3810
3.3750
3.4198
3.3608
3.3608
3.3600
3.3600
3.3567

0.0071
0.0404
0
0
1.3×10−5
8.8×10−4
2.6×10−5
8.8×10−4
1.7×10−3

E||c
0
0
0.0009
0.0727
0
0
0
0
0

1
3/2
π R 3/2 aB

exp(−r/R) exp(−ρ/aB ).

(4)

Here ρ denotes the relative electron-hole vector, r is
the position of the center of mass, aB is the Bohr radius
(aB = 2.34 nm),28 and R is the localization radius taken
equal to aB . Taking values of Pcv from Ref. 29, the total
residual donor concentration can be estimated to be about 2 ×
1015 cm−3 for the Denpa ZnO, which is reasonable for the
high-quality material. The value is higher for the Cermet
sample, which is consistent with a higher position of the
Fermi level such that the donor levels are readily occupied by
electrons in dark in this material as revealed from our earlier
electron spin-resonance studies.30 A higher concentration of
residual impurities could also somewhat explain enhanced
light scattering in this material.
The obtained excellent agreement between the experimental data and simulated spectral dependence of polariton-group
velocity evidences that the observed decrease of the light
velocity in the vicinity of the absorption edge is caused
by the formation of exciton-polaritons and is determined by
their dispersion. Furthermore the performed simulations allow
us to elucidate contributions of different resonances to the
slowdown effect. For the E⊥c polarization the polariton-group
velocity is shown to be mainly determined by the tail of
the spectral dispersion within the lower branch of the FXA
( 5 ) polaritons, whereas contributions of the D 0 XA polaritons
become important only in close proximity of the corresponding
resonances (i.e., within ∼10 meV for Cermet ZnO). This
is obvious from the results of the simulations performed by
omitting all D 0 X resonances (see the red dotted line in Fig. 6).
The minor role of the D 0 XA polaritons could be attributed
to the weaker oscillator strength of the D 0 XA excitons as
compared with the FXA transitions for the E⊥c polarization.
Consistently the dominant effect responsible for the reduction
of light velocity for the Ec polarization is the FXC ( 1 )
polariton formation.
Based on the obtained parameters for the D 0 XA resonances,
we can also briefly discuss to what extent the polariton concept
is adequate for the description of BXs in the investigated
samples. The polariton framework is usually applied in the
case of strong exciton-photon coupling, which is valid when
2
E0,i
f i /E  ε∞ .12 This condition is fulfilled for the Cermet
ZnO with the higher concentration of residual donors where
2
E0,i
f i /E ∼ 20 (if using the combined oscillator strengths
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FIG. 7. (Color online) Polariton dispersion within the lower
polariton branch, calculated based on the measured group velocity.
The results of the calculations for E⊥c and Ec light polarizations
are shown by the open triangles and the filled squares, respectively.
The horizontal dotted lines denote the spectral positions of the
specified excitonic resonance. The open triangles (the solid line) for
E⊥c represent the polariton dispersion obtained taking into account
(neglecting) data in the vicinity of the D 0 XA resonances.

of D 0 XA ). On the other hand light is only weakly coupled to
the D 0 XA excitons in the Denpa ZnO. However, even in the
latter case the performed analysis using Eq. (2) (including
the D 0 XA contributions) is believed to be relevant as the
weak-coupling limit is an extreme case of the exciton-photon
coupling.12,31,32
C. Polariton dispersion

Based on the experimentally determined spectral dependence of the polariton-group velocity, we can also reconstruct
the polariton dispersion within the low polariton branch.
Indeed from Eq. (1) the polariton dispersion could be derived
as

1 E 1
K(E) = K0 (E0 ) +
dE.
(5)
h̄ E0 vg (E)
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