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Abstract: In this article, we demonstrate a novel approach to determine the absorption coefficient
of ZnO below the bandgap via measuring the self-absorption (SA) effect on the two-photon
luminescence (TPL) spectrum of the ZnO bulk crystal rod at cryogenic temperature. Under a
geometric configuration of side-excitation and front-detection, the intensities of several major
spectral components of TPL spectra of ZnO can be decisively tuned by precisely varying the
transmitting distance of luminescence signal, so that the absorption coefficients at different
wavelengths can be determined on the basis of Beer-Lambert law. Furthermore, the peak position
of donor bound exciton luminescence exhibits a unique redshift tendency with increasing the
transmitting distance. Starting from the product of Lorentzian lineshape function and exponential
absorption edge of Urbach tail, an analytical formula is derived to quantitatively interpret the
experimental redshift characteristic with the transmitting distance. The energy depth of Urbach
tail of the studied ZnO crystal is deduced to be ∼13.3 meV. In principle, this new approach can
be used to determine absorption coefficient of any luminescent solids as long as the SA effect
happens.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Self-absorption (SA) of luminescence is an important optical phenomenon and process which
has been theoretically considered by Cowan and Dieke as early as in 1948 [1]. Besides the
intensity reduction and even total disappearance of some luminescence spectral structures, it
has been predicted to result in self-reversals of some spectral lines. Since it usually occurs
inside luminescent body, however, the SA effect is hard to be experimentally identified and
directly measured, especially in luminescent solids. As heterostructure-based semiconductor
devices developed, Ettenberg and Kressel experimentally investigated the effective interfacial
recombination at Al0.25Ga0.75As/GaAs and Al0.5Ga0.5As/GaAs heterojunctions [2]. They found
that the interfacial recombination velocity decreases with decreasing heterojunction spacing via
deducing the recombination velocity from the dependence of the minority-carrier lifetime on
junction spacing in heterojunction diodes. Later, Asbeck presented a theoretical analysis of the
SA effects of spontaneously emitted photons on the recombination lifetime of injected carriers in
the thick active region of GaAs-GaAlAs double heterostructures, and explained the observation
of Ettenberg and Kressel [3]. Moreover, from the analysis it is inferred by Asbeck that the internal
quantum efficiency of radiative recombination in the heterojunction device is greater than 90%.

In fact, SA and luminescence may successively occur for many times inside a thick luminescent
body so that a cascade photon recycling process could form. Recently, such photon recycling
has been argued to happen efficiently in lead iodide perovskite solar cells [4] and GaInP/GaAs
heterostructure solar cells [5]. In addition, the photon recycling is also taken into account in
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the laser light cooling in semiconductors [6]. Nevertheless, experimental identification and
demonstration studies of the SA effect in bulk semiconductors have been very few largely due to
the interior happening nature of SA effect inside bulk semiconductors. Very recently, we have
experimentally showed that the absence of the zero-phonon line and the first-order longitudinal
optical (LO) phonon sideband in the two-photon-excited excitonic luminescence of ZnO at room
temperature is indeed caused by the SA effect [7]. Compared with linear one-photon excited
luminescence, the two-photon excited luminescence (TPL) is nonlinear process and may have
much longer travelling distance in luminescent samples, especially in luminescent solids since the
two-photon absorption usually has much smaller cross section and hence much longer penetration
distance inside solids [8–10]. In terms of the importance of ZnO in both basic research and
technological applications in diverse fields as a wide bandgap semiconductor [11–20], it is
essential to get a better understanding of the SA effect in ZnO [7]. On the other hand, it seems an
impossible task to measure absorption coefficient of a luminescent solid via photoluminescence
measurement. Herein, we show that it is completely possible to obtain absorption coefficient of a
luminescent solid via measuring SA effect of its photoluminescence. We present a demonstration
example by investigating the SA effect on the TPL spectra of ZnO bulk crystal rod at cryogenic
temperature.

2. Experimental

Figure 1 shows a schematic diagram of the experimental arrangement. The excitation light source
was a mode-locked Ti:sapphire femtosecond (fs) laser with a repetition rate of 80 MHz and pulse
width of 130 fs. In the TPL measurements, the laser beam was first focused by a convex lens, and
then was incident on one end of a ZnO crystal rod with hexagonal shape. The focused laser beam
was thus guided to enter into the rod parallel to the c-axis of the crystal rod with a length of ∼30
mm and diameter of ∼3 mm. The central wavelength and average power of the laser beam were
controlled to be ∼730 nm and 430 mW, respectively. The focusing lens can be precisely moved
vertically so that the location of focusing spot of laser beam inside the crystal can be adjusted.
Two collecting lenses with focal length of 10 cm and diameter of ∼7 cm were placed in front of
the crystal rod. The distance between the first collecting lens and the ZnO front surface was about
10 cm for effectively collecting the luminescence signal. The second colleting lens was used to

Fig. 1. A schematic diagram (not scaled) of the experimental arrangement. LS: luminescent
spot; PL: photoluminescence; d: distance from the luminescence spot to the crystal front
surface; f: focal length; L: spacing between the focusing lens and the laser output end.
Position of the focusing lens can be precisely tuned by using a micro-stage.
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focus the luminescence light onto the entrance slit of monochromator. Under such arrangement
the distance between the laser focusing point and the collecting lens, hence the travelling distance
of TPL signal from the luminescent spot to the crystal front surface can be precisely tuned. Due
to the outstanding nonlinear optical nature of ZnO crystal with non-centrosymmetric wurtzite
structure, the TPL signal was good enough for the precise measurements to be undertaken in the
present study [7,21]. To carry out low-temperature TPL measurements, the ZnO crystal rod was
attached to the cold finger of a closed cycle cryostat. The temperature of cold finger was kept at
4.15 K during the experiment.

3. Results and discussion

Figure 2(a) shows a representative TPL spectrum for a certain transmitting distance of ∼110 µm,
e.g., the excitation laser spot located at an interior position of the ZnO crystal rod. Three main
spectral structures peaking at 375.05, 383.65 and 392.25 nm have been identified as the first-,
second- and third-order longitudinal optical phonon sidebands of free excitons (FX), respectively
[7]. Their corresponding photon energies were 3.306, 3.232 and 3.161 eV, denoted as FX-LO,
FX-2LO and FX-3LO, respectively. Just for comparison’s sake, Fig. 2(b) shows a one-photon
luminescence (OPL) spectrum of the ZnO rod at cryogenic temperature with a 325 nm CW laser
incident on the front surface of the rod. Utilizing this normal arrangement, the OPL signal was
only produced from the skin layer of the rod due to the high absorption coefficient and hence
extremely shallow absorption depth (tens of nm) of the 325 nm laser. In other words, The OPL
signal suffered from a negligible SA effect. Clearly, the OPL spectrum in Fig. 2(b) has more
spectral structures, e.g., 367.59, 374.80, 383.37 and 391.91 nm spectral components which have
been identified as the FX line and its three-orders LO phonon sidebands [7]. The most dominant
component was the neutral donor bound exciton (DX) line at 369.36 nm in the OPL spectrum.
Its first- and second-order LO sidebands (denoted as DX-LO and DX-2LO) were also identified
to have the peak wavelengths of 377.15 and 385.72 nm, respectively [7]. In sharp contrast to
the OPL spectrum, the TPL spectrum was dominated by FX-LO rather than DX. It has been
previously established that the elimination of DX and FX lines in the TPL spectrum is caused
by the SA effect [7]. Moreover, the SA effect has been rigorously proven to strictly obey the
well-known Beer-Lambert law [7]. Here we focus on how the intensity reduction of various
spectral lines is controlled by the law.

Shown in the left upper inset picture is photography of the ZnO rod under the excitation of 780
nm fs laser. The green color luminescence was from trace Cu ions in ZnO crystal [22–25]. Note
that the green luminescent spot with the shape of spindle looks larger than the actual focusing
point probably due to the scattering of the green luminescence in the crystal [26]. By adjusting
the focusing lens position to increase the distance from the luminescent spot to the crystal front
surface, e.g., by shifting the focusing lens along z-direction, FX-2LO can become a leading
structure in the TPL spectrum for the distance >250 µm, as shown in Fig. 2(a). Obviously,
the relative intensities of various spectral structures can be tuned via changing the travelling
distance of TPL signal. Actually this distance is the experiencing distance of SA effect. Such an
experimental arrangement hence offers us an opportunity to conduct an in-depth investigation of
the SA effect.

Figure 3 shows the measured TPL spectra for different distances from 0 to 600 µm. In the case
of d = 0, the leading structure at 370.6 nm was DX line. As the distance increases, the intensities
of all spectral structures including DX line, FX-LO, FX-2LO become less. Meanwhile, the
relative intensity of DX line decreases with respect to FX-LO and even FX-2LO. When d = 110
µm, the DX line became almost unobservable, and the FX-LO structure was dominant in the
spectrum. With further increasing the distance, the FX-LO intensity declined quickly, and the
FX-2LO structure eventually developed as the leading component as shown in Fig. 3(b).
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Fig. 2. PL spectra of the ZnO crystal rod measured at 4.15 K. (a) Measured TPL spectra
for two different distances from the luminescent spot inside the crystal to the crystal front
surface. The distance was ∼110 µm for top one, while >250 µm for bottom one. The inset is
a TPL photograph of the crystal rod emitting the green light under the side-end excitation of
780 nm fs laser. (b) Measured one-photon excited PL spectrum of the crystal rod under the
front-surface excitation of 325 nm UV laser.

Since the SA effect is also strictly controlled by the Beer-Lambert law [7], it is possible for
one to obtain absorption information from the measured intensity evolution of TPL spectral
structures with the distance. Figures 4(a)-(c) show the experimental luminescence peak intensities
(solid squares) of DX, FX-LO and FX-2LO versus the distance, respectively. On the basis of
Beer-Lambert law, e.g., Id = I0 exp(−αd), in which Id, I0, and α refer to the TPL intensity at
distance of d, the initial intensity at d = 0, and absorption coefficient, respectively, the measured
TPL intensity evolution curves may be represented as exponential decay curves. As shown
in Fig. 4, good agreement between experiment and theory is achieved for all major spectral
components including DX, FX-LO and FX-2LO. The experimental peak intensity fluctuations
in Figs. 4(b)–4(c) in the range of 140-280 µm are likely caused by the local roughness on the
ZnO side entrance-surface. When the laser beam was scanned over this rough area, the effective
intensity of laser beam entering inside the crystal fluctuates and hence the TPL signal varies. The
absorption coefficients adopted in the fitting curves (solid lines) in Figs. 4(a)–4(c) were 298.4,
109.6 and 62.8 cm−1, respectively, for the spectral components of DX, FX-LO and FX-2LO.
In fact, all absorption coefficients below the bandgap can be principally obtained using such
approach. The deduced absorption coefficients of 298.4, 109.6 and 62.8 cm−1 at ∼370.6, 375.05
and 383.65 nm are consistent with available experimental data in literature [27–29]. Besides,
it can be found that the intensity decline rates of various luminescence structures are different
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Fig. 3. Measured TPL spectra for various distances from the luminescent spot to the crystal
front surface. (a) The leading position of DX line is gradually replaced by FX-LO as the
distance increases from zero. (b) As the distance is further increased, FX-2LO structure
becomes dominant peak in the spectrum.

because the absorption coefficient depends strongly on wavelength. In Fig. 4(d), the experimental
data and corresponding fitting curves are depicted together for comparison. Evidently, the
intensity decline rate becomes smaller as the wavelength increases. If a ratio is defined as
Rd = Id/ I0, it is easy to conclude that Rd = exp(−∆αd), where ∆α is absorption coefficient
difference between two different wavelengths.
In addition to the peak intensity decline, the peak position of DX line exhibits a distinctive

redshift, especially when the distance is increased in the beginning small range of 0-40 µm, as
can be seen in Fig. 5. Such redshift tendency may be interpreted as the modulation effect of an
exponential absorption edge on the Lorentzian lineshape of DX line. Usually, the lineshape of
bound excitonic optical transitions in binary semiconductors can be treated as Lorentzian profile
[30]:

L(υ) = A
1
π

Γ/2
(υ − υ0)

2 + (Γ/2)2
, (1)

where υ, υ0, Γ and A refer to frequency, central frequency, full width at half maximum (FWHM)
and a constant, respectively. Here υ is rescaled by υ = hυi/eV , where h is the Planck constant
and υi is the original frequency in unit of Hz. Γ is in unit of eV. The exponential absorption edge
of Urbach tail induced by defects states below bandgap can be expressed as

α(υ) = α0 exp[(υ − υ0)/E0], (2)

where α0 is the absorption coefficient at υ0, and E0 is in unit of eV reflecting the exponential
edge depth [31–33]. After transmitting a distance of z with SA effect, the spectral lineshape of
DX line shall take an expression

F(υ,z) = L(υ) exp[−α(υ)z]. (3)
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Fig. 4. Experimental peak intensities (solid squares) decline vs. the displacement. Solid
curves represent the fitting curves with Beer-Lambert law for DX (a), FX-LO (b) and FX-2LO
(c), respectively. (d) The peak intensity reduction tendencies of the three structures are
shown together for comparison. The intensity decline rate decreases as the wavelength
increases because the absorption coefficient difference becomes smaller. Experimental
errors are also provided.

By solving ∂F(υ,z)
/
∂υ = 0, one can determine the spectral peak frequency υ which is dependent

on z.
For |υ − υ0 |<<E0, exp[(υ − υ0)/E0] at right hand side of Eq. (2) may be approximated as
[1 + (υ − υ0)/E0] under its first-order Taylor approximation. Then an approximate solution of
Eq. (3) may be obtained as

υ = (−q/2 + r)1/ 3 + (−q/2 − r)1/ 3 + (υ0 − E0/3), (4)

where
r = [(q/2)2 + (p/3)3]1/ 2, (5)

and
q = E0Γ

2
/
6 + 2E3

0

/
27 − 2E3

0

/
3α0z, (6)

p = Γ2
/
4 + 2E2

0

/
α0z − E2

0

/
3. (7)

The solid line in Fig. 5(a) represents a fitting curve to the experimental data with Eq. (4). The
adopted values of υ0 and Γ in fitting were 3.356 and 0.011 eV, respectively, whereas the values of
α0 and E0 were adopted to be 1553.1 cm−1 and 0.0133 eV, respectively. Good agreement between
the fitting curve and the experimental data is achieved. Therefore, the observed distinctive redshift
of peak position of DX line indeed stems from the SA effect. If the fitting curve is plotted in an
enlarged range of displacement, the Urbach tail depth E0 may be found, as shown in Fig. 5(b). In
the case of ZnO bulk rod studied here, E0 was found to be ∼13.3 meV.
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Fig. 5. (a) Experimental peak positions (solid squares) of DX line vs. the displacement,
and a fitting curve with Eq. (4) described in text. (b) Experimental data and fitting curve in
an enlarged range of displacement. The exponential absorption edge width may be found in
such a large displacement scale. Experimental errors are also given.

Possible experimental errors were analyzed below. Even the displacement of the focusing lens
was taken as the variation of distance between the luminescent spot inside the crystal and the
crystal front surface, an error of 2.4% was estimated. If without considering the SA effect, the
maximum 600 µm displacement of the luminescence spot itself may result in an estimated 0.56%
variation in TPL intensity.

4. Conclusions

In conclusion, the SA effect on the major spectral structures of two-photon luminescence spectrum
of ZnO crystal at cryogenic temperature is investigated under the geometric configuration of
side-excitation and front-detection using near-infrared fs laser as the excitation light source. By
varying the transmitting distance of luminescence signal inside the crystal, the intensities of
the major spectral structures including DX, FX-LO and FX-2LO can be finely tuned so that
the absorption coefficients of ZnO below bandgap are determined. In addition, the observed
distinctive redshift of peak position of DX line with respect to the transmitting distance is
quantitatively interpreted on the basis of the product of Lorentzian lineshape function and
exponential absorption edge of Urbach tail. Under the first-order approximation, an analytical
formula is found for the characteristic redshift of DX line with increasing the distance of SA
effect. The study also leads to the determination of energetic width of Urbach tail of the studied
ZnO crystal. More importantly, the conclusions of this study are generally true for luminescent
solids.
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