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The optical and electrical properties of transparent conducting oxide (TCO) thin films are strongly linked
with the structural and chemical properties such as elemental depth profile. In R&D environments, the
development of non-destructive characterization techniques to probe the composition over the depth of
deposited films is thus necessary. The combination of Grazing-Incidence X-ray Fluorescence (GIXRF) and X-
ray reflectometry (XRR) is emerging as a fab-compatible solution for the measurement of thickness, density
and elemental profile in complex stacks. Based on the same formalism, both techniques can be implemented

Keywords: on the same experimental set-up and the analysis can be combined in a single software in order to refine
)G(::I(QRF the sample model. While XRR is sensitive to the electronic density profile, GIXRF is sensitive to the atomic
Depth profiling density (i. e. the elemental depth profile). The combination of both techniques allows to get simultaneous

information about structural properties (thickness and roughness) as well as the chemical properties. In
this study, we performed a XRR-GIXRF combined analysis on indium-free TCO thin films (Ga doped ZnO
compound) in order to correlate the optical properties of the films with the elemental distribution of Ga
dopant over the thickness. The variation of optical properties due to annealing process were probed by
spectroscopic ellipsometry measurements. We studied the evolution of atomic profiles before and after
annealing process. We show that the blue shift of the band gap in the optical absorption edge is linked to
a homogenization of the atomic profiles of Ga and Zn over the layer after the annealing. This work demon-
strates that the combination of the techniques gives insight into the material composition and makes the
XRR-GIXRF combined analysis a promising technique for elemental depth profiling.

© 2017 Elsevier B.V. All rights reserved.

Transparent conducting oxides

1. Introduction

One of the challenges in the optoelectronic devices is to find
an acceptable compromise between the need to increase the light
emitting/absorbing area and the need for low series resistance of
the metal contact grid [1]. The use of transparent conducting oxides
(TCOs) allows to achieve this compromise. Heretofore the class of
TCO materials have been dominated by ITO (indium tin oxide, an
In-rich alloy of indium oxide and tin oxide). However, due to the
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expected scarcity of indium, efforts are underway to develop indium-
free TCOs for the above-mentioned devices. ZnO heavily doped with
Ga (GZO0) is becoming a very attractive candidate for future genera-
tion TCOs [2].

ZnO belongs to groups II-VI semiconductors, featuring a wide
band gap (3.3 eV) at room temperature [3]. ZnO has been widely
used in photoelectric applications [4-7]. Pure ZnO is an intrinsic n-
type semiconductor and the main sources of electrons are oxygen
vacancies and interstitial zinc atoms [8]. However, the effects of both
sources are weakened at room temperature [9]. As a result, the opti-
cal and electrical properties of ZnO can only be enhanced through
doping [10].

The physical properties of heavily doped thin layers, such as
optical and electrical behaviors are strongly dependent on the
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structural (thickness, density, roughness) and chemical (elemental
depth profiles) properties. In our study, we focused on ZnO thin films
doped with Ga. We studied the effect of the doping on the optical
and electrical properties before and after the annealing process using
spectroscopic ellipsometry and Hall effect measurements. In order
to interpret the physical behavior of the films, we performed a deep
structural and chemical analysis.

We used non-destructive methods in order to characterize the
systems at an industrial level. Recently the combination of two
techniques, X-ray reflectometry (XRR) and grazing-incidence X-ray
fluorescence (GIXRF) has become a strong candidate for this char-
acterization [11]. Both techniques use similar measurement proce-
dures and the same fundamental physical principles can be used
to analyze the data. The experimental acquisition require a parallel
monochromated incident beam. From the theoretical point of view,
both techniques are based on the same recursive Parratt’s formal-
ism [12]. In 1954, Parratt presented the modulation effect of the
electromagnetic field as a function of the incident angle based on
reflection, refraction and interferences at a flat interface. He pro-
posed a recursive method for the calculation of the reflected part of
the beam (XRR). Based on the same recursive method, in 1991, De
Boer presented a theoretical formulation for the fluorescence emit-
ted (GIXRF) from layered samples based on the calculation of the
derivative of the Poynting vector through the determination of the
reflection and transmission coefficients [13].

The XRR analysis is a well-known interface-sensitive analytical
technique used to characterize surfaces, thin films and multilayers.
Basically, the technique is to reflect an X-ray beam on a sample
(film + substrate) and to measure the intensity of the reflected beam
in the specular direction while varying the incident beam angle in
the grazing range (0). When the interface between the film and the
substrate is not perfectly sharp, i.e. has an average electron density
profile, then the specular reflected intensity will deviate from the
Fresnel’s law reflectivity prediction. The deviation can be analyzed to
obtain the electronic density profile normal to the surface as well as
the film thickness and the interfaces roughnesses [14]. Prior knowl-
edge of the chemical composition of each layer is then necessary to
obtain the mass density of the respective layer.

The GIXRF analysis is a powerful technique for elemental depth
profiling of thin layers. The basic concept of this technique is to mea-
sure the fluorescence signal emitted by the elements present in the
sample as a function of angle of incidence of the X-rays. In the grazing
angle range, the incident and the reflected beam interfere creating an
X-ray standing wave (XSW) field with locally dependent electric field
fluctuations [15]. The emitted fluorescence signal is thus amplified
by the intensity of the XSW field at a given depth resulting in a strong
dependence on the elemental depth profile (i.e. atomic density).

The primary XRF intensity per unit of time by atoms of a particular
element a in a layer j of a thickness d; can be represented by the
following equation [16]:
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where [y is the incident photon energy (hc/A, where h is Plank’s con-
stant, ¢ the velocity of the light in vacuum and A the wavelength), Cy;
the mass fraction of element a in layer j, 7, the photoelectric part
of the mass absorption coefficient for element a at wavelength A,
M, the linear absorption coefficient of the incident radiation in layer
J» pj the atomic density of layer j, Jo, the absorption jump factor at
wavelength A for the considered shell of element a, @, the fluores-
cence yield, g, the relative emission rate, ,, the linear absorption

coefficient of the considered fluorescence of element a in layer n,
dn the layer n thickness, S the irradiated detected sample area, ¢,
the detector angle, P;, the z component of the Poynting vector and
Ljq the linear absorption coefficient of the considered fluorescence
of element a in layer j. One can note the link between the differ-
ent absorption coefficients (linear and mass) producing correlation
effects between the fit parameters during the analysis.

The analysis of the GIXRF signal gives the information of the
atomic density over the overall thickness linked to the elemental
depth profile. However, this technique does not provide an unam-
biguous depth profile reconstruction in terms of mass density and
thickness.

While both techniques used independently require prior knowl-
edge of the sample, combining them gives access to a better charac-
terization of the system in terms of thickness, roughness and mass
density profile by combining the electronic and the atomic den-
sity profiles [17]. In this work we demonstrate how the GIXRF/XRR
combined strategies apply for non-destructive characterization of
the depth-dependent properties in gallium-doped zinc oxide thin
layered films, and how the optical properties of this advanced
indium-free TCO relate to the XRR/GIXRF-deduced gallium profile in
the film. In Ga-doped ZnO compounds, the electronic density is not
significantly impacted by the substitution of Zn by Ga. On the con-
trary, the atomic density is very sensitive to the presence of Ga atoms
although the atomic numbers (Z) of Zn and Ga are very close. The
characterized structural and chemical properties give a better insight
into the physical properties of the films and allow to interpret the
observed optical properties.

2. Experimental
2.1. Sample preparation

Ga doped ZnO thin films on SiO, (500 nm)//Si substrate were
prepared industrially. The SiO, layer was thermally deposited on
Si(100) substrate. We use such SiO,//Si substrate in order to control
the thickness as well as the oxidation state of the oxide layer. We
deposited 2.5 at.% Ga doped ZnO (noted Gagg5Zngg9s0) 15 nm thin
films on 8 inches wafers. One pair of samples of 2 cm x 4 cm (close
to each other) was cut on the wafer and one specimen of the pair
was then annealed under industrial conditions. The annealing condi-
tions were optimized in order to achieve the best physical properties
according to reference [18]. As a reference sample, we prepared a
pure 20 nm thick ZnO thin film deposited on a SiO, (500 nm)//Si sub-
strate using the atomic layer deposition (ALD) technique in order to
control the thickness and the composition of the film as well as to
limit the roughnesses at the interfaces.

2.2. Instrumentation

The spectroscopic ellipsometry data have been acquired using a
Woollam M2000 rotating compensator ellipsometer which features
automated variable angle of incidence capability (VASE), 193-1700
nm spectral range and spot size in the mm range.

Hall effect measurements were done with an Ecopia HMS5000
system at 300 K applying a magnetic field of 0.55T to obtain the
carrier density using Van der Pauw method [19].

The structural properties probed by XRD were examined using
a Panalytical X'Pert Pro MRD diffractometer with a monochromated
parallel beam Cu K, excitation using a /26 configuration.

The XRR and GIXRF data were acquired simultaneously using a
dedicated instrument. Recently, the National Henri Becquerel Labo-
ratory (CEA) has acquired a specific set-up to perform the combined
XRR-GIXRF analysis [20]. It has been implanted on the Metrology
beamline at the French synchrotron SOLEIL (Saclay), the set-up can
be used in the X-UV energy range (45 eV to 1.9 keV) as well as in
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the hard X-ray energy range (3 to 35 keV). The analysis chamber is
composed of a 7-axis goniometer allowing a fine alignment of the
sample in the chamber with respect to the incoming beam and its
rotation during measurement. Two detectors complete the set-up,
including a diode to record the XRR signal and a HPGe spectrome-
ter from OXFORD Instruments to acquire the fluorescence intensity.
The environment of the measurement is maintained under vacuum
at P < 10-5 mbar. Two sets of slits, placed in the incoming beam
and before the XRR detector are used in order to limit the divergence
and eliminate the off-specular signal. The XRR measurement is per-
formed in a 6/26 configuration. The fluorescence detector, including
a collimator, is placed at 90° with respect to the sample surface. The
GIXRF measurement is performed by rotating the sample by the 0
angle identical to the one in the XRR measurement. Due to a fixed
incident beam, the rotation of the sample during the measurement
implies an evolution of the solid angle of detection which affects
the collected fluorescence intensity by the factor S, the irradiated
detected sample area (see Eq. (1)) [16,21].

Finally, the destructive chemical depth profiling analysis has
been realized using a PPTOFMS from Horiba Jobin-Yvon [22]. The
instrument combines a plasma source (pulsed radio-frequency glow
discharge) for sputtering and ionization of the sample coupled with
an orthogonal time-of-flight mass spectrometer.

2.3. Methodology

In this study, the combined XRR-GIXRF analysis has been per-
formed in the hard X-ray range using a 10.8 keV energy for the
incident beam. The choice of this measurement energy was made to
be sufficiently above the K-edges of elements of interest present in
the system, i.e. 10.367 keV for Ga and 9.659 keV for Zn to enhance the
fluorescence signal. We recorded the XRR data from 0° to 1° with an
angular step of 0.005°. The XRF spectra were acquired on the same
range but with a larger angular step of 0.01°. We analyzed each spec-
trum with PyMca software [23] using batch processing, resulting in
the dependence of the integrated intensity of each element line of
interest with the incident angle. Fig. 1 represents the sum of the spec-
tra recorded along the 6 range on the as-deposited 15 nm thick Ga
doped ZnO sample analyzed using PyMca software. The background
was simulated using a strip background model implemented in the
software. This approach is consistent with the hard X-ray regime
used in this analysis. We clearly observe the Ky and Kg lines of Zn
and Ga which can be easily deconvoluted. The peak at 10.8 keV is the
elastic scattering peak. The presence of the three elements Cr, Fe and
Ni comes from the analysis chamber itself.

The XRR-GIXRF combined analysis can be performed following
two distinct approaches. A reference-free analysis approach may be
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Fig. 1. Sum of the spectra recorded at 10.8 keV along the 6 range on the as-deposited
15 nm thick Ga doped ZnO sample analyzed using the PyMCA software.

used if one has access to the calibration of the whole system. This
implies a preliminary detector calibration in terms of geometrical
parameters and efficiency as well as a characterization of the incident
beam including the intensity, the shape and the divergence [24,25].
Otherwise, the second approach is the use of a reference sample
containing the same element in order to define the geometrical
factor and the detector response depending on the fluorescence
emission line. In our study we chose to measure a 20 nm ZnO sample
deposited by the ALD technique. This deposition technique allows
to get a smooth sample (low roughness) and a good control of the
composition and the thickness of the film. A classic XRR analysis
is sufficient to characterize the reference sample. The K, emission
energy of Ga and Zn are very close, we can expect a constant response
in the efficiency of the detector between both elements. Thus, the
ZnO thin film is a good candidate as reference sample for both
elements.

We performed the combined analysis on this sample using JGIXA
software [26,27] in order to get the geometrical parameters values of
the experiment, including the detected area (factor S in Eq. (1)) and
the XRR and the XRF divergence factors. We then proceeded to the
combined analysis of both samples of interest while fixing the set of
instrumental parameter. The starting models were composed of one
layer of Gagg5Zng 950 of 15 nm over an infinite substrate of SiO, with
a set of expected parameters. The optimization is performed in JGIXA
using a differential evolution algorithm [28].

3. Results and discussion
3.1. Spectroscopic ellipsometry

The optical responses of both as-deposited and annealed samples
are represented in Fig. 2 and compared with the ZnO reference sam-
ple response. The ¢ and 6 spectra (not shown here) are recorded over
a wide spectral range from UV to Near-IR wavelength [193-1700
nm] at several incident angles. The dielectric function of the ZnO thin
film was modeled by combining one Drude oscillator with one Tauc-
Lorentz and one gaussian oscillators [29]. The dielectric function of
the TCO thin films were then extracted using the previous model only
by fitting the positions and the amplitudes of the oscillators.

Qualitatively, we observe a strong influence on the optical prop-
erties of the presence of Ga dopant in as-deposited ZnO thin film. A
signature of crystalline defects appears around 3.2 eV certainly due
to a lack of homogeneity. The contribution of plasma excitation (free
electrons) to the dielectric function can be observed in the visible and
near-infrared spectra region but a further analysis in the infra-red
region may be needed to validate the hypothesis.

257 1.0
2.0 nsmssnesreiniti® -"".'.""’"""""""""" 0.8
15 ~7

§ 10.6
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c 10 G::Q%Zno as dep <
0.5- Ga, ,,ZnO annealed 104
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-0.5 lo.o
1 2 3 4 5 6
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Fig. 2. Refractive index and extinction coefficient of as-deposited and annealed Ga
doped ZnO samples compared with a ZnO reference sample.
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The annealing process slightly decreases these effects and the
optical parameters are closer to the one of ZnO, although significant
blue shift in the optical absorption edge remains.

In heavily doped polycrystalline semiconductor such as GZO com-
pound, the main mechanisms responsible of the optical response are
the following [30]:

i Burstein-Moss (BM) shift

ii Atomic structure distortions and reconstructions
iii Alloying effect (orbital hybridization)
iv Exciton effects

In the first approximation the blue shift of the optical band gap
can be explained mostly by the BM shift. It is directly correlated
to the amount of free-carrier concentration (n) according to the
following relation given by Burstein [31]:

W (3\i »
Ay~ o (E) ns, (2)

where AE; is the energy band gap widening, n the carrier concen-
tration, h the Planck’s constant, and m* the electron effective mass
in the conduction band. In the case of ZnO semiconductor m* =
0.28me [32].

In a band-edge absorption region, the absorption coefficient o of
the TCO thin films is approximated by aF = A(E — E¢)'/2. Assuming a
direct band gap transition, we can thus extract the optical gap value
E, by plotting (aE)? versus photon energy [33]. The « spectra can be
obtained directly from the k spectra using the formula o = 4mk/A.

Fig. 3 shows the («E)? plot for both samples as-deposited and
annealed Ga doped ZnO in comparison with ZnO thin film. We deter-
mined the optical gap for the three samples by linear extrapolation
(solid lines) and E; was estimated from the intercept at (aE)?> = 0.
ZnO thin film presents an optical gap at 3.2 eV in good agreement
with the reported value in the literature [34]. The presence of Ga
dopant in ZnO thin film increased the optical gap to 3.6 eV. The
annealing process decreased the optical gap to 3.4 eV. The increase
in the optical band gap correlates with an increased in electron con-
centration according to Eq. (2). The annealing process removes a part
of the electrons occupying the energy states above the bottom of the
conduction band, thus decreasing both the optical band gap and the
electron density. We performed Hall measurement on both samples
in order to extract the electron density before and after the annealing
process. The measured values are 8.0x 102°cm=3 and 2.9x 1029cm~3
for the as-deposited and annealed sample respectively. The calcu-
lated band gap widenings from these values given by the Eq. (2),

e ZnO
601 o Ga,,ZnO as dep

Ga, ,.Zn0 annealed

2.8 3.2 3.6 4.0
Energy (eV)
Fig. 3. (E)? versus photon energy for the three samples: as-deposited and annealed

Ga doped ZnO samples compared with a ZnO reference sample. The extraction of the
optical gap value is given by extrapolating the intercept at (aE)? = 0.

are 1.08 eV and 0.55 eV, respectively. Experimentally, the band gap
widenings are quite slighter, 0.4 eV and 0.2 eV respectively. Although
the evolution and the order of magnitude are similar, the difference
between calculated and experimental values can be explained by
other contributions in the band gap widening such as defects which
tend to decrease the BM effect [35].

In order to further interpret the annealing effect on the optical
properties of Ga-doped ZnO thin film, we perform an X-ray analysis
of both samples including diffraction, reflectivity and fluorescence.

3.2. XRD and XRR analyses

Fig. 4 presents the diffracted patterns of both samples around the
(002) ZnO reflection. GZO thin films are polycrystalline. In this work,
only the (002) reflection peak is considered. We clearly observe a
decrease in the lattice parameter after the annealing process.

A preliminary fitting procedure was performed on the XRR data
only using a genetic algorithm with Leptos® software. We started the
fitting procedure with a 15 nm Gaggs5Zng 950 monolayer model for
both samples. Fig. 5 represents the simulated and recorded data on
both samples after the refinement procedure. The inset represents
the mass density profile for both as-deposited (A) and annealed (B)
samples. The fitted sample parameter results are reported in Table 1.

The total thickness of the film after the annealing process has
shrunk. Indeed the total thickness of the as-deposited sample is
around 18 nm while the annealed sample is only 15 nm thick. While
the fit was adequate for the annealed sample, this model was not
adapted for the as-deposited sample. The best model calculation of
XRR data of the as-deposited sample required the addition of a low
density thin surface layer (compared to the reported value in the
literature for doped ZnO compound [34]). We applied the same com-
position for both layers assuming that the effect on XRR signal is
weak. The annealed sample presents a mass density close to the
reported value of bulk ZnO. One should note that the mass density
profile is deduced from the electronic density profile using the given
composition GaggsZng g50.

Low density top layer in the as-deposited sample can be related
to an elemental profile in the film as well as defaults such as voids
or vacancies in the GZO matrix. According to the XRR results, the
annealing process seems to homogenize the film and decrease the
total thickness. This observation is coherent with the XRD measure-
ment which reveals a reduction of the lattice parameter after the
annealing process. Indeed the presence of defects such as vacan-
cies in oxide thin films tends to expand the lattice [36,37]. In order
to verify the hypothesis of a more homogeneous annealed film in
terms of elemental profile a combined XRR-GIXRF analysis has been
performed.
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Fig. 4. XRD patterns along the 002 reflection of ZnO of as-deposited and annealed Ga
doped ZnO samples.
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Fig. 5. XRR measurements (open circles) and simulated curves (solid lines) after
refinement procedure of both as-deposited (A) and annealed (B) samples. The inset
represents the electronic density profile for both samples. The fitted result parameters
are reported in Table 1.

3.3. Combined analysis

The principle of the combined analysis is to use only one model
to represent both XRR and GIXRF data. In our case, we extracted the
angular dependence of the Ga and the Zn K lines in the XRF spec-
tra. The data were processed using JGIXA software. The instrumental
parameters were set to previously determined values by the proce-
dure detailed in Section 2.3 on the 20 nm thick ZnO reference sample.
We started the fitting procedure with the models obtained from the
previous XRR analysis for both samples, as-deposited and annealed,
respectively.

Qualitatively we observe on the as-deposited samples that,
although the fit is in good agreement for the XRR data, neither the Zn
nor the Ga GIXRF signal is well represented by the XRR model (not
shown here). This reveals that not only there is a density profile but
also the Zn and the Ga present an atomic gradient over the thickness
of the film.

Similarly, the annealed sample presents discrepancies in the sim-
ulation of GIXRF data for Ga K, line by the XRR model (not shown
here), although the simulated GIXRF signal for the Zn Ky, line is satis-
fying. This underlines our conclusion that in the case of the annealed
sample the Zn atomic profile is more homogeneous.

In order to integrate an elemental profile in our models, using
JGIXA software we subdivided the layers in discrete thin layers with
defined thickness (3 nm) and released the constraint on the ele-
mental concentration of Ga, Zn and O. The recorded data and the
simulated curves of the combined analysis for both as-deposited (A)
and annealed (B) samples are shown in Figs. 6 and 7, respectively.
The extracted elemental profiles are represented in Fig. 8.

In the combined analysis we assume a substitutional doping
meaning that the total concentration of Ga, Zn and O atoms at
all depths in the film is fixed to 1. With this hypothesis the as-
deposited sample shows a strong elemental gradient over the layer.
We observe an increase of Zn concentration in the top layers of the
film, especially over the first 3 nm, accompanied by a decrease of
Ga content. The results of the combined analysis on both samples

Table 1
Fitting results of the XRR data refinement for both samples as-deposited (A) and
annealed (B) performed using Leptos® software.

Sample Model Thickness (nm) Density (g+cm~3) Roughness (nm)
A GZ0_2  3.2(9) 3.21(9) 1.4(5)

GZ0_1 14.7(9) 6.08(2) 1.8(9)
B GZ0 15.0(1) 6.38(7) 1.7(1)

Zn Ko

Intensity (arb. units)

00 02 04 06 08
0 (deg.)

Fig. 6. XRR-GIXRF measurements (open circles) and simulated curves (solid lines)
after refinement procedure of the as-deposited sample A. The fitted result parameters
are presented in Fig. 8.

confirm homogenization of the composition after the annealing pro-
cess. Although a slight elemental profile remains in the annealed
sample, we observe a higher concentration of Ga in the first 3 nm
concomitant with a decrease in the Zn concentration.

In parallel to the combined XRR-GIXRF analyses, we performed a
destructive chemical depth profiling analysis of the samples using a
PPTOFMS from Horiba Jobin-Yvon [22]. Ion Beam Ratios for Ga, Zn
and Si are shown in Fig. 9 [38]. Analysis time was converted to depth
assuming constant sputtering rate. While the as-deposited sample
exhibits a Zn-rich surface, Zn and Ga clearly homogenize through-
out the layer during annealing process. Measured and simulated

3 XRR
'%
G\ T T T T
= 8E5 Zn Ka
: o
4
S4ES5-
>
E 0 ] T T T T T
S 6E4 G B
= ]
3E4

0"+ v
00 02 04 06 08
0 (deg.)

Fig. 7. XRR-GIXRF measurements (open circles) and simulated curves (solid lines)
after refinement procedure of the annealed sample B. The fitted result parameters are
presented in Fig. 8.
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Fig. 8. Atomic and density profile for both as-deposited (A) and annealed (B) samples
deduced from XRR-GIXRF combined analysis.

profiles are consistent and tend to strengthen the credibility of the
XRR-GIXRF combined analysis.

3.4. Discussion

The spectroscopic ellipsometry measurement on the as-deposited
Ga doped ZnO thin films shows the presence of defects and an
increase in the optical band gap associated with an increase of the
charge electron density. The XRR analysis reveals a top layer with
a very low mass density related to defects and elemental gradient.
The XRR-GIXRF combined analysis confirms an elemental gradient
of Ga and Zn over the depth which has been validated by a destruc-
tive technique. The annealing process seems to homogenize the film.
The thickness shrinking observed after annealing is coherent with
a decrease of the lattice parameter but is also enhanced by the
increased density due to an atomic rearrangement.

According to the XRR analysis, the density profile of the annealed
sample is well represented by a monolayer, although the XRR-GIXRF
combined analysis reveals a slight Ga and Zn elemental profile with
an increase of Ga at the surface. This can be explained by the fact that
the compound of Ga,03 is thermodynamically favored compared to
Zn0. Indeed considering the annealing condition, the Gibbs energy
of the Ga,05 is below the ZnO one [39]. During the annealing pro-
cess, the excess of oxygen atoms at the surface due to air oxidation
will favorably react with the Ga atoms, increasing the amount of Ga

100 “ 77
0.05]  jsmmmsoessrprmssemestatentt oy
% 0.90 / —— Si+ (as dep)
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Fig. 9. Relative ion beam ratio of Zn, Ga and Si atoms for both as-deposited and
annealed samples measured by PPTOFMS technique. The dot lines represent the inter-
face between the SiO, substrate and the films (1) and the surface of the annealed
sample (2) and the as-deposited sample (3).

at the surface. The homogenization of the films is accompanied by a
decrease of the optical band gap as observed with the SE measure-
ments which is related to a diminution of the charge carrier density.
The amount of defects in the gap decreases as well which is coherent
with homogeneous mass density and atomic profiles.

4. Conclusions

In this study we correlated and explained the optical properties
of Ga doped ZnO as-deposited and annealed thin films with the mass
density and the atomic profiles by performing a non-destructive
XRR-GIXRF combined analysis. We found that the annealing process
affects the optical properties by a homogenization of the mass den-
sity and the elemental profile over the thickness. We demonstrate
that the XRR-GIXRF combined analysis technique is a powerful anal-
ysis for elemental depth profiling on thin layers. More specifically,
this measurement can distinguish the presence of elements with
very close atomic numbers (Ga and Zn) and a weak effect on the
electronic density. Moreover the non-destructive nature makes this
analysis a suitable candidate for industrial process control which can
be part of R&D production.
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