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Role of sample thickness and self-absorption effects in simultaneous XEOL-XAS
measurements on single crystalline ZnO and GaN
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The x-ray excited optical luminescence (XEOL) for defect and near band edge (NBE) transitions combined
with simultaneous x-ray absorption measurements are experimentally and theoretically studied on single crys-
talline ZnO and GaN across the Zn and Ga K edges, respectively, in a wide range of sample thicknesses.
Increasing the sample thickness leads to the appearance of an inverted line shape and negative edge jump for
the XEOL defect response, whereas the line shape of the XEOL NBE edge remains positive. A one-dimensional
transport model is developed, which includes experimental geometry, the creation of x-ray generated excitations,
diffusion and recombination of the carriers, and reabsorption of x-ray fluorescence and XEOL photons. The
model calculations reproduce the experimentally observed changes of the edge shape in the XEOL spectra caused
by variation of the sample thickness and reveal surface recombination and optical absorption as the main factors
determining the XEOL edge shape for a given sample thickness.
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I. INTRODUCTION

X-ray excited optical luminescence (XEOL) spectroscopy
is often chosen to investigate the electronic and optical prop-
erties of numerous materials by means of a synchrotron
radiation source [1-6]. Through a combination of different
x-ray absorption spectroscopy (XAS) techniques with XEOL
spectroscopy, a useful connection between structural, chem-
ical, and optical material properties can be explored [2,3,6].
XEOL has also gained attention due to its potential applica-
tion for soft x-ray XAS measurements of thin films grown
on luminescent substrates [7,8] and site-selective studies of
the optically active atoms giving rise to particular lumines-
cence transitions [9-11]. At the same time, there is a concern
with respect to the site selectivity of the XEOL method due
to an electronic energy transfer process from an absorbing
atom to the neighboring atoms contributing to the measured
luminescence response [12]. Therefore, it is highly crucial
to compare XEOL with a well-established traditional XAS
characterization when searching for site-selective information
in the XEOL measurement [13].

One of the interesting characteristic features when com-
paring the XEOL with XAS is that the luminescence signal
may exhibit a negative edge jump in the x-ray absorption
near-edge structure (XANES) region, which has been recog-
nized in the first measurement on CaF, [14]. The origin of the
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negative edge jump is controversial and several mechanisms
have been proposed [5,14,15]. Bianconi et al. [14] explained
the negative edge jump with the onset of competing radiative
recombination of the ls hole above the K edge, based on
the anticorrelation behavior between the XEOL and the XAS
detected in the x-ray fluorescence mode. It was also proposed
that the negative edge jump originates from the ratio of the
optical luminescence induced by the L-shell and K-shell exci-
tations as well as sample thickness [15]. Rogalev and Goulon
[5] proposed that the appearance of the negative edge jump of
the excitonic XEOL can be associated with a strong surface
recombination of a thick sample. However, the recent exper-
imental papers show no negative edge jump for the excitonic
XEOL on thick ZnO and GaN samples, but observe a decrease
of the XEOL intensity for the defect transitions on ZnO or
even a clear negative edge step with the inverted fine-structure
features on GaN in the XANES [16-18]. Thus, the existing
model must be revised to be consistent with the behavior of
the different luminescence transitions.

Here we present a systematic study of the thickness de-
pendence of the XEOL for the defect and near band edge
transitions, excited with x-ray energies across the Zn and Ga
K edges at 10 K, on single crystalline ZnO and GaN samples,
respectively. The aim of this study is to obtain a better un-
derstanding of the mechanism causing the thickness-induced
changes of the XEOL spectra in the XANES region. We pro-
pose a method for the calculation of the XEOL spectra from
the simultaneously measured XAS based on the analytical so-
lution of the one-dimensional continuity equation for the x-ray
excited carriers in the steady-state mode for the low injection
regime. We analyze the dependence of the edge shape of the
calculated XEOL spectra on the sample thickness, the ratio of
surface to bulk recombination rates, and the self-absorption of
the emitted optical photons. A very good agreement between
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TABLE I. The main characteristics of the ¢-ZnO, c-GaN, and a-GaN samples.

Peak position at Ex + 50 eV

Sample Growth Substrate Thickness (um) Defect band (eV) Exciton line (eV)
¢-ZnO thin film 1 PLD c-AL,O; 1.0£0.1 3.358
¢-ZnO thin film 2 PLD ¢c-ALLO; 20+£0.1 3.361
¢-ZnO bulk wafer 1 Hydrothermal 54+£5 2.1 3.361
¢-ZnO bulk wafer 2 Hydrothermal 82+5 2.0 3.361
¢-ZnO bulk wafer 3 Hydrothermal 110£5 2.0 3.361
¢-ZnO bulk wafer 4 Hydrothermal 188 £ 5 2.0 3.361
¢-ZnO bulk wafer 5 Hydrothermal 251+£5 2.1 3.361
¢-ZnO bulk wafer 6 Hydrothermal 500£5 2.2 3.361
c-GaN thin film MOCVD c-Al,05 4.0+0.1 22 3.486
c-GaN bulk wafer HVPE 402 £ 5 2.2 3471
a-GaN thin film MOCVD r-Al,Os 27+£0.1 22 3.428
a-GaN bulk wafer HVPE 485+5 23 3.473

our calculation and the experimental XEOL results is achieved
for both defect and near band edge transitions in a wide range
of sample thicknesses.

II. EXPERIMENTAL DETAILS

The spectrally resolved XEOL measurements were per-
formed at 10 K with a liquid-He flow cryostat and a 0.5-m
Czerny-Turner spectrometer equipped with a thermoelec-
trically cooled Si charge-coupled device (CCD). A more
detailed description of the XEOL setup is published else-
where [19]. Simultaneous XAS and XEOL measurements
were made in a stepwise mode from 200 eV below to 700
eV above the edge of interest (Zn or Ga K edges) using a
Si(111) monochromator at beamline P65 of PETRA III [20].
The XAS signal was recorded in the fluorescence mode using
a Si drift detector. In these simultaneous measurements, the
angle of incidence was 45° to the sample surface for most of
the samples, while the fluorescence detector was at 90° and
the XEOL collection was at 40° to the incident x-ray beam.

Undoped c-plane ZnO (c-ZnO) single crystalline bulk
wafers with varied thickness were grown by a hydrothermal
method at Crystec and SurfaceNet. Thin film ¢-ZnO single
crystalline samples were deposited by pulsed laser deposition
(PLD) on a c-plane sapphire substrate [21]. Single crystalline
freestanding c-plane GaN (c-GaN) and a-plane GaN (a-GaN)
samples were grown by hydride vapor phase epitaxy (HVPE)
at Kyma Technologies, whereas c-GaN and a-GaN thin film
samples were deposited by metal organic chemical vapor
deposition (MOCVD) on c- and r-plane sapphire substrates
at ams-OSRAM International GmbH, Regensburg and Otto-
von-Guericke-Universitit Magdeburg, Germany, respectively.
The thickness of the bulk samples is measured with a dial
indicator device. Table I compiles the information on the
samples and their luminescence properties obtained from the
spectrally resolved XEOL characterization at 10 K.

III. RESULTS

A. ZnO

Figure 1(a) shows the spectrally resolved XEOL of ¢-ZnO
single crystal wafers with varied thickness in the region of

the broad orange line (OL) defect band centered at ~2.0 eV
[22,23] for the x-ray excitation at energies 50 eV below and
50 eV above the Zn K edge (Ex = 9659¢eV) at 10 K. The
XEOL intensity is normalized to the intensity of the x-ray
flux (Ip) measured with a gas ionization chamber. The XEOL
results of the additional ¢-ZnO samples with d = 110, 188,
and 251 um are similar to those of 500 um and are shown
in Fig. S1 of the Supplemental Material [24]. We also note
that no signal of the OL defect band could be detected on
the ¢-ZnO thin films with d = 1 and 2 um. Except for the
thinnest bulk sample (d = 54 um), all other bulk samples
exhibit similar behavior: a decrease in XEOL intensity with
increasing x-ray energy. This result agrees with that on the
defect band at ~2.0 eV of a ¢c-ZnO thick wafer (d = 500 um)
reported by Lin et al. [16]. In addition, for c-ZnO samples
with d = 500, 251, and 54 wm, a peak shift of 50-60 meV
to higher energy is found, while the other samples show a
weak shift or unchanged position [see Fig. 1(a) and Fig. S1
of the Supplemental Material [24]]. The observed blueshift is
probably related to the characteristic property of the OL band,
namely, a blueshift with increasing excitation power [22,23],
or to an in-depth inhomogeneity of the defects involved in
the radiative recombination. A higher excitation power in the
sample volume is expected for the x-ray energy above the
Zn K edge as the x-ray attenuation length is significantly
shortened.

We also detect strong narrow emission lines at 1.759 and
1.742 eV and weaker lines at 1.745, 1.730, 1.714, 1.708,
1.695, 1.693, and 1.678 eV as well as weak lines at 1.938
and 1.88 eV superimposed on the low-energy side of the OL
band in the ¢-ZnO samples [Fig. 1(a) and Fig. S1 of the
Supplemental Material [24]]. The lines at 1.938 and 1.88 eV
are attributed to artifact signals as these emission lines are
also present when the x-ray beam excites the sample holder
(see Fig. S2 of the Supplemental Material [24]) or the GaN
samples [Fig. 3(a)]. In contrast, a group of lines in the range
1.67-1.76 eV are located in the spectral range of Fe’* lumi-
nescence in ZnO [25,26], though the zero phonon line at 1.787
eV is not observed for our samples. It is assumed that this
may be connected to the mixed polarization geometry [25]
and relatively high Fe concentration effects [26], causing a
decrease in intensity of the line at 1.787 eV.
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FIG. 1. (a) Normalized defect XEOL at x-ray energy below (Ex — 50eV) and above (Ex + 50eV) the Zn K edge (Ex = 9659 ¢V); (b) 2D
defect XEOL mapping across the Zn K edge; and (c) comparison of the defect XEOL intensity and fluorescence XAS measured simultaneously
as a function of the x-ray energy at 10 K for ¢-ZnO single crystals with varied thickness of d = 500, 82, and 54 um. Note that spectra in (a)
and (c) for different samples are vertically shifted for more clarity.
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FIG. 2. (a) Normalized NBE XEOL at x-ray energy below (Ex — 50eV) and above (Ex + 50eV) the Zn K edge (Ex = 9659¢V); (b) 2D
NBE XEOL mapping across the Zn K edge; and (c) comparison of the DBE XEOL intensity and fluorescence XAS measured simultaneously
as a function of the x-ray energy at 10 K for ¢-ZnO single crystals with varied thickness of d = 500, 82, 54, and 1 um. Note that the spectra in
(a) and (c) for different samples are vertically shifted for more clarity.
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FIG. 3. (a) Normalized defect XEOL at x-ray energy below (Ex — 50 eV) and above (Ex + 50eV) the Ga K edge (Ex = 10367 eV); (b) 2D
defect XEOL mapping across the Ga K edge; and (c) comparison of the defect XEOL intensity and fluorescence XAS measured simultaneously
as a function of the x-ray energy at 10 K for c-GaN single crystals with different thickness of d = 402 and 4 um. Note that the spectra in (a)

and (c) for different samples are vertically shifted for more clarity.

Figure 1(b) shows two-dimensional (2D) XEOL data for
the OL defect transition on ¢-ZnO single crystal wafers mea-
sured as a function of x-ray energy across the Zn K edge,
demonstrating that the normalized intensity of the OL defect
band increases with increasing x-ray energy above the Zn K
edge. A closer look at the 2D XEOL data also reveals rapid
changes in the XEOL intensity at the Zn K-edge energy Ex
especially for samples with d = 500 and 82 um. To analyze
this behavior of the OL defect band intensity in more detail,
we integrate its intensity in the photon energy range from
1.80 to 2.65 eV to exclude a possible influence from the
narrow lines below 1.8 eV. Figure 1(c) presents a comparison
of the defect XEOL spectra as a function of x-ray energy
and the simultaneously measured fluorescence XAS spectra
for the ZnO samples. There is a clear change of the edge
shape in the XEOL spectra from negative (d = 500 um) to
positive (d = 54 um) but still with an inverted white line and
fine-structure intensities relative to those of the XAS spectra.
It can also be seen that the edge and the fine structure are more
attenuated in the XEOL spectra compared to those of the XAS
spectra.

We have also explored the near band edge (NBE) XEOL of
the ¢-ZnO samples. Figure 2(a) displays the NBE XEOL for
the ¢-ZnO bulk wafers (d = 500, 82, and 54 um) and a thin
film (d = 1 um). The strongest emission at 3.36 eV, attributed
to the exciton bound to a neutral donor (DBE) [27-29],
strongly increases in intensity with increasing x-ray energy at
the Zn K edge. Note that the thin film with d = 2 um and the
other bulk samples (d = 251, 188, and 110 um) give similar
results (shown in Figs. S3 and S4 of the Supplemental Mate-
rial [24]), which are consistent with the earlier XEOL work
on the NBE emission for the ¢-ZnO thick wafer [16]. The 2D
XEOL data for the NBE emission is shown in Fig. 2(b). A
clear enhancement of the DBE transition is observed above
the Zn K edge. A comparison of the simultaneously measured
XAS and the XEOL for the DBE intensity integrated over
the photon energy range from 3.35 to 3.37 eV is displayed in

Fig. 2(c). A positive edge shape of the XEOL is found for all
c-ZnO samples regardless of their thicknesses, and the white
line and fine structure observed in the XEOL spectra resemble
those of the XAS spectra except being even more pronounced
in the case of the bulk samples. The observed DBE behavior
is significantly different than that of the OL defect band for
the same samples (Fig. 1), indicating that the XEOL intensity
as a function of x-ray energy depends not only on the sample
thickness, but also on the type of emission channel used to
monitor the XEOL signal.

B. GaN

Figure 3(a) compares the spectrally resolved XEOL of a
c-GaN single crystal wafer (d = 402 um) and a c-GaN thin
film (d = 4 um) grown on ¢ — Al,O3 substrate in the spectral
region of the yellow defect (YL1) band at 2.2 eV [30,31] for
the x-ray excitation at energies 50 eV below and 50 eV above
the Ga K edge (Ex = 10367¢eV) at 10 K. We note that the
small oscillations superimposed on the YL1 band of the thin
film are due to interference effects [30], while a weak line
identified at 1.938 eV is an artifact signal as discussed above
for ZnO (see Figs. S2 and S5). We also detect the strong
Cr3* emission line of the ¢ — Al,O5 substrate at 1.79 eV
(Fig. S5 of the Supplemental Material [24]), which restricts
the spectral range for the thin film sample due to saturation
of the CCD detector. As the x-ray excitation energy increases
from below to above the edge, the XEOL intensity of the YL1
band decreases for the thick bulk sample, but it increases for
the thin film sample. Figure 3(b) shows the 2D XEOL spectra
for the YL1 defect band on the c-GaN samples. It can be
seen that a drop in XEOL intensity occurs for the thick bulk
sample above the Ga K-edge energy Eg. At the same time,
the XEOL intensity of the thin film sample is enhanced above
Ek. Figure 3(c) displays simultaneously measured XAS and
XEOL for the YL1 band, the intensity of which is integrated
in the photon energy range from 1.95 to 2.60 eV to exclude an
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FIG. 4. (a) Normalized NBE XEOL at x-ray energy below (Ex — 50eV) and above (Ex + 50eV) the Ga K edge (Ex = 10367 ¢eV); (b) 2D
NBE XEOL mapping across the Ga K edge; and (c) comparison of the DBE XEOL intensity and fluorescence XAS measured simultaneously
as a function of the x-ray energy at 10 K for c-GaN single crystals with different thickness of d = 402 and 4 um. Note that the spectra in (a)

and (c) for different samples are vertically shifted for more clarity.

influence of the artifact signal at 1.938 eV. A negative edge
and inverted white line and fine structure are found in the
XEOL spectrum for the thick bulk sample. In contrast, the
XEOL spectrum of the thin film resembles the edge shape and
fine structure of the XAS spectrum.

Figure 4(a) shows the spectrally resolved XEOL of the
c-GaN samples in the NBE region for the x-ray excitation
at energies 50 eV below and 50 eV above the Ga K edge
at 10 K. The XEOL spectrum of the c-GaN single crystal
bulk wafer is dominated by the DBE transition at 3.471 eV
and a two-electron satellite (TES) of the DBE emission at
3.460 eV [30-32]. We observe a similar DBE transition and a
less resolved TES in the ¢-GaN thin film, but their transition
energies are blueshifted by about 15 meV due to strain effects,
causing a widening of the band gap in the GaN thin layer
grown on the sapphire substrate [30,32]. With increasing x-ray
excitation energy, the intensity of the DBE emission increases,
which is especially noticeable on the 2D XEOL spectra shown
in Fig. 4(b). The intensity of the DBE transition (integrated
over a photon energy range from 3.46 to 3.48 eV and from
3.44 to 3.49 eV for bulk and thin samples, respectively) and
the simultaneously measured XAS are shown in Fig. 4(c) as
a function of the x-ray energy. Note that for the c-GaN single
crystal bulk wafer we have subtracted the intensity of the TES
transition from the integrated intensity of the DBE transition.
A positive XEOL edge is observed for both c-GaN samples
and the XEOL spectrum is more pronounced relative to the
XAS one for the c-GaN single crystal bulk wafer [Fig. 4(c)].

We have additionally investigated the thickness effect on an
a-GaN single crystal bulk wafer (d = 485 um) and an a-GaN
thin film (d = 2.7 um) in the defect spectral region (Fig. S6 of
the Supplemental Material [24]) and in the NBE region (Fig.
S7 of the Supplemental Material [24]). The spectrally resolved
defect XEOL for the thick bulk sample is dominated not only
by the YL1 band but also by the red emission (RL1) band [30].
Nevertheless, we have found a similar behavior of these defect
bands to that of the YL1 band of the c-GaN thick bulk sample:

anegative edge and an inverted white line and fine structure in
the XEOL spectrum. The result of a positive XEOL edge for
the a-GaN thick and thin samples in the NBE spectral region
also agrees with our findings on the c-GaN samples, indicating
a strong role of sample thickness and type of recombination
channel used to record the XEOL intensity as a function of
the x-ray excitation energy.

IV. DISCUSSION

A. Self-absorption effects in XAS and XEOL

It is generally accepted that due to self-absorption (SA)
effects the sample thickness plays a major role in the distortion
of the XAS spectrum measured from bulk samples using the x-
ray fluorescence (XRF) detection mode [33-36] or the XEOL
technique [5]. For this reason, we will first consider SA effects
together with our experimental geometry in the interpretation
of our XAS and XEOL experimental results.

For a sample of thickness d, the dependence of the XRF-
detected XAS intensity Ixas on the x-ray energy E, is given
by the well-known expression [33-36]

Q €rllx
Ixas (Ex) =l ——
T ot T f Gnteas
x [1 — = Gnfsinbive s fsindias)dy (1)

where Iy = Iy(E,) is the incoming x-ray photon flux measured
simultaneously with Ixas(Ey), €2 is the solid angle centered
around the angle 6xas, at which the XRF is detected [see
Fig. 5(a)], Oinc is the angle of incidence of the incoming
x-ray beam, €y is the XRF yield, uy = ux(Ey) is the x-ray
absorption coefficient due to core-hole creation at the edge of
interest of the element, poy = pio(Ey) = x (Ey) + pvg(Ex)
is the total x-ray absorption coefficient including a back-
ground absorption uye due to different edges and elements,
and  is the total x-ray absorption corresponding to the XRF
photon energy. In the general case, the evaluation of u, from
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spectrum corrected for SA effects using the calibration curve shown in the inset. (c) Effect of sample thickness on XEOL spectra normalized to
maximum intensity for a fixed absorption coefficient o of 10 cm™! calculated based on Eq. (4). (d) Effect of the optical absorption coefficient
on the XEOL spectra normalized to maximum intensity for a fixed sample thickness of d = 500 um calculated based on Eq. (4).

the transcendental equation (1), where . depends on puy, is
difficult, and usually impossible for unknown x-ray absorption
parameters. For the case of thick samples, there are several
approaches to obtain py in the XANES [34] and extended
x-ray absorption fine-structure (EXAFS) [33,35,36] regions.
For the case of thin samples, determined by the relation

d < (Gl 4+ )7 Eq. (1) simplifies to Ixas(E,) =
Iy %e rixd/sin One, indicating that py is directly accessible
from the XRF-detected XAS measurement under the assump-
tion of an x-ray energy-independent €. For an arbitrary
sample thickness, the approximate solution for ;yx can be nu-
merically calculated by using a few terms of the Taylor series
for the exponential term in Eq. (1) [37]. Alternatively, the
calibration curve method can be applied, which considers the
normalized experimental XAS spectrum, [Ixas(Ex)/Iolnoms
and the normalized absorption finorm = x /(i — bg), With
pid — b being the edge step, uf, = wo(Ef), and Ef de-
noting the energy above the corresponding x-ray edge of
interest [38,39]:

I:IXAS(Ex)i| _c Fnorm (Mg — Hbg)
— = Chnorm ;
IO norm Mot + M :::g)l(lics

x [1 — ¢~ (uar/sinbine iy [sindias )d

(@)

Cioorm 18 the normalization constant determined at E;g
where pporm = 1 as [8]

—1
+ _
Coo — Mot — Mbg 1 — ef(y,:gl/sin@INchMf/sinGXAS)d]
norm + + sin alNC .
Mot T Hf Gnoxas

3

However, instead of trying to calculate [porm from
[Ixas(Ey)/Io]yorm» this method uses Eq. (2) to calculate an
array of {inorm; [”‘%f*)]norm} pairs, the so-called calibration
curve, by assuming different values for ppom and using tab-
ulated constant values for ppg, pp, and Wi Subsequently,
Mnorm can be determined from the experimental [A‘%P]norm
spectrum using the calibration curve instead of Eq. (2). The
inset of Fig. 5(b) shows the calibration curve for ¢-ZnO with
d = 500 um, the set of x-ray absorption parameters for ZnO
given in Table II, and the experimental geometry parameters
Oine = 45° and Oxas = 45°. The x-ray absorption parameters
are calculated with the HEPHAESTUS software [40] based on
the density value of 5.6 gcm™> for ZnO [41] and 6.1 gcm ™3
for GaN [42]. Figure 5(b) shows the normalized experimental
XAS spectrum of ¢-ZnO with d = 500 um processed with the
ATHENA software [40] and the corresponding ftym calculated
with the calibration curve method. It can be observed that the
onset of Wnorm 18 steeper and shifted to higher x-ray energy
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TABLE II. The fi/, ftyg, and uf, x-ray absorption coefficient parameters for ZnO and GaN. The density of 5.6 gcm™ for ZnO [41] and
6.1 gcm™ for GaN [42] are used for the parameter calculation with the HEPHAESTUS software [40].

Material Ex (eV) wp(Kyr) (cm™") Hoe(Ex —50€eV) (cm™") ulh (Ex +50eV) (em™)
ZnO 9659 224 168 1136
GaN 10367 220 163 1111

compared to the experimental XAS. Furthermore, the inten-
sity of the white line and the other fine-structure features is
significantly higher in ppom. Both features are known to be
the result of the SA effect for measurements of thick samples
[33-35]. As there is some uncertainty for the input parameters,
including x-ray absorption, geometry, and sample thickness,
we have additionally estimated the influence of £10% varia-
tion in each of these parameters on the calculated ptyorm for
both thin (~1 wm) and thick (~110 wm) ZnO samples (see
Figs. S8-S11 of the Supplemental Material [24]). It turns out
that the sample thickness has the smallest effect on pporm
(<1% relative change) for both types of samples. For the
thin sample, all parameter variations induce <1% relative
change for ftnorm, With the strongest effects from /L[tt (~0.8%)
and Oine (~0.6%) variation. For the thick sample, however,
ui, variation induces the strongest relative change of 8% for
Mnorm» While upe and wy variations cause 4% relative change
of fnorm, and Onc and Oxas variation introduces only 3%
relative change of pporm- It should be mentioned that the set
of x-ray absorption parameters for GaN is similar to that for
ZnO (see Table II), indicating that the uncertainties estimated
for ZnO are also applicable to the calculation of ftpem for GaN
samples.

In a similar way, SA effects can be invoked for the XEOL
measurements [5]. We adopt the result of Ref. [5] to our
geometry of the incoming x-ray beam and thus the expression
for XEOL is given by

Q q Mot
IxgoL(Ey) =lo— —Osinemc
4z Mot + & Sin OxEoL
% [1 — 67(;4[0[/sin&lNchot/sin@xEOL)d]’ 4)

where g is the XEOL yield, Oxgor, is the angle at which
the XEOL is detected [see Fig. 5(a)], and « is the absorp-
tion coefficient corresponding to the XEOL emission energy.
Moreover, uy of Eq. (1) is replaced by uy in Eq. (4) to
account for the contribution of all the absorbed x-ray photons
to the generation of the electron-hole pairs involved in the
XEOL emission.

Since we know pporm from the XAS measurements and
the values of up, and M[tt (Table II), we can calculate o
and thus simulate an XEOL spectrum assuming a constant
value for ¢ in Eq. (4). In Fig. 5(c), a series of XEOL spectra
normalized to maximum intensity (at a white line maximum
for a calculated set of spectra) with varied thickness but fixed
optical absorption coefficient is plotted. A pronounced shift of
the inflection point to lower energies and a strong reduction of
the magnitude of the XEOL fine structure are clearly observed
with increasing sample thickness, similar to the SA effects
observed for XRF-detected XAS in Fig. 5(b). In addition, we
examine the effect of varying the optical absorption coefficient
«a for the thickest sample with d = 500 um [see Fig. 5(d)]. The

higher « is chosen, the closer the XEOL spectrum resembles
that from the thinnest sample in Fig. 5(c), implying that a
very strong absorption of the emitted photons can compen-
sate the effect of the thickness on the XEOL spectra. This
originates from the fact that for strong optical absorption the
emitted photons can escape the material only from a small
depth below the sample surface and hence the thickness of
the sample becomes irrelevant. We also observe a nearly con-
stant XEOL signal for smaller « values [see Fig. 5(d)] as
the exponential term in Eq. (4) can be neglected and (o ~
%. Though the observed increase in magnitude
of the DBE XEOL fine structure for the thinner c-ZnO (Fig. 2)
and ¢ — GaN (Fig. 4) samples can be correlated with SA
effects, the simulations cannot reproduce the negative defect
XEOL edge and inverted fine structure measured on the same
samples (Figs. 1 and 3). Thus, we conclude that the conven-
tional approach based only on the experimental geometry and
SA effects is insufficient to analyze our thickness-dependent
XEOL data. Instead, the creation, diffusion, and nonradiative
recombination of the x-ray generated charge carriers must also
be taken into account.

B. One-dimensional theoretical model of
thickness-dependent XEOL

The number of XEOL photons emitted at a certain depth in
the sample depends on the density of excited charge carriers at
this depth. However, the depth profile of excess electron-hole
pairs generated by absorption of the hard x-ray photons is not
only determined by the penetration depth of the x-ray beam
into the volume of the crystal. It is also influenced by the dif-
fusion and recombination of the generated carriers. To explore
these effects in more detail, we will extend a one-dimensional
photoconductivity model [43] by taking into consideration the
experimental geometry, the carrier generation by hard x-ray
excitation, and the SA effect of the emitted XEOL photons.
The incoming x-ray beam forms an angle of incidence Oin¢
with respect to the sample surface, while the detection of
XEOL photons occurs at the angle Oxgor, relative to the sam-
ple surface [see Figs. 5(a) and 6(a)]. In the absorption process
a single x-ray photon creates (ZL electron-hole pairs, where g
is again the efficiency of the energy transfer (XEOL yield), E,
is the x-ray photon energy, and E,, is the average creation en-
ergy for a single electron-hole pair [5]. A continuity equation
for the excess carrier concentration p is expressed as the sum
of the generation, diffusion, and recombination terms [5,43]:
qu Mot eiﬂml z/sinfne + D@ _ B’ (5)

aip
OE,, sinfne d2 T

ar

where p is the excess carrier concentration, I is the incident
x-ray photon flux, w is the total x-ray absorption coefficient,
z is the spatial coordinate associated with the distance from
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FIG. 6. (a) Schematic diagram illustrating the carrier concentration profile p(z, Oinc) and the transmission probability of the emitted XEOL
photons T'(z, OxgorL) for a bulk sample with thickness d and front (S;) and back (S,) surface recombination velocities. The XEOL spectra
calculated using Eq. (10) for the ¢-ZnO single crystal samples with varied thickness are plotted for the case of (b) low optical absorption
coefficient (@ = 10 cm™') and (c) high optical absorption coefficient (¢ = 10* cm~'). The identical set of parameters (L = 3um, & = 5,
& =5, One = 45°, Oxgor. = 95°) is used in both cases.

the front surface of the sample, D is the diffusion constant,
and t is the total lifetime of the excess carriers and relates
to the radiative (tr) and nonradiative (t,z) lifetimes via l =
Ti + — [44]. For a steady-state condition with 3” =0, the
generaf solution of this differential equation [Eq. (5)] can be

written as

C, are determined by boundary conditions [43], which equate
the recombination currents to the surface recombination rates
at the front and back sample surfaces:

d
’ p%_ sl . (7a)
dz z=0
dp
< = oS, (7b)
dz z=d

= Cre "t 4+ Cret/t + Cze ™7, 6
PE) ! : 3 ©) where S| and S, are the front and back surface recombination

velocities, respectively [Fig. 6(a)], and d is the sample thick-
ness. This yields the following dimensionless ratios for the

\/D‘l,' is the d1ffus1on length, (' = ot/ sin One,
constants in Eq. (6):

(M’L) ]. Here, the constants C; and
J

where L =
and C; = IOEXT[L /Il —

G _ (&= D& — WLV — (& + WLy + D (8a)
G & — D1 = &)+ (& + (& + De/E ’
G _ G+ uD)E 1 — G+ D — e (sb)
G & = DA —&) + & + D& + DeX/E

where & = S|L/D and & = S,L/D are the ratios of surface to bulk recombination rates for the front and back sample surfaces,
respectively [43]. Assuming that the luminescence is proportional to the number of excess carriers (low injection condition), we
evaluate the measured XEOL intensity Ixgor from the depth-dependent excess carrier density p(z) for the minority carriers
(holes in n-type and electrons in p-type samples) as [44]
p 14
IxgoL = — = — [ p(A)T (2)dz, )
TR TR O
where T (z) = e~%/snbxeoL represents a Beer’s law term for the SA effect with « being the absorption coefficient at the energy
corresponding to the emitted XEOL photons. Finally, by inserting Eq. (6) into Eq. (9) and by integrating over the thickness d of
the sample, we derive the general expression for the detected XEOL intensity:
— e~ dW+a’)
M/ + o ’
[

o |:C1 | — e—dU/L+e) ¢, pd/L=a) _ |
Egs. (8a) and (8b). On the basis of this general result, we

qgE. T n
G 1/L+o G 1/L—o
consider the effect of the sample thickness on the XEOL

— 10
E. TR 1 — (WL)? (19)

IxgoL = Iy

where o' = «/ sin Oxgor and the dimensionless ratios % and

g—i are functions of material parameters as defined above in

023066-8



ROLE OF SAMPLE THICKNESS AND SELF-ABSORPTION ...

PHYSICAL REVIEW RESEARCH 7, 023066 (2025)

intensity when the x-ray energy is tuned across the edge for
the two extreme situations of thin and thick sample limits.
In particular, we address the question of whether a negative
or a positive edge shape of the XEOL spectrum results for the
different scenarios.

For the thin sample limit, it suffices to use the first two
terms of the Taylor series for the exponential functions (e* ~
1 4 x) in Egs. (8) and (10), reducing the general expression to

OCI_EXL d* Mtot
Eee td(1+ &)1 + &)+ L& + &) sinOne
(1)

The XEOL intensity in the thin sample limit is thus pro-
portional to the total x-ray absorption coefficient py: and
to the x-ray photon energy E,, but it is independent of SA
effects of the emitted light as long as the following con-
straints are valid: d < (L' + /)", d < (IL7" —a'])"",
d<W+a) ", d< (L' =)', and d < L/2. Be-
cause the ratio of IxgorL/E, resembles the shape of piy, a
positive edge is expected in the XEOL spectrum.

For the thick sample limit with d >> 1/’ and d > L, the
exponential functions with a negative exponent and the term
g—i(ed(l/L’“/) — 1) can be neglected in Eq. (10) and it can be
simplified to

KgoL =

/

gEx T
E. T 1 — (WL)?

_51+M/L 1 n
& +1 1/L+o  wH+a |

The XEOL intensity in the thick sample limit thus has a
complex relationship with the parameters &, u/, L, and o/,
though it does not depend on the sample thickness. To gain
some insight into the interplay of these parameters, it is useful
to analyze Eq. (12) for different rates &; of the front surface to
bulk recombination.

For the case of arbitrary values of &, Eq. (12) can be
rearranged into

KoL =1y

12)

qEy T 1
Eee tr (61 + D +a'L)

"2 I
X[W)L+MWL+1+aq. 13

IKroL =1y

WYL+ pw(@L+1)+ao

The rational fraction with polynomials of ' in Eq. (13)
represents a monotonically nondecreasing function of
across the x-ray edge if its first derivative with respect to u’
is 0. In this case, the XEOL spectrum will exhibit a positive
edge shape. The condition for the derivative is met for large
optical absorption coefficients of the emitted XEOL photons
and leads to the following bottom constraint for « in order to
observe a positive XEOL edge:

2
@ > ysinfxgoL | /14~ EL _q ) a4
y2sin“Oine

where Yy = o/ sin One + 0.5(&1 + 1)/L. Otherwise, i.e., if
o is smaller than this value, the increase of i causes a
decrease of Ixgor, and hence a change of the XEOL edge shape

from positive to negative. The optical absorption coefficient
of the emitted XEOL photons is thus a decisive factor for the
shape of the measured XEOL spectrum for thick samples.

For very strong front surface recombination compared to
the bulk one, £, — oo and Eq. (13) reduces to

gE, 1 1 w
Eee tr (1 + /L) (1 + W L)' + o)

In this case, the shape of the edge in the XEOL spectrum
strongly depends on the actual values of the diffusion length,
the absorption coefficient for the emitted XEOL photons, and
the geometrical angles. For high values of o, when the relation
o > (Uot/ Sin Oine )2 L sin Oxgor is satisfied for all values of
Mot across the x-ray edge, the XEOL spectrum will exhibit a
positive edge. As soon as this constraint becomes invalid, a
further increase in fto; Will correspond to a decrease in Ixgor
and thus result in a distortion of the edge in the XEOL spec-
trum. In contrast, for very low values of «, the XEOL intensity
inversely depends on i as Ixgor X (1 + oL/ sin Omne) ",
thereby predicting a negative XEOL edge with a magnitude
proportional to the L/sin6nc term. We also note that for
a' — 0, One — 90°, and T = 1¢, Eq. (15) agrees with the
earlier model [5], where infinite surface recombination was
assumed but the experimental geometry and SA effects were
not included.

For the case of a very small ratio of the front surface to
bulk recombination, & — 0 and Eq. (13) represents a mono-
tonically nondecreasing function of p” across the x-ray edge
as o’ > 0. The XEOL edge shape is thus always positive in
this case; however, the magnitude of the edge decreases with
decreasing «’. In the most extreme case, when the SA effect
is completely absent (&’ = 0), the XEOL intensity in the thick
sample limit becomes independent of p’ and has just a linear
dependence on E;,.

To complete the case of thick samples, it is useful to discuss
the effect of strong SA of the XEOL photons. For samples
with intermediate thickness (d > L/2) but high values of o
(o/ > 1/d), the general expression for the XEOL intensity is
also reduced to Egs. (12) and (13). The model further predicts
a positive edge in the XEOL independently of &, provided
the corresponding constraint on « is fulfilled [Eq. (14)]. For
direct semiconductors the typical values of « in the NBE
region can be an order of magnitude larger than the values
of uw at the K edge. With increasing sample thickness,
the condition d > (o/ sin OxeoL) ! is thus met long before
d > (Uot/ sin Oine) ! s fulfilled (except for the very special
geometrical configuration of the very small incidence angle
Oine compared to Oxgor). In other words, the applicability of
the thick sample limit is now a consequence of the strong
absorption of the XEOL photons, not of the x-ray photons.
Therefore, it is very important to account for SA effects in the
interpretation of the XEOL data measured on thick samples.

To illustrate the effect of sample thickness over a larger
thickness range, we calculate the XEOL spectra using Eq. (10)
for either low (@ ~ 10 cm™") or high (@ ~ 10* cm™') ab-
sorption coefficients of the emitted XEOL photons. For both
cases, we use the same set of material parameters: L = 3 um,
& =5, & =35, Oine = 45°, and OxgoL = 95°. As input for
Uiot, We employ an XAS spectrum of ZnO (d = 500 um)
corrected for SA effects and scaled to match the absorption

s5)

IxgoL = Iy
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below the edge to 168 cm™! and above the edge to 1136 cm™!
(Table II). For the low absorption coefficient, Fig. 6(b) shows
how the shape of the XEOL edge changes from a positive
edge (d =5, 10, and 20 um) to a distorted edge (yet still with
the initial onset) and an inverted white line and fine structure
(d =50 and 100 um), and finally to a completely negative
edge with an inverted fine structure (d = 500 um). The close
similarity of the XEOL spectra above 9660 eV for d > 50 um
is the result of the thick sample limit scenario [Eqs. (12) and
(13)]. Moreover, increasing the sample thickness sample from
d = 50 to 100 um enlarges the region of similarity to lower
x-ray energies, where (i, has lower values, until the rela-
tion d > ({yor/ SN Oine) ! is broken. Note that the selected
value of @ ~ 10cm™! is smaller than the bottom constraint
of ~ 12cm™! calculated with Eq. (14) and using the value of
Uior below the edge, implying a completely negative XEOL
edge for the thick sample. In contrast, for the high absorp-
tion coefficient, Fig. 6(c) shows that there is no distortion
of the XEOL edge, only an increase of the XEOL intensity,
which saturates at d = 20 um. Note that the calculated XEOL
spectra for d = 50 and 100 um are identical to those for
d =500 um and are excluded from Fig. 6(c) for simplicity.
This saturation behavior corresponds to the scenario of the
thick sample limit [Egs. (12) and (13)] induced by a strong SA
of the XEOL photons as discussed above. The selected value
of & ~ 10* cm~! is much larger than the bottom constraint of
~454 cm™! calculated with Eq. (14) and using the largest jt
values. Overall, it is thus observed that low optical absorption
produces positive and negative XEOL edges depending on the
sample thickness, while high optical absorption produces only
positive XEOL edges, despite an identical x-ray absorption
spectrum and identical values for the experimental geometry
and material parameters.

C. Quantitative description of experimental XEOL spectra

We now consider the experimental XEOL spectra as a
function of x-ray energy E, discussed in Sec. III. The mea-
sured XEOL intensity normalized to the incident x-ray photon
flux, Iy, = Ixeor/lo, for the defect or DBE transitions of
ZnO and GaN samples [Figs. 1(c), 2(c), 3(c), and 4(c)] is
proportional to the XEOL intensity given by the general ex-
pression of the one-dimensional XEOL model [Eq. (10)]:

) - CO Jtheory / I uw g 1 — e—d/L+e)
XEOL = “jixEOL/ 10 = ]Eee 1— (M/L)z C; 1/L+o
Gy d/E=a) ] — gmdwHa)
ta : (16)
C3 I/L —_ O[/ /J'/ + Ol/

where C}’ is the proportionality factor depending on the optical
detection system and the solid angle for the XEOL photon
collection and C; = CjQq:—R is the dimensionless scaling factor.
The subscript j refers to either defect or DBE transition.
This scaling factor introduces an additional model parameter
for the evaluation of the experimental XEOL data for each
luminescence transition. It is important to point out that the
x-ray absorption coefficient (i, must be known at each x-ray
energy in order to calculate the XEOL intensity based on
Eq. (10) or (16). The required 11 data are accessible from the

simultaneous XAS measurements, corrected for SA effects
and scaled to the absolute x-ray absorption values below and
above the corresponding edge computed with the HEPHAESTUS
software [40] (Sec. IV A). The use of simultaneously mea-
sured XAS spectra instead of literature data for (o eliminates
possible concerns regarding the x-ray energy scale calibration
for the different datasets, potential differences in the experi-
mental geometry, and sample temperature and sample specific
property variations [17,45,46].

We evaluate the experimental XEOL spectra using
Eq. (16) and the known values of the geometrical parame-
ters (Oine =45°, Oxas = 45°, and OxgoL = 95°) and sample
thicknesses. Note that for the measurement of ¢-ZnO samples
with d = 54 ym and d = 82 um a slightly different geomet-
rical configuration (Oine = 35°, Oxas = 55°, and OxpoL =
105°) is used. Furthermore, a low value of dgefect = 10 cm™!
is assumed for the optical absorption coefficient in the spectral
region of the defect transitions [47-49]. Figures 7(a) and
8(a) show the calculated and measured XEOL spectra for the
defect transitions as well as the SA-corrected XAS spectra
of the ¢-ZnO single crystalline samples with d = 500, 251,
and 54 um and the c-GaN single crystalline samples with
d = 402 and 4 ym, respectively. The results for the additional
c-Zn0O and a-GaN samples are presented in Figs. S12 and
S13 of the Supplemental Material [24]. A very good match
of calculated and measured XEOL spectra can be observed
in all cases. The corresponding model parameters are listed in
Table III. A note of caution is that any possible inhomogeneity
of the sample at the micron and submicron scale may account
for substantial differences in the absorption coefficient and
diffusion length values. This may explain some difference in
the model parameter values for the samples produced with
different growth method or conditions. To reduce a possible
influence of the model parameters on each other, we set &
and &, to fixed values in the range 10-100 during the fitting
procedure. The diffusion length L and the scaling factor Cgefect
thus remain as the only free parameters. We find that indepen-
dent of the actual &; and &, values, the fitting procedure yields
similar results for the diffusion length of 2-3 um and for the
scaling factor of (0.7 x 1073—(0.9 x 107?) for the ¢-ZnO,
c-GaN, and a-GaN bulk samples but a higher scaling factor
of 1.3 x 1072 for the c-GaN and a-GaN thin film samples
(Table III). Based on these values of the diffusion length, the
range for the surface recombination rate (S; or S,) is estimated
as 0.3 — 5 x 10* cm/s assuming a carrier diffusion constant
of 1cm?s™'. For the bulk samples, the insensitivity of the fit
outcome to the variation of & and &, can be understood based
on the discussion of the XEOL model in the thick sample
limit (Sec. IV B). If the contribution of the quadratic term in
the numerator of Eq. (13) is very small relative to the linear
term ('L < 'L + 1 + &), the XEOL intensity IglggrLy will be
proportional to M or even independent of & if o'L < 1.
These relations are Well fulfilled for the values considered
for £ and for the typical values of o ~ 10> — 10° cm™!,
L~2—3um, and ogefect ~ 10 cm~!. Moreover, Eq. (13)
thus reduces to the analytical approximation for the case of
very strong surface recombination [Eq. (15)], even though the
value of & is moderate rather than infinite. Consequently, it
is difficult to determine the exact moderate values of & with
this model from the XEOL measurements on thick samples.
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FIG. 7. Calculated (solid line) and measured (circles) XEOL across the Zn K edge at 10 K for ¢-ZnO single crystals with varied thickness
in the (a) defect and (b) DBE spectral regions. XEOL spectra are calculated using Eq. (16) and the SA-corrected simultaneously measured
XAS spectra are also shown (purple solid lines). The highlighted region indicates the Zn K edge in the XEOL and XAS spectra. Note that the
XEOL and SA-corrected XAS spectra for different samples are vertically shifted for more clarity.

It should be added that for values of & and &, smaller than
10, the fit yields somewhat unreliable results as the L values
obtained are then 10 um or higher, which was not observed in
relevant experimental studies on the diffusion length of free
carriers in ZnO or GaN [50-52].

In the next step, we evaluate the experimental XEOL spec-
tra for the DBE transitions by using the same geometrical
parameters and the &, &, and L values obtained from the
above analysis of the XEOL spectra for the defect transitions.

3F T T T T T T
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2 -

d=402 um

XEOL (arb. units)

-

(spun “que) SYX pejo8lIoo-ys

10.36 10.40

10.44 x10°
X-ray photon energy (eV)

In this case, there are again two free fit parameters: the op-
tical absorption coefficient angg in the spectral region of the
DBE transitions and the scaling factor Cygg. We denote this
approach as “model 1,” emphasizing its assumption that the
diffusion length is identical to the one used for the defect
transitions and related to the minority carrier diffusion length
[as formulated in Eq. (9)]. Figures 7(b) and 8(b) as well as
S12(b) and S13(b) of the Supplemental Material [24] show
a comparison of the measured and calculated DBE XEOL
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FIG. 8. Calculated (solid line) and measured (circles) XEOL across the Ga K edge at 10 K for ¢-GaN single crystals with varied thickness
in the (a) defect and (b) DBE spectral regions. XEOL spectra are calculated using Eq. (16) and the SA-corrected simultaneously measured
XAS spectra are also shown (purple solid lines). The highlighted region indicates the Ga K edge in the XEOL and XAS spectra. Note that the
XEOL and SA-corrected XAS spectra for different samples are vertically shifted for more clarity.
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TABLE III. Model parameters used in the calculation of the XEOL spectra in the defect region of the c-ZnO, c-GaN, and a-GaN samples.

d (Mm) L (Mm) S] s EZ QINC (deg) QXEOL (deg) O defect (Cm_l) Cdefect
¢c-Zn0O

54 1.84+0.1 10-100 35 105 10 (0.740.1)x1073

82 1.7+0.1 10-100 35 105 10 0.7+0.1)x1073

110 35+£03 10-100 45 95 10 0.9+0.1)x1073

188 32402 10-100 45 95 10 (0.8£0.1)x1073

251 2.8+£0.2 10-100 45 95 10 (0.9+0.1)x1073

500 26+£0.2 10-100 45 95 10 (0.8£0.1)x1073
c-GaN

4 29+0.2 40-100 45 95 10 (1.3£0.1)x1072

402 3.1£0.2 10-100 45 95 10 (0.8£0.1)x1073
a-GaN

2.7 1.6 +0.1 10-100 45 95 10 (1.3£0.1)x1072

485 1.7£0.1 10-100 45 95 10 (0.7£0.1)x1073

spectra for the ¢-ZnO, ¢-GaN, and a-GaN samples, respec-
tively, and Table IV lists the corresponding model parameters.
An excellent agreement between the measured and calculated
XEOL spectra is observed in all cases. During the initial fitting
with a starting value of 103 cm™! for angg, it was found that
for some samples the fitted value for angg reaches 10° cm™!
or higher, coupled with a fairly large uncertainty for both angg
and Cngg. To prevent this uncertainty for these samples, the
value for angg was fixed at 10° cm™! during the subsequent
fitting (see Table IV). The source of the fitting uncertainty for
high angg values can also be understood on the basis of the
XEOL model for the thick sample limit. When the linear term
is significantly larger than the quadratic one (u'L < 'L + 1)
in the denominator of Eq. (13), the XEOL intensity is pro-
portional to vtLu(H}lL—/a)H Consequently, an increase of the
uncertainty in angg gives rise to a larger uncertainty in the
XEOL intensity and, therefore, in the Cypg value. This analy-
sis also implies that the fit is sensitive to the sum L + 1/¢/,
but not to the individual unknown parameters L or ongg.
Moreover, in the thick sample limit and if ©'(L + 5) < 1, the
XEOL intensity is simply proportional to " and neither the

determination of angg nor of L will be possible from fitting
experimental data. Fortunately, the last inequality is not valid
for the typical values of u and the estimated values of L and
angg and, hence, the analysis with model 1 is feasible for the
studied samples.

The electronic transport, which may take the form of free
charge carriers (uncorrelated electron and hole, as described
above) or free excitons (bound electron-hole pairs), is not well
studied in our samples. However, previous low-temperature
experimental studies have shown that free exciton transport
also takes place in ZnO and GaN semiconductors [53,54].
Therefore, we consider a second approach, which associates
the diffusion length with the free exciton diffusion length
equal to ~0.2 um for these materials [53,54], but ignores any
contribution from the free charge carriers to the formation
of the free excitons and as a result to DBE transitions. This
approach is denoted as “model 2 and the calculated spectra
are shown in Figs. 7(b) and 8(b) as well as Figs. S12(b) and
S13(b) of the Supplemental Material [24]. In fact, model 2
yields even better agreement with the measured DBE XEOL
spectra than model 1 and it eliminates the fitting uncertainty

TABLE IV. Model parameters used in the calculation of the XEOL spectra in the DBE region of the ¢-ZnO, c-GaN and a-GaN samples.

Model 1 Model 2
d (um) L (um) ange (cm™!) CnBE L (um) ange (cm™) CngE
c-ZnO
1 1.8 1 x10° 3.84+0.1 0.2 1 x10° 0.17 £ 0.01
2 1.8 1 x10° 2.0+0.1 0.2 1 x10° 0.17 £0.01
54 1.8 (2.74+0.1)x10° (424+0.3)x1073 0.2 (1.5+0.1)x10° (1.74£0.1)x1073
82 1.7 1 x10° 1.0+0.1 0.2 4+ Dx10* 4+ 1x1072
110 3.5 1 x10° 2.2+0.1 0.2 (1.0 £0.1)x 10* (7.4 +£0.3)x1073
188 3.2 1 x 10° 2.0+0.1 0.2 (1.5+0.1)x10* (1.24+0.1)x1072
251 2.8 (2.6+0.1)x10? (5.44+0.3)x1073 0.2 (1.24+0.1)x10° (1.6 £0.1)x1073
500 2.6 2.8+0.1)x10° (5.7+£0.3)x1073 0.2 (1.3+£0.1)x10° (1.6 £0.1)x 1073
c-GaN
4 2.9 (4.0+0.5)x10* 0.540.1 0.2 (6.0 +0.3)x10° (0.5+0.1)x1072
402 3.1 1 x 10° 1.9+0.1 0.2 (1.0+0.1)x10* (0.74+0.1)x1072
a-GaN
2.7 1.6 1 x10° 1.2+0.1 0.2 1 x10° 0.16 £ 0.01
485 1.7 0.6+0.1)x10? (1.34+0.1)x1073 0.2 0.44+0.1)x10? (1.0£0.1)x1073
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for anpgg for the bulk samples (Table IV). However, com-
parisons of all fit results and the dependencies of the XEOL
model in the thick sample limit discussed above suggest that
determination of the actual value of the diffusion length from
experimental XEOL data is rather difficult, especially if angg
is also unknown. Nevertheless, this model 2 with the exciton
electronic transport can be justified for the c-ZnO thin film
samples, as no defect emission due to recombination of un-
correlated charge carriers can be found.

Rogalev and Goulon developed a somewhat similar one-
dimensional model for the excitonic XEOL in ZnO, but
without including the optical absorption of the excitonic
XEOL photons and the experimental geometry [5]. That
model predicts a change from the positive to a negative edge
shape for the excitonic XEOL spectra with increasing the sam-
ple thickness from 1 wm to hundreds of um. We have shown
experimentally that, contrary to this previous prediction, the
edge shape of the DBE XEOL spectra in ZnO is not altered
by the sample thickness. Furthermore, we propose a gener-
alized model that properly incorporates SA effects for the
emitted XEOL photons and the experimental geometry. It thus
provides an accurate description of the thickness-dependent
XEOL spectra measured in both the defect and the NBE
spectral regions.

To complete our discussion, let us briefly consider possible
limitations and additional aspects in the analysis of XEOL
data. The generalized one-dimensional model assumes that
the XEOL intensity is proportional to the excess carrier den-
sity [Eq. (9)]. However, if the material is lightly doped or
if the excitation power is very high, then the low injection
approximation no longer holds true. In this case dependences
of the XEOL intensity and the recombination lifetime on the
excitation power [44] should also be considered. In addition,
our model ignores a possible deviation from the linear de-
pendence on the excitation power for the excitonic transitions
[55]. However, this assumption should be justified since low-
temperature photoluminescence measurements on GaN and
ZnO imply that the intensity of the DBE transitions varies
almost linearly with the excitation power [23,30]. Another
important effect to be considered is a built-in surface electric
field [56], resulting in a space-charge depletion layer in the
surface region of the sample, especially, when the XEOL
measurements are carried out with soft x-rays [57]. The model
presented above is developed for a homogeneous system (sin-
gle crystalline samples), but it will also be interesting to
explore the treatment of powder samples to understand an
additional impact of grain size and light-scattering effects on
the XEOL response. Finally, extending the model to more
than one dimension can be very helpful when studying semi-
conductor nanowires [3,58] or individual grains and their
boundaries in polycrystalline materials [59,60] by means of
XEOL characterization with a submicron spatial resolution.

V. CONCLUSIONS

To summarize, we have performed systematic simultane-
ous measurements of the XEOL and fluorescence XAS as

a function of the sample thickness for ¢-ZnO, c-GaN, and
a-GaN single crystalline bulk and thin film samples at the Zn
and Ga K edges, respectively. For XEOL, we have investigated
the luminescence in both the defect and the near band edge
spectral regions. In the XANES region the thickness variation
strongly affects the line shape of the defect XEOL but not
of the near band edge XEOL. We have developed an analyt-
ical one-dimensional XEOL model in the low injection state,
which takes into account the generation of the free carriers by
the x-ray absorption, carrier diffusion, recombination, exper-
imental geometry, and self-absorption of the XEOL photons.
It is found that the proportionality between the XEOL signal
and the x-ray absorption coefficient exists only for very thin
samples. In contrast, for an arbitrary sample thickness, the line
shape of the XEOL differs from the XAS, depending on a
number of material parameters including the diffusion length,
the ratio of surface to volume recombination, and the absorp-
tion coefficient of the emitted XEOL photons as well as the
geometrical parameters defining the experiment. Using this
model and the x-ray absorption coefficient derived from the
simultaneously measured XAS corrected for self-absorption
effects, we demonstrate that the thickness-dependent line
shape of the XEOL spectra for both defect and near band
edge regions can be explained quantitatively very well for the
ZnO and GaN samples. This work thus demonstrates that the
simultaneous XEOL and XAS measurements can be used as
an efficient tool for the accurate interpretation and quantitative
analysis of the XEOL spectra.
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