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Temperature-dependent exciton polariton photoluminescence in ZnO films
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Linköping University, S-581 83 Linko¨ping, Sweden

~Received 2 December 2003; revised manuscript received 27 January 2004; published 16 April 2004!

The polarized photoluminescence~PL! in a ~0001! oriented ZnO epitaxial film is studied in the temperature
range 4.5–250 K. We report the evidence of exciton polariton emission between 50 and 130 K. In this range
the PL of mixed polariton modes is detected in the geometry of an extraordinary beam, realized by the use of
a large-aperture microobjective collecting light from the cleaved sample edge at different angles with respect
to thec axis. The elevated temperatures facilitate the polariton emission due to the thermal population of both
A and B exciton branches and the enhanced polariton scattering into the photonlike mixed modes.
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ZnO is a semiconductor compound with remarkably la
exciton and biexciton binding energies (;60 meV and
;15 meV, respectively! as well as exciton longitudinal
transverse splitting (;1.5 meV for the A exciton and 10–1
meV for the B and C excitons!. The excitonic properties o
ZnO bulk crystals have been intensively studied since
1960s.1–5 Recently the interest in excitons for the colum
two oxides~ZnO, MgO, CdO! and their solid alloys has bee
renewed due to the observation of high-temperature sti
lated excitonic emission in ZnO based superlattices6 and the
intensive search of excitonic media suitable for fabrication
high-temperature devices based on microcavity polarito7

These works have stimulated the studies of exciton pol
tons in ZnO at elevated temperatures. In spite of the w
documented excitonic character of the ZnO photolumin
cence~PL! up to room temperature,8,9 most of the published
data on exciton polaritons are limited to cryogenic tempe
tures. This is probably because the temperature-depen
PL has typically been measured in the so-calleda geometry
(kic, E'c), wherek is the light wave vector,E is the elec-
tric field vector, andc is the principal axis of the wurtzite
crystal. This geometry is inconvenient for the studies of p
laritonic effects since the observation of both A and B lon
tudinalG5 excitons in ZnO are not allowed in this case~see,
e.g., Ref. 10!.

The effects of longitudinal excitons are frequently cons
ered as the manifestation of the polaritonic nature of ex
tonic spectra.10,11 In a hexagonal crystal, such as ZnO, t
longitudinal excitons can be detected in the geometry of
extraordinary beam~mixed polariton mode!. In this geom-
etry light is polarized in the plane containing both thec axis
and k, as illustrated in Fig. 1. Usually, anglef betweenk
and the direction perpendicular toc is small so that the ex
perimental geometry is close to the so-calledp polarization
0163-1829/2004/69~16!/165205~4!/$22.50 69 1652
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scheme (k'c, Eic), when all other excitonic transitions in
the region of the lowest-energy A and B excitons in ZnO a
either forbidden or weak.

In this paper we study the linearly polarized edge em
sion in an epitaxial thin film of ZnO, clearly demonstratin
polaritonic effects up to the temperatures of;130 K. The
studied sample was a 1.2mm thick layer of ZnO grown by
metal organic chemical vapor deposition on the~0001! plane
of a GaN template deposited above a sapphire substrate

PL studies were carried out both from the sample surf
and from the cleaved sample edge. A microphotolumin
cence (m-PL! setup was used in the latter case. The surf
PL and PL excitation~PLE! spectra were detected using
325 nm line of a He-Cd laser or an emission of a Xe lam
passed through a monochromator. Them-PL technique was
described in detail elsewhere.12 For most of them-PL mea-
surements the excitation power was 17mW just before the
cryostat window. The beam~a cw 266 nm laser line! propa-
gating normal to the sample cleaved edge was focused
reflective objective into a spot of;1 mm in diameter. The
spot size allowed us to excite selectively ZnO, witho
touching GaN, this was checked by monitoring the G
near-band-gap emission spectrum. The PL signal was
persed by a monochromator and detected by a nitrog

FIG. 1. Schematic view of them-PL measurement geometry.
©2004 The American Physical Society05-1
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cooled charge-coupled device camera. A linear polarizer~fol-
lowed by a depolarizer! was mounted between the objectiv
and the monochromator. One should note that the nume
aperture of the objective~NA50.5! resulted in the collection
of light within 630° from the normal to the surface, a
shown schematically in Fig. 1.

Figure 2~a! demonstrates the surface PL spectra (a geom-
etry! measured at different temperatures. A number of bo
exciton lines are visible in the low-temperature spectra,
well as a weak free-exciton emission line (XA). The tem-
perature rise leads to an increase in theXA relative intensity
so that it becomes a dominant line at the temperatures hi
than 120–150 K, in good agreement with the previously
ported data.8 In the following discussion we will focus
mainly on the spectral region of the free-exciton emissi
Figure 2~b! shows the PLE spectrum detected at the ma
mum of the most intensive bound exciton peak. Both A a
B free-exciton peaks are well resolved in the spectrum,
lowing estimation of the exciton resonance energies. Fig
3 displays the PL spectra measured at different temperat
from the cleaved sample edge (k'c) for s (E'c, dotted
curves! and p (Eic, solid curves! polarizations~see the
drawing in Fig. 1!. At low temperatures all the peaks o
bound excitons ares polarized with different degrees of po
larization. Starting from 20–40 K the well-resolved fre
exciton peak appears (XA,s), being visible uniquely ins
polarization. The further temperature increase above 50
K results in the appearance of another peakXA,p , which is
dominantlyp polarized, at the energy 2–3 meV above t
lowest-energy free-exciton peak. At even higher tempe
tures, a PL tail emerges from the higher-energy side fos
polarization, and one more relatively wide smooth peakXB,p
appears forp polarization. Above 130–150 K the emissio
peaks are severely broadened due to the interactions
phonons, so that no fine excitonic structure can be resol

The low-temperature free-exciton PL spectra in ZnO cr
tals were previously studied atk'c for both s and p

FIG. 2. ~a! Surface PL spectra (a polarization! for a set of
temperatures between 4.7 and 250 K. The PL intensity is show
a logarithmic scale. For demonstrative purpose the spectra are
tically offset. ~b! The PLE spectrum at 15 K.
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polarizations.13 Our low-temperature spectra (,50 K) are in
general agreement with the published data. The low
energy strong exciton is a transverse A exciton withG5 sym-
metry, which contributes uniquely to the PL withE'c (a or
s geometries!. In theEic geometry (p polarization! both A
and B excitons should be much weaker, since they ar
weakly allowedG1 exciton and a forbiddenG6 exciton. The
G1 exciton is an A exciton and theG6 exciton is a B one if
we accept theG7~A! - G9~B! - G7~C! valence bands ordering
in ZnO, as adopted by most of the researchers~see the dis-
cussion in Ref. 14, and references therein!. The alternative
ordering of the valence bandsG9~A! - G7~B! - G7~C!, which
was also proposed,15–17 results in an AG6 exciton and BG1
exciton. In any case the dominance ofE'c light polarization
is expected, with only small~if any! admixture of light with
Eic. This is exactly what we observe at low temperatur
However, the observation at elevated temperatures of q
strongp polarized lines is unexpected because the lowe
energy strong exciton available in this geometry is a CG1
exciton which appears at much higher energy~;3.425 eV!.
To explain the emergence of these peaks we resort to
exciton-polariton concept.

Figure 4~a! shows the polariton dispersion curves of Zn
for A and B excitons. To construct this plot we extracted t
resonance energies of the transverseG5 excitons (AG5

T ,
BG5

T) from low-temperature PLE spectra measured in
same sample. The values of longitudinal-transverse splitti
for A and B excitons were taken from Ref. 13. In Fig. 4~a!
we neglect the oscillator strength of the weakly allowedG1
exciton and the forbiddenG6 exciton. The validity of this
simplification for interpretation of the experimental spec
will be discussed further. In this approximation no oscillat
strength is expected for the spectral range of A and B e
tons for the purep polarization (Eic). The dash-dotted
curves in Fig. 4~a! display the dispersions of excitons an
photons, whereas the dotted, dashed, and solid curves re
sent polaritonic branches, where the exciton-photon coup

in
er-

FIG. 3. Edge PL spectra (s and p polarizations! measured at
different temperatures. The PL intensity is shown in a logarithm
scale.
5-2
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FIG. 4. ~a! ZnO polaritonic dis-
persion curves in the region of A
and B excitons. Dotted curves cor
respond to the polarization of an or
dinary beam (E'c). Solid and
dashed curves represent the mix
polariton modes allowed in the ge
ometry of an extraordinary beam fo
two anglesQ (Q1—solid curves,
Q2—dashed curves,Q1,Q2). ~b!–
~d! The PL spectra measured ats
~dotted curve! and p ~solid curves!
polarizations at the selected tem
peratures. The energy scales of th
spectra are shifted to match the low
temperature energy scale of~a!.
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is taken into account. Dotted curves correspond toE'c (a
ands geometries!. The only difference between thea ands
geometries concerns the longitudinal excitons (AG5

L , BG5
L).

They are forbidden in thea geometry due to the absence
dipoles oriented along thec axis for G5 excitons. In thes
geometry the longitudinal excitons are allowed. Howev
they do not interact with photons due to the transverse na
of electromagnetic waves.

Figures 4~b–d! show the linearly polarizedm-PL spectra,
measured at three selected temperatures, in the same e
scale as the low-temperature polaritonic dispersion cur
@Fig. 4~a!#. For demonstrative purposes the experimen
spectra are shifted to compensate the respective temper
induced shifts of the band edge. At 60 K thes polarized PL
peak @the dotted curve in Fig. 4~b!# lies just below the A
transverseG5 exciton energy. This is in agreement with th
conventional point of view that the polariton luminescen
process involves mainly photonlike polaritons from the
gion of the polariton bottleneck.18

Solid and dashed curves in Fig. 4~a! represent the disper
sion of mixed polariton modes observed in the geometry
an extraordinary beam~see Fig. 1!.10,11 Let Q be the angle
between a vector normal to thec axis and the wave vectork
of the photon inside the crystal.Q50 corresponds to thep
geometry with an unobservable purely longitudinal excito
At a finite angleQ the longitudinal exciton couples to th
electromagnetic field due to the non-zero projection of
extraordinary field on the direction of vectork inside the
crystal. The strength of the exciton-photon coupling for t
mixed mode is proportional to (sin2Q).10 As Q increases
from 0, the lower mixed polariton branches shift to low
energy from the energy of the respective longitudinal ex
ton, while the upper branches display a greater curvature
result of the enhanced coupling. Finally, we arrive atQ
590° to thea geometry with a purely transverse excito
The two sets of mixed polariton branches are shown in F
4~a! for two different anglesQ (Q1,Q2). Note that the
light polarizationE'c implies propagation of an ordinar
beam with the purely transverse polarization of the elect
field vector inside the crystal for anyQ.

The occurrence of the mixed modes could explain
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appearance of the PL signal when detecting theEic polar-
ized light. An important factor facilitating this observation
the use of a microobjective with large numerical apertu
The emission is in fact collected within a certain ang
around the surface normal, thus allowing detection of
mixed polariton modes spreading in the crystal withQ
,Qcr . For our experimental conditionsQcr can be esti-
mated as 5210°. The estimation accuracy is poor due to t
uncertainty in the ZnO refractive index value within the p
laritonic region. Nevertheless, there is no doubt that
large-aperture optics can allow the observation of the mi
polariton modes in the geometry which at first sight mig
have been expected to provide only the detection of purelp
polarized light.

The lowest-energy ‘‘p polarized’’ peak@see solid curves
in Figs. 4~b–d!# appears at 50–60 K slightly below the e
ergy of the A longitudinal exciton. The temperature increa
results in a peak broadening and the appearance of ano
smoothp polarized peak in the gap between the A and BG5
longitudinal excitons. With the temperature increase this s
ond peak gains intensity and simultaneously shifts to hig
energies. By their energy positions, the peaks can be
signed to the emission from the thermally populated mix
polariton modes. Indeed, comparing Figs. 4~a! and 4~b–d!,
one can notice a clear correspondence between the exp
region of the polariton bottleneck for the A exciton mixe
polariton modes with reasonably smallQ and the position of
the lowestp polarized peak. The situation with the B excito
is more complicated. The transverse B exciton lower po
iton branch (LPBB) is combined with the A exciton uppe
polariton branch (UPBA) @see Fig. 4~a!#. Therefore, the
bottleneck region is smoothed out due to the absence
purely photonlike region. The effect should be especially i
portant for ZnO, where the B exciton longitudinal-transver
splitting is comparable with the gap between the A and
transverse excitons. This is apparently the reason why th
is no strong spectral feature relevant to the B exciton in ths
polarized emission at any temperature. The curvature of
mixed polariton branches at relatively smallQ is smaller and
the bottleneck is shaped better. Then the shape of the res
tive p polarized emission spectrum in this region should
5-3
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determined simultaneously by the thermal distribution of
citons and the angle distribution of the mixed mode emiss
collected by the optics. Note that the direct thermal popu
tion is efficient only for excitonlike regions of the dispersio
curves due to the small density of states for photonlike e
tons.

The detection of mixed polariton modes due to the lar
aperture optics explains qualitatively the observation ofp
polarized emission peaks within the gap between the tra
verse and longitudinal excitons both for A and B exciton
Nevertheless, let us think about other possible mechani
which could result in the emergence of such peaks. Firs
all, one should consider contributions from the weakly
lowed G1 exciton and the forbiddenG6 exciton. Both of
them were observed in wurtzite crystals in thep polariza-
tion, when the strong G5 excitons are completely
forbidden.11,16,19 This attribution in ZnO can be somewh
confusing if to have in mind the existent controversy co
cerning the valence bands ordering. As for the A exciton,
assignment of the lower-energyp polarized peak observed i
this work to the emission of such an exciton is not possib
because the energy position of the latter should be below
A G5 transverse exciton energy for either ordering sche
The B exciton ~either G6 or G1) energy falls within the
lower-energy tail of the upper lying widep polarized peak
@see Fig. 4 for the case of theG7~A!-G9~B!- G7~C! ordering
scheme# and certain contribution from this exciton appears
be possible. However, the respective lines obser
previously for the weakly allowed or forbidden exciton
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ys

a,
l.

i-

J.

16520
-
n
-

i-

-

s-
.
s

of
-

-
e

,
he
e.

d

were relatively narrow, which does not correlate with t
large spectral width of the observed peak, covering mos
the gap between the transverse and longitudinal B excit
~;11 meV!. Therefore, the appearance ofG6 or G1 excitons
could hardly explain the emergence of the two discus
spectral features.

An additional factor resulting in the enhanced emission
the mixed modes visible in thep polarization can be the
nonelastic scattering of the extraordinary polaritons due
the collisions with acoustical phonons and impurities. T
scattering events can change direction of the polaritons,
changeQ. Especially advantageous should be the interba
scattering between the mixed modes towards smallerQ, be-
cause this process transfers the excitonlike polaritons f
the thermal distribution into the photonlike polaritons, whi
can easily escape the crystal. Similar interband scatte
mechanism was previously applied to explain ap polarized
feature in the edge emission spectrum of high-quality fil
of GaN.12 The exact contribution of this process is not cle
at present.

In conclusion, we have observed emission of mixed p
lariton modes in ZnO in the temperature range of 50–130
The elevated temperature seems to be important both to
tablish the thermal distribution of excitons and to enhan
the phonon induced polariton scattering into the photonl
modes.
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