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Leaky mode analysis of luminescent thin films: The case of ZnO on sapphire
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Zinc oxide (ZnO) epitaxial thin films grown on c-sapphire substrates by pulsed laser deposition
were investigated using angle and polarization-resolved photoluminescence spectroscopy.
Side-emission spectra differed significantly from surface-emission spectra in exhibiting dominant,
narrow, polarization-resolved peaks. These spectral features were attributed to leaky substrate
modes in the layers. Observations were first verified using transmission calculations with non-
adjustable parameters, which took into account the dispersion, the anisotropy of the ZnO refractive
index, and the dependence on film thickness. Results were consistent with Fabry-Perot-like
interference being the origin of the distinctive ZnO luminescence observed at grazing incidence
angles. A second analysis, based on the source terms method, was used in order to retrieve the bulk
emission properties, including the wavelength-dependent quantum yield and the emission
anisotropy. While ZnO thin films were considered here, this analysis method can be extended to
any luminescent thin film of similar geometry, demonstrating the potential of leaky mode analysis

for probing passive and active material properties. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4752428)]

. INTRODUCTION

Zinc oxide (ZnO) is a semiconducting material charac-
terized by a direct, wide bandgap (~3.4eV) and a relatively
high exciton binding energy (60meV). Together, these
attributes offer the attractive perspective of low-threshold
UV stimulated emission at room temperature (RT) and
above.'™ Photoluminescence (PL) is a common non-
destructive tool for characterizing ZnO thin films and nano-
structures. In conventional RT PL studies, spectra exhibiting
an excitonic near band edge (NBE) main emission peak and
a relatively low “green signal” are commonly taken as the
signature of high materials quality.” Such PL studies are pri-
marily performed with normal-incidence collection, without
regard to the angular dependence of the emission.

However, in the most commonly studied system of ZnO
thin films on c-sapphire substrates, the refractive index of the
ZnO layer at the excitonic peak emission wavelength
(375nm) is greater than that of the substrate, respectively,
2.5 and 1.8.%7 Therefore waveguiding can be anticipated.
Thus, in-plane emission would be expected to be subject to
micro-cavity effects and Fabry-Perot-like interferences,
which depend strongly on the wavelength (1), film thickness,
and polarization. Study of the angular dependence of such
ZnO emission is, therefore, necessary in order to develop a
proper and comprehensive understanding of the emission
properties.
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This paper focuses on measuring and modelling ZnO
side-emission which is found to be dominated by leaky sub-
strate modes. The novel analysis and simulation approach
developed herein demonstrates that study of leaky modes
can yield essential material properties, such as refractive
index, film thickness, and, more importantly, the intrinsic
emission profile (bulk emission).

Il. EXPERIMENT

The ZnO layer studied in the paper was grown on a
c-sapphire substrate using pulsed laser deposition (PLD), as
described elsewhere.® Surface morphology was investigated
using a Park Scientific Instruments M5 nanoprobe atomic
force microscope (AFM) in tapping mode. The crystal struc-
ture was investigated by x-ray diffraction (XRD) conducted
in a Panalytical MRD-PRO system with Cu Ko source and
high resolution optics.

Angle and polarization-resolved photoluminescence
(ARPL and PRPL) experiments were conducted on the sam-
ple. The sample was pumped at normal incidence by a con-
tinuous wave (CW) He-Cd laser emitting at 325 nm with a
power density of less than 200 mW/cm?”. Luminescence was
collected using a lens with a 0.13NA focused onto a large
core (400 um diameter) optical fiber connected to a 50 cm
focal length spectrometer. For ARPL, the collection aperture
was
sionally, on the sample edge. The collection configuration is
subsequently indicated in the inset of each ARPL figure. As
for PRPL, the collection aperture was always directed toward
the sample edge. The collection optics were mounted on a
goniometer in order to vary the collection angle (0).

© 2012 American Institute of Physics
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lll. THEORETICAL BACKGROUND
A. Emission modelling

In order to simulate emission spectra, two distinct nu-
merical models were employed in this paper. The first one
consists of a simple opto-geometrical approach based on
transmission calculations. The second aims at calculating the
emission using the source terms (ST) model.

1. Transmission based model

The radiated field outside the thin film was modeled as a
summation of the direct transmission and the transmission
after multiple reflections in the thin film (Fig. 1(a)). Such
multi-beam summation gives the angle and wavelength
dependences of the interference that determines the overall
transmission. Considering a point source inside the film, the
intensity transmitted at the substrate interface, for both trans-
verse electric (TE) (i.e., electric field vector parallel to the
film plane) and transverse magnetic (TM) (i.e., magnetic
field vector parallel to the film plane) polarized light, is,
therefore, expressed by’
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FIG. 1. (a) Sketch of the ray path for direct transmission and after reflection
at both thin film interfaces. (b) Sketch of a thin film structure with an inter-
nal source plane and matrices describing the propagation of the electric
fields outside the source.
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Here, r and ¢ represent Fresnel coefficients for reflection and
transmission, while the 1 and 2 subscripts and the s and p
superscripts indicate whether these coefficients correspond
to film-air and film-substrate interface and to TE and TM
polarized light, respectively. In addition, n and 0 refer to the
refractive index and the propagation angle of emission (i.e.,
angle of incidence), while the fi/m and sub subscripts indi-
cated whether they are relative to the film or the substrate,
respectively. Finally, L and A, indicate the film thickness
and the wavelength in vacuum (i.e., in air), respectively.

Equation (1) gives the thin film transmittance for a spe-
cific angle and 4. However, PL measurements are collected
through an objective lens, which is characterized by a nu-
merical aperture (NA). Collected spectra, therefore, are the
result of an accumulation of photons entering the lens over
the solid angle defined by the NA. To account for this in the
transmittance simulation, the /-dependent transmittance was
obtained by summing the transmissions over all angles
whose sine was smaller than the NA (0 — Oya < 0 < 0 +0ya
with sinfy, = NA)

0+6na

TP(7) = Y TP(0,4). 3)

0—0na

2. Source terms model

The second model, the ST method,m is known for simu-
lating the emission from arbitrary planar structures. Com-
pared to other approaches, the method has the advantage of
being simple and convenient for calculating the emission
characteristics of dipoles embedded in planar media. The ST
method unifies dipole emission and standard matrix methods
by adding explicit ST. The model considers 3 electrical
dipole configurations; i.e., 1 vertical (v, along z axis) and 2
horizontal (h, along x and y axis). Dipoles are distributed
along a sheet (plane L to z axis) forming the source plane
(Fig. 1(b)). For each dipole configuration, a source term and
a polarization are attributed (see Table I). A represents the
source terms and the superscripts denote the propagation
direction of the emission in the z direction: > for the propa-
gation towards the substrate and < for the propagation
towards the air.

kg 1s the wavevector inside the film and k. g, and k;
are its projection along the z axis and the Xy plane,
respectively.

Calculating the external field for a multilayered medium
then comes down to solving the following system of
equations:

TABLE I. Source terms for horizontal and vertical dipoles.

Mode
Dipole TE ™
i >< 3 >< 3 kefim
Horizontal A =+ /5 A =/ o
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Vertical A< =0 A< = i\/xiru
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where E; and E, are the magnitudes of the electrical field on
the right side and the left side of the source plane, while E,;,
and Ej,;, are the magnitudes of the electrical field radiated in
air and sapphire, respectively. (a) and (b) are 2 x 2 (transfer)
matrices depicting the propagation towards the source plane
from the air and the substrate, respectively (Fig. 1(b)).
Equation (4) expresses an electrical field discontinuity at
the source plane induced by the existence of electrical
dipoles (i.e., electrical charge). On the other hand, Egs. (5)
and (6) describe the relation linking the externally radiated
and internally emitted fields.

The extracted power in the substrate (Pexyacea) 1S then
given by

0+0na
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where k. g, and k. 5, represent the z-wavevector in the thin
film and the substrate, respectively.

As in the first method, the integral giving Peyiacted 18
defined over all the angles entering the lens (0 — Oya
<0 <0+ Oya).

Furthermore, the ST method considers the emission of
the whole film, as opposed to the transmission calculation,
which considers a point-like source. In the case of a finite
volume, source planes can be distributed along the layer
thickness. The total radiated power is then obtained by sum-
ming the emitted power of the discrete subsources.

To summarize the modelling section, the transmission
calculation only considers a classical approach to calculate
the emission. The transmission simulation has the advantage
of being simpler and faster than the ST method, but it only
simulates the cavity response for a non-emitting optical thin
film. ST calculations, on the other hand, take into account
the contribution of dipolar moments in addition to opto-
geometrical effects. The ST model also considers the emis-
sion from the whole ZnO volume, while the transmission
model only considers a point-like light source. The ST
method is, therefore, the most appropriate method, and, as
shown later, it also allows retrieval of the intrinsic emission
of an active thin film.

B. Leaky modes

In asymmetric slabs (i.e., ng, < ngp < nfiy) such as
ZnO on sapphire, emitted light can couple into leaky sub-
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strate modes. Depending on the angle of incidence, reflectiv-
ity at each thin film interface varies. At grazing substrate
angles (e.g., Oy = 90°, Fig. 1(a)), total internal reflection
occurs at the film/air interface (e.g., reflectance, ri”’ =1,
Fig. 1(a)), while reflection at the film/substrate interface is
strong but only partial (e.g., reflectance, r5” & 1, Fig. 1(a)).
The thin film emission that is transmitted, or in other words
“leaks,” into the substrate then propagates in it near the film/
substrate interface and escapes (and therefore is collected) at
the substrate edge. Such quasi-guided slab modes are called
“leaky modes.”!" Because of their quasi-waveguided nature,
leaky modes are subjected to strong Fabry-Perot interference
which dominates the side emission spectra. At grazing
angles, the thin film presents a microcavity behavior as its
interfaces are comparable to two mirrors with 7” =1 and
ré”’ = 1. On the other hand, for smaller angles, the microcav-
ity behavior eventually vanishes as the interface reflectivity
is gradually reduced. Consequently, Fabry-Perot interfer-
ences [e.g., Eq. (1)] are more prominent when collecting
from the substrate side. Calculating the cavity response (i.e.,
transmittance) is, therefore, a prerequisite for understanding
the side emission and analyzing PL spectra.

IV. RESULTS AND DISCUSSION

Optical interferences in emission are likely to be
observed in epitaxial thin films due to the interface quality.
XRD 20/Q scans revealed the epitaxy of ZnO on the sap-
phire substrate. The main (0002) peak exhibited strong Pon-
dellusong fringes, which were consistent with the film
having a relatively smooth surface over the scale of the x-ray
spot (few mm?) and gave an estimate of film thickness at
160 nm. Q rocking curves for the (0002) peak gave a line-
width of <100 arc sec, indicating a highly oriented film with
relatively low crystallographic dispersion about the crystallo-
graphic c-axis. AFM confirmed the ZnO layer to have a rela-
tively low root mean square roughness of <2nm. Based on
the characteristics, Fabry-Perot fringes are expected in such
a film.

Fig. 2 presents the ARPL intensity plot as a function of
collection angle (0), together with a sketch of the experimen-
tal setup. The presence of an emission at 0 greater than 90°
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FIG. 2. Sketch of the experimental setup with the collection configuration
and the chosen origin for the 0 together with the evolution of the lumines-
cence intensity as a function of 6. The sample was excited at normal
incidence.
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is clearly revealed. One may also notice the minimum in
emission intensity is at 90°. This can be explained by the
fact that the guided mode within the thin film is almost com-
pletely attenuated. Guided modes are strongly affected by
the absorption losses unless gain is generated using higher
pumping intensities. Gain has been already observed in
epitaxial grown ZnO thin films'? for a PLD grown sample
similar to the one studied here with a typical power density
threshold, D,;, > 40 kW/cm?.51%13 Working with a CW laser
implies that the edge emission (0 > 90°) cannot be attributed
to guided modes but is most probably dominated by leaky
modes for which losses are less important. Before going into
more detail of the origin of the emission, edge emission is
further investigated.

Fig. 3 shows a contour mapping of the normalized
PRPL spectra as a function of 6 and /4 for both the TE and
TM polarizations. The plots show sharp and well-separated
TE and TM luminescence peaks (“fine peaks’) observed for
a narrow angular domain between 90° and 105°, while, for
angles bigger than 105°, the TE and TM luminescence pro-
files are broader, overlap more, and resemble the surface
emitted spectrum (i.e., Fig. 4(a)). The sharpest luminescence
peaks are observed for 0 near 90°. This behaviour seems
similar to the one observed for comparable luminescent
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FIG. 3. Normalized angular luminescence mapping of both TE (a) and TM
(b) modes. Arrows indicate the spectral narrowing and shift between leaky
modes and substrate emission.
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FIG. 4. (a) Normalized luminescence spectra recorded at 15°. The inset
shows a sketch of the experimental setup with the collection aperture
focused on the centre of the sample. (b) Normalized luminescence spectra
recorded at 95° with a collection spot coincident with the excitation spot.
The inset shows a sketch of the collection aperture focused on the backside
of the sample. (¢c) Normalized luminescence spectra recorded at 95° with a
collection spot located at the side of the sample. The inset shows a sketch of
the collection aperture focused on the backside edge of the sample. (d)
PRPL spectrum for the film luminescence at 0 =95°.
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thin films reported in the literature.”'*'> A clear signature
of a leaky mode emission and a microcavity behaviour that
is more prominent at grazing angles is also observed. This
is due to the high reflectivity at the ZnO interfaces (cf.,
Sec. III B).

Figs. 4(a) and 4(b) show the ARPL spectra recorded for
2 different collection angles (0 = 15° and 95°). Surface emis-
sion (Fig. 4(a), 15°) gave a single main peak, which was
attributed to the excitonic NBE emission. However, it can be
seen that a substantially different spectrum is recorded (Fig.
4(b), 95°) from the back-side of the sample (i.e., 0> 90°).
The spectrum then consists of a doublet with maxima at 381
and 388 nm. Previous ARPL spectra (Figs. 4(a) and 4(b))
were collected by directing the collection towards the centre
of the sample, as shown in the figure inset. However, when
the collection is redirected (at the same 0) towards the edge
of the sample, there is a significant reduction in the width of
the emission peaks (e.g., Figs. 4(b) and 4(c)). This can be
attributed to improved spatial filtering of the leaky mode
emission, which usually propagates close to the film/sub-
strate interface. The full radiated emission is then efficiently
separated from the leaky mode emission. PRPL was then
used in order to confirm the origin of the emission. PRPL
showed that the doublet peaks actually have different polar-
izations, as can be seen in Fig. 4(d). The first peak wave-
length maximum (A, ~ 381 nm) was mainly TM polarized,
while the second peak A, (~389 nm) was mainly TE polar-
ized. It is also observed that the TE peak is more intense by a
factor of about 1.9. These peaks are linearly polarised and
have a much lower full width half maxima (FWHM), of 4.4
and 4.1 nm, respectively, than the peaks measured far from
the edge at the middle of the sample (cf., Fig. 4(b)). The
polarized fine peaks are again consistent with microcavity
behaviour in the ZnO thin film.

The thin-film cavity response was then simulated using
the opto-geometrical model (cf., Sec. IIl A 1) in order to con-
firm the origin of the fine structures observed in emission.
Fig. 5 shows the theoretical spectra calculated for a 95° 0
with a 15° aperture.

For refractive indices (n) of 2.4 for ZnO and 1.9 for sap-
phire, TE and TM calculations indeed showed polarized fine
peaks (Fig. 5(a)). However, the theoretically predicted spec-
tral positions and relative intensities of the two resonances
do not match the experimental results. A much better agree-
ment was found for the spectral positions and FWHM when
the dispersion and the anisotropy of the ZnO complex n were
taken into account'® (Fig. 5(c)). While the agreement in
terms of peak positions already allows for the retrieval of the
opto-geometrical parameters the agreement can be further
improved. As shown in Fig. 5, the theoretical TE and TM
amplitude still did not correlate with the experimental data.
As shown later, this could be due to the intrinsic ZnO emis-
sion and/or dipole anisotropy, which the model does not take
into account. The transmission model simply calculates the
transmission factor for the thin ZnO layer. Nonetheless, the
fact that the model accurately predicts the peak features indi-
cates that emission emanating from the edge of the sample is
more influenced by the properties of the planar waveguide
cavity than by the intrinsic properties of the material (bulk
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FIG. 5. Transmission based model simulations for TE (red line) and TM
(black line) polarized light. (a) Simulation results for fixed ZnO and sapphire
n of 2.4 and 1.9, respectively. (b) Simulation results taking into account the
ZnO n with no anisotropy. (c) Simulation results taking into account the
ZnO n dispersion and anisotropy. Simulation results are compared with ex-
perimental PL (squares) in Fig. 4(d).

emission). The good agreement obtained between the experi-
mental spectra and the calculations is consistent with leaky
modes being the origin of the side emission. Interestingly,
although leaky modes are evanescent in air, they can still be
observed from the surface at normal collection as shown by
the peak at 388 nm (indicated by the arrow in Fig. 4(a)). This
is probably due to light scattering induced by the surface
roughness, which can partially convert the modes in radiat-
ing waves towards the air. This feature further confirms the
nature of the observed side emission.
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At this stage, it is worth noting that in this paper, only
parameters taken from the literature ' (i.e., non adjustable)
were used. This in turn validates the reported method.

The thin-film transmission based model presented above
simulates a cavity response which is coherent with the fine
PL peaks originating from a cavity-interference effect. How-
ever, the model does not fully describe the PL spectra, since
it is for passive optical materials (non emitting material). In
order to take emission into account, extended calculations
were made using the ST method (cf. Sec. IIT A 2) which was
recently adapted to model waveguiding in ZnO thin films
similar to these probed in this work."’

Fig. 6(a) presents the luminescence spectra calculated
using the same simulation parameters as for Fig. 5(c). The
spectra shown in Fig. 6(a) are again consistent with an opto-
geometrical origin for the polarized fine peaks. The calcu-
lated peaks both agree with the experimental data. However,
the calculated TE spectrum shows a better agreement with
the experimental data than the calculated TM spectrum. This
can be explained by the wavelength dependence of the bulk
ZnO emission efficiency that the ST model has not
accounted for. As the bulk ZnO emission A, is normally
~375nm, the TM mode (4,,.x ~ 380 nm) is more likely to be
influenced than the TE mode (4, ~ 390 nm). In a simplified
approach, the thin film emission spectrum can be considered
to be the convolution of the bulk ZnO emission and the ST
spectra. The emission can, therefore, be written as
ETF<)v) = Ehulk(i) ST(A), where ETF’ Ehulka and ST are,
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FIG. 6. (a) Simulated PL spectra by ST method for TE (red line) and TM
(black line) polarized light. The simulated spectra are compared with the ex-
perimental PL (squares) in Fig. 4(d). (b) Ratio of the experimental and simu-
lated PL, i.e., the bulk emission.
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respectively, the thin film emission, the bulk emission, and
the ST calculation for the TE and TM polarization.'® The
results shown in Fig. 6(a) were obtained without considering
the 4 dependence of the bulk material emission (i.e., an
Ehulk(l) =1 for all )»)

In an inverse approach, by comparing the experimental
and simulated spectra, the ST method can be used to retrieve
the bulk emission of the material, i.e., a /-dependent weight-
ing coefficient. This coefficient is obtained by calculating the
ratio between the experimental and the simulated spectra.
Fig. 6(b) presents the results obtained for the TE and TM
polarizations. For shorter 4 (higher energies) the cavity effect
is negligible, due to strong absorption in ZnO, and, therefore,
no information can be gained on the ZnO luminescence.
Hence, for shorter A, Fig. 6(b) shows only noise. For higher
4, TE and TM peaks appear. Most remarkably, for the TE
mode, an emission peak, not clearly visible in the experimen-
tal spectrum, is revealed. This peak is at a A, of ~376nm
(~3.3eV), which corresponds to excitonic NBE emission.
This emission was already experimentally observed, as indi-
cated by the arrow on the left in Fig. 4(d). The TE efficiency
is almost 3 times higher than for the TM. This is in good
agreement with the TE/TM emission anisotropy already
reported. It is widely reported that ZnO dipoles are preferen-
tially TE polarized for thin film grown on c-sapphire.'?°
The experimentally observed TE:TM anisotropy is 2:1 (Fig.
4(d)). This anisotropy is not that of the ZnO bulk emission,
but that of the cavity modes, as shown in Fig. 6. The TM
mode, which exists at almost the same A as the bulk emis-
sion, helps in enhancing the TM-polarized ZnO excitonic
emission. This is not the case for the TE polarization, as TE
cavity resonance exists at higher A (~388 nm).

The strong resemblance of the emission spectra in Fig.
6(b) (TE4+TM) to those obtained at small 0, Fig. 4(a), vali-
dates the ST method. In fact, at small 0 (i.e., small angle of
incidence), both the ZnO-air and ZnO-sapphire interfaces ex-
hibit low r and, therefore, the ZnO film forms a poor quality
cavity. As a consequence, the cavity effect on the ZnO
intrinsic emission is weak, but, nevertheless, always exists.
This can lead to additional peaks, as evidenced very recently
for relatively thick (750 nm) Al doped ZnO films deposited
on a relatively low n substrate (quartz).>' The spectra
obtained in Fig. 6(b) can thus reveal the bulk emission
through leaky mode analysis. It is important to note again
that the bulk emission is obtained without any adjustable
parameters.

V. CONCLUSION

In this work, the dependence of PL spectra on 0 for ZnO
epitaxial thin films grown on c-sapphire substrates by PLD
was investigated using ARPL and PRPL. Simulation suc-
ceeded in describing how the emission spectra collected
from the edge of the sample (at angles higher than 90°) were
strongly affected by the excitation of leaky modes radiating
into the substrate at grazing angles. These leaky modes were
modeled as Fabry-Perot-like interferences coming from mul-
tiple total and partial reflections between the ZnO/air and
ZnO/sapphire interfaces. It was also shown that such leaky
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modes can trap the luminescence from the ZnO layer and
lead to A-selective constructive interference, which produces
a narrowing of the initial luminescence spectrum. Moreover,
calculations show that n dispersion and anisotropy have to
be considered in order to correctly account for the observed
experimental spectra. Thus it was deduced that leaky mode
analysis is highly sensitive to the opto-geometrical parame-
ters of the thin films, which means that the technique is a
very precise method for the estimation of these parameters.
In addition it was shown, using simulation, that the measured
spectra can be deconvoluted and that the ZnO bulk emission
can be deduced. While optical cavity effects, especially
leaky modes, are more clearly observed at higher 0, normal
incidence emission can also be affected (depending on the
roughness of the thin film). As a direct consequence, it is
concluded that fine spectroscopic analysis of the emission
from thin films deposited on low n materials should take into
account optical cavity effects as a general rule.
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