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Highlights





Ellipsometry is demonstrated as a powerful technique for determining the optical properties
of ZnO.
Tanguy dispersion relationships can be considered as the most appropriate dispersion law
for a correct description of ZnO optical properties.
Tanguy dispersion law takes into account the absorption tail band and the excitonic band
of ZnO.
Temperature-dependent PL measurements are consistent with ellipsometry results using
Tanguy dispersion law.
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ABSTRACT
We report a comparative study between Forouhi-Bloomer, Tauc-Lorentz and Tanguy
dispersion laws for determining the reliable dielectric function of crystallized ZnO. ZnO layers
were prepared by sol-gel method and deposited on crystalline silicon (c-Si) by spin coating.
Spectroscopic ellipsometry (SE) was performed on ZnO/c-Si and each dispersion law was
considered in the physical model for fitting SE experimental data. A best agreement was found
between measurements and model. This applies in particular to the Tanguy dispersion. The
physical parameters such as excitonic energy, optical gap, damping factor, real and imaginary
parts of dielectric function were determined and analyzed. The temperature-dependent
photoluminescence spectroscopy (PL) measurements were also used to approve the adequate
dispersion law for ZnO material. We found by SE and PL measurements that Tanguy law
dispersion can be considered as the most appropriate one for a correct description of ZnO optical
dielectric function and for the interpretation of the absorption tail band and for the excitonic
band of crystallized ZnO. The band-gap energy, excitonic energy and damping factor parameter
are determined and analyzed. Their values (3.37 eV, 48 meV and 39 meV, respectively)
extracted from ellipsometry are in good agreement with those obtained by PL measurements.
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Ellipsometry; Optical properties; ZnO; Dispersion law; Photoluminescence.
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1. Introduction
Zinc oxide (ZnO) semiconductor has received broad attention due to its versatile properties:
wide band gap (~3.37 eV at room temperature), large excitonic binding energy (~60 meV), good
transparency, high electron mobility, size and thermal stability and piezoelectric. These
properties make ZnO as a potential and attractive candidate for several applications in:
optoelectronics [1, 2], photocatalytic [3], gas sensing [4], UV light emitters [5], solar cells [6]
and optical waveguides [7]. Such applications require good knowledge of optical properties of
ZnO.
Therefore, it has become essential to control the optical constants of ZnO. Spectroscopic
ellipsometry technique is a relevant tool for such optical analysis [8-19]. In the previous works
in literature, dispersion laws such as Cauchy [8, 9], Forouhi-Bloomer [8, 9], Tauc-Lorentz [912], Tanguy [13, 14] or wavelength-by-wavelength method [20, 21] were used to extract the
optical constants of ZnO by modeling spectroscopic ellipsometry (SE) data.
Cauchy's dispersion law is an empirical relationship between the refractive index and
wavelength for a particular transparent spectral range. Forouhi-Bloomer relationship obtained
from quantum-mechanical theory depicts the optical responses of a variety of amorphous and
crystalline semiconductors [8, 9]. Tauc-Lorentz dispersion law combines the empirical Tauc’s
expression for the band edge onset with the broadening given by the classical Lorentz oscillator.
It can be applied for amorphous or crystalline semiconductors.
To our knowledges, no comparison between these models has been found in the literature for
the determination of the ZnO dielectric function. In this paper, we give a rigorous analysis of
the ellipsometric data using Forouhi-Bloomer, Tauc-Lorentz and Tanguy dispersion laws. SE
results are complemented and compared by temperature-dependent photoluminescence (PL)
measurements. In particular, the discussion has been performed in order to correlate the bandgap energy and the damping factor with those given by Tanguy dispersion law.

2. Experimental
A large number of elaboration methods have been used for ZnO fabrication such as radiofrequency magnetron sputtering [22], molecular-beam epitaxy [23], pulsed laser deposition
[24], metal organic chemical–vapor deposition [25] or sol-gel [26-28]. Among these techniques
sol-gel is relatively low cost and enables large-area deposition. In the present work, ZnO thin
films were elaborated by sol-gel method.
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Zinc acetate dehydrate was dissolved, at ambient temperature, in a mixture solution of 2methoxyethanol and monoethanolamin. Monethanolamin is used as a stabilizer and a
complexing agent [27]. The concentration of zinc acetate in methoxyethanol was fixed at low
value equal to 0.6 mol/L. The molar ratio of Zinc acetate to monoethanolamin was maintained
to 1. The mixture was stirred for 2 hours at 60 °C at room temperature. A homogenous and
colorless ZnO solution was obtained and was remained stable for several days. The solution
obtained was kept 48 hours in aging at room temperature. Then a droplet of particles in
suspension was deposited by spin coating at 3000 rpm on silicon substrate. A preheating step
at 250°C is used to evaporate the solvents and to remove the organic residuals [20] and an
annealing step is necessary to crystallize the ZnO film. This deposition and preheating process
was repeated eight times. Finally, the films were annealed at 600 °C in air for 2 hours. This
annealing temperature has been chosen in order to obtain a good crystal quality necessary to
observe the optical excitonic effect [1]. Experimentally, we have found that repeating of the
deposition and preheating process several times leads to the formation of layer with low
roughness, a relative homogeneity and the sufficient thickness required for a good sensitivity
in ellipsometric measurements. In addition, a number of deposited layers less than five induces
the formation of non-continuous film.
The sample morphology was analyzed by scanning electron microscopy (SEM). The
measurements were performed on a Zeiss Supra 55VP operating in secondary electron imaging
mode with an accelerating voltage of 2 kV and 2.7 mm working distance. The optical response
of ZnO layers were investigated by a phase modulated Horiba ellipsometer in the 0.6-4.75 eV
spectral range at three incidence angles of 50°, 60° and 70°. The data fit is carried out
simultaneously on all incident angles to improve the confidence limit in the data fit.
Temperature-dependent PL measurements were carried out, using a monochromator with a 600
grooves/mm grating combined with CCD camera (spectral resolution of 0.23 nm) over a wide
range of temperature from 10K to 300K. The excitation wavelength was obtained using the 325
nm (~3.82 eV) line of a 5 mW He-Cd laser.

3. Results and discussion
3.1.

Spectroscopy ellipsometric measurements

Ellipsometry measures the changes in the polarization state between incident and reflected light
on the samples. The measured values are the ellipsometric angles  and . They are related to
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the ratio between the reflection coefficients of the sample for p-polarized light rp and s-polarized
light rs by [21]:

rp / rs = tan ψeiΔ,

Eq. (A.1)

SE measurements are performed in air at room temperature using a photoelastic modulator
ellipsometer. This ellipsometer measures the IS and IC parameters related to the ellipsometric
angles by [29]:

1.2

Ic = sin 2ψcos Δ.

and

Is = sin 2ψsin Δ

Eq. (A.2)
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Fig. A.1 Experimental ellipsometric (Is,Ic) parameters from ZnO/Si measured, at room
temperature, in the photon energy range 0.6 to 4.75eV at incidence angles of 60°, 65° and 70°.
Fig. A.1 shows the variation of Is and Ic ellipsometric parameters measured from ZnO deposited
on crystalline silicon substrate (c-Si). In the spectral range from 0.65 eV to 3.3 eV interferences
with large amplitude oscillations can be observed. They are attributed to the multiple internal
4
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reflections and transmissions at the interfaces between the ZnO film and c-Si. In UV range, the
absorption phenomenon is taking place resulting from the inter-band transition in ZnO film.
This excitonic band, showed in Fig. A.1, traduces the crystalline quality of ZnO layer. The XRay diffraction of ZnO has been performed and that give the same results that reported in our
previous work where the ZnO is crystallized in a hexagonal wurtzite lattice with c-axis
perpendicular to the substrate [30].
For clarity, only the ellipsometry data at incidence angle of 70° is given here, but the same
method and results are found for all incidence angles.
A physical model is required to extract optical constants, thickness of different layers and their
composition from the analysis of the IS and IC ellipsometric parameters. Experimental SE
spectra are fitted, by minimizing the following mean-square error using SE data for the three
angle incidence simultaneously [31]:

χ2 =

[(ICi(th) ‒ ICi(exp))/δIc + (ISi(th) ‒ ISi(exp ))/δIS], Eq. (A.3)

1
∑N
2N ‒ M ‒ 1 i = 1

where IC

i(th)

, IS

i(th)

and IC

i(exp)

, IS

i(exp)

are the theoretical and experimental values of IC and IS,

respectively. N is the number of collected data versus energy, M is the number of unknown
parameters of the model, and δIC and δIs are the estimated data errors. Generally, the physical
model is drawn on sample structure depending on elaboration condition. The surface of
elaborated sample and the cross section images have been probed by SEM as can be shown in
Fig. A.2. The surface of ZnO/Si is composed of porous layer formed by ZnO granular
distributed homogeneously at the surface and separated by voids. The average thickness of ZnO
layer is estimated at 235 nm as shown in the cross sectional image. So, the MEB images in Fig
A.2 reveals two suppositions: (i) ZnO is an homogeneously layer composed by voids and ZnO
like the surface of sample. (ii) ZnO layer is composed by multi-layers, each one is a mixture of
ZnO and voids. Hence, two realistic physical models shown in Fig. A.3 are used for SE data
analysis. In the modeling, the known parameters are the dielectric functions of c-Si substrate
[32] and SiO2 [33]. Also, the unknown parameters are the thickness of each layer, the volume
fractions and dielectric function of ZnO.
The thickness and the composition of each layer in physical model are determined after
optimization of the sample structure in the range of ZnO transparency (0.6 eV to 3 eV).
Unfortunately, the basic first model composed of one ZnO sublayer (Fig. A.3a) is unsuitable.
Indeed large disagreement is observed between experimental and calculated SE parameters Is
5
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and Ic. A several tests are consisted by layers number, value thickness layers such as they are
less than 235 nm and fraction volume of ZnO and voids. As result, we have found that the
model shown in Fig. A.3b composed on three ZnO porous sublayers on SiO2/Si reproduces
correctly the experimental spectra. In this model each layer is considered as a mixture between
ZnO and voids.
Once the best fit is obtained using Eq. (A.3), numerical results can be determined. The thickness
values determined by ellipsometry are L1 = 3 ± 0.1 nm, L2 = 58 ± 0.3 nm, L3 = 141 ± 0.2 nm
and L4 = 33 ± 0.2 nm for, respectively, SiO2 layer and the three ZnO sublayers. The total
thickness value of ZnO obtained by ellipsometry is consistent with that evaluated by SEM (Fig.
2b). The three ZnO sublayers are, in fact, modeled as a mixture of ZnO and voids according to
Bruggeman effective medium theory [34]. Table A.1 summarized the composition of each
sublayer. The origin of the voids in our film can be attributed to the growth mechanism for
ZnO/Si. For example, Gilliot et al. [19] have deposited ZnO films synthesized by sol-gel on 50
nm SiO2 hydrophilic layer on c-Si involving no voids in ZnO layer. As consequence, they are
proposed a physical model composed by ZnO sublayer and roughness top sublayer. In our case,
the ZnO layers were deposited on 3 nm SiO2 layer on c-Si inducing a week density of granular
ZnO layer (L2). This can explain the large volume fraction of voids (37 ± 0.03 %). A condensed
ZnO layer (L3) was obtained after repeating spin-coating deposition eight times. In this layer
the voids is reduced to 6%. The top layer (L4) is considered as roughness layer.

(a)

(b)

235 nm

200 nm

200 nm

Fig. A.2. SEM images of (a) the surface and the (b) cross section of ZnO/Si sample.
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L4
L2

L3

L1

L2
L1

SiO2

SiO2

Substrate: c-Si

Substrate: c-Si
(a)

(b)

Fig. A.3 Physical model which represents the ZnO/Si sample as (a) two sublayers and (b) four
sublayers of ZnO/Si sample.
Table A.1: Composition of each sublayer associated to the model in Fig A.3b.
Sublayer

L2

L3

L4

ZnO

63 ± 0.03 %

94 ± 0.03 %

64 ± 0.03 %

Voids

37 ± 0.03 %

6 ± 0.03 %

36 ± 0.03 %

In addition of structural characterization of sample by ellipsometry, the optical properties of
ZnO in each layer were determined by analyzing SE data in the range of 0.6 eV to 4.75 eV. The
dielectric function of ZnO were modeled by Tauc-Lorentz (TL), Forouhi–Bloomer (FB) and
Tanguy dispersion relationships.
-

Tauc-Lorentz dispersion law:

In TL model, the imaginary part of the dielectric function combines the empirical Tauc’s
expression for the band edge onset with the broadening given by the classical Lorentz oscillator
[15]:

εi, TL(E) =

1
E

×

A1.E0.C1 (E ‒ Eg)2
(E2 ‒ E20)2 + C12.E2

× H(E ‒ Eg).

Eq. (A.4)

A1 is the oscillator strength. E0 is the energy of the absorption band. C1 is the broadening
parameter associated to the absorption band. Eg is the bandgap energy. H(E ‒ Eg) is the
Heaviside function. The real part of the dielectric function is obtained from the Kramers-Kronig
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relation [35]:

εr, TL(E) = ε∞ +

2
π

∞ 𝜉. 𝜀𝑖(𝜉)

. P∫𝐸

2
2
𝑔𝜉 ‒ 𝐸

Eq. (A.5)

𝑑𝜉,

ε∞ is the dielectric constant at high photon energy. In this TL model, five free parameters (A1,
E0, C1, Eg, ε∞) are fitted to determine the dielectric function of ZnO.
-

Forouhi-Bloomer dispersion law:

Five parameters (A2, B, C2, Eg and ε∞) are also necessary to fit the FB model [36]. This model
that takes into account the number and lifetime of inter-band transitions is based on extinction
coefficient and refractive index relationships given by:
A2.(E ‒ Eg)2

kFB(E) =
n (E ) =

E2 ‒ B.E + C2

ε∞ +

× H(E ‒ Eg),
k(E') ‒ k(∞)

1
π

∞
. P∫ ‒ ∞

E' ‒ E

Eq. (A.6)

dE',

Eq. (A.7)

where, A2 represents the oscillator strength, B/2 and C2 are assimilated to the absorption band
energy and width, respectively, Eg and ε∞ have the same meanings as defined for TL model.
-

Tanguy dispersion law:

The Tanguy dispersion relationships which take into account the electronics transitions around
the band gap and the Wannier excitonic effect on semi-conductor’s complex dielectric function
are given by [37]:

ε(E) = ε∞ +

a
b ‒ (E + iΓ)2

+ A3 (εu(E) + εb(E)),

Eq. (A.8)

with

εu(E) =
εb(E) =

2 R
(E + iΓ)2

2 R
(E + iΓ)

[

2

[

‒ 2gu

‒ 2gb

( )
R
Eg

+ gu

( )+g (
R
Eg

b

(

R
Eg ‒ E ‒ iΓ

)

+ gu

)+ g (

R
Eg ‒ E ‒ iΓ

b

R

],
) ],

Eg + E + iΓ

R
Eg + E + iΓ

Eq. (A.9)

Eq. (A.10)

A3 is an amplitude factor, R is the energy of the fundamental excitonic state,  is the damping
factor, a and b are the Sellemeier coefficients and gu and gb are functions, respectively,
expressing the contributions of bound and unbound excitons defined as:
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1

gu (z) = ln (𝑧) + 𝜓(𝑧) + 2𝑧,
1

gb (z) =‒ 2𝜓(𝑧) ‒ 𝜋cot 𝜋𝑧 ‒ 𝑧,

Eq. (A.11)
Eq. (A.12)

where 𝜓 is the digamma function and cot is the cotangent function.
The comparison between measurement and calculated ellipsometric parameters is shown in Fig.
A.4. The best fitting is obtained for the Tanguy dispersion law. Comparing to FB and TL
dispersion laws, we can see in the insert of Fig. A.4 (spectral range from 3.20 to 4.75 eV) that
the good agreement between measurement and calculated Ic and IS is obtained by the Tanguy
relationships. In the spectral range (0.65 to 3.20 eV), the three dispersions laws reproduce
correctly the SE data confirming the validity of the selected physical model given in Fig. A.3b.
However, the Tanguy law is the only one that reproduces the experimental data in large spectral
range (0.65 to 4.75 eV).
The fitted parameters for the Tanguy, FB and TL dispersion laws and the mean-square error
 values are summarized in Table A.2. The smallest of all is given for Tanguy model.  values
are large than 1 as it is well known for semiconductor material. Generally the value of 
reported in literature is ranging from 1.54 to 2.66 [19, 38-40]. This is the case for the Tanguy
dispersion law comparing to higher values obtained by FB and TL.
Concerning the amplitude factor A (A1, A2, A3), the comparison between these dispersion laws
is not effective because the relationships are different. It is well known that A factor drastically
affects the amplitude of optical transition near the band gap as can be seen in Fig. A.5. As
reported in literature, the A value depend on ZnO structure and the layer density according to
the elaboration methods [19, 38, 40]. In our case, the A1 value is less than the one obtained for
ZnO grown by epitaxy [41]. This can be explained by the presence of residual defects in the
zinc oxide granular. This remark is also valid for A obtained by FB and TL models by
comparing the values to those given in Refs. [9, 18] for FB and in Ref. [10] for TL.
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1.2
Experiment
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Fig. A.4 Comparison between calculated and measured ellipsometric parameters from ZnO/Si
sample.
The optical gap Eg (3.37 eV) value determined by Tanguy relationships, given in Table A.2, is
in agreement with those reported in literature [13, 38, 39, 41, 42]. However the exciton energy
R value (48 meV) determined by Tanguy dispersion law is found to be less than the known
value (60 meV) of perfect crystallized ZnO. It turns out that the R values change with the crystal
quality of ZnO and elaboration methods. The reported values in literature are ranging from 45
meV to 78 meV [13, 38, 39, 41, 42]. Here, the ZnO layer should fail due to defects in granular
material. As consequence the exciton energy value is affected.
The B/2 and E0 values obtained by FB and TL corresponding to excitonic absorption band
energy are blue shifted comparing to one given by Tanguy as can be shown in Fig. A.5. This
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result can be explained by the incorrectly fitting of excitonic band by FB and TL (see the insert
in Fig. A.4).
Concerning the  damping factor, the obtained value (39 meV) is consistent with the ZnO solgel quality. Indeed  value decreases with crystal quality [19, 30, 38]. The C (C1, C2) values of
broadening parameter associated to the absorption peak parameter are also given in Table A.2.
C is large for ZnO amorphous. In our case the values obtained by FB and TL reflect the
crystalline structure of ZnO layers [9, 18].
Table A.2: Tanguy, FB and TL ZnO parameters. For comparison,  values are also given.
Tanguy





dispersion law

4

2.37 ±

19.39 ±

3.37 ±

0.03

0.6

0.01

A1 (eV3/2)

FB





dispersion law

22

3.72 ±

0.2 ±

0.02

0.008

A2 (∅)

Eg (eV)

Eg (eV)
3 ± 0.01

R (meV)
48 ± 2

B (eV)
6.82 ±

(meV)
39 ± 1

C1 (eV2)
11.72 ± 1

0.02

TL





A3 (eV)

dispersion law

26

3.05 ±

203.5 ± 6

0.01

Eg (eV)

𝐄𝟎(eV)

3.12 ±

3.30 ±

0.01

0.01

C2(eV)
0.37 ± 0.01

Using the fitting parameters in Table A.2, the calculated imaginary and real parts of dielectric
function of ZnO are given in Fig. A.5. From 0.65 to 3.25 eV, the imaginary part of dielectric
functions by Tanguy shows an absorption tail in visible unlike TL and FB (see the insert in Fig.
A.5). This indicating the occurrence of the defects in the film as can be expected for ZnO
elaborated by sol-gel technical. The excitonic band centered at around ~3.4 eV is observed for
the Tanguy. According to the results in Table A.2 and Fig. A.5, the excitonic band for FB and
TL are blue shifted, more broadened and more intense than the ones obtained from Tanguy.
Beyond 3.4 eV, only the Tanguy dispersion law present a typical absorption almost constant
[1]. Therefore, we consider the Tanguy dispersion formula as the most appropriate dispersion
law to the absorption tail band and the typical excitonic band crystallized ZnO.
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Fig. A.5 Imaginary and real parts of dielectric function of ZnO determined by Tanguy, FB,
TL.

3.2.

Temperature-dependent PL

Temperature dependent photoluminescence measurements were performed in order to extract
the excitonic energy, the band gap energy and the damping factor of ZnO and to correlate them
with SE results.
Fig. B.1 shows the temperature dependence on PL spectra of ZnO/Si from 10 K to 300 K. At
10 K, three emissions near ZnO band edge at 3.373, 3.326 and at 3.242 eV were clearly resolved
and attributed to the emission of free exciton (FX) [1, 43, 44], donor-bound exciton (AX) [43]
and donor-acceptor pairs (DAP) [43], respectively. The other bands located at around 3.168,
3.098 and 3.000 eV are may be assimilated to the first order longitudinal optical (1LO) phonon
replica of DAP (DAP-1LO) and (DAP-2LO), respectively.
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DAP-1LO
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DAP-2LO
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DAP-3LO
10 K
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Energy (eV)
Fig. B.1 Temperature-dependent PL spectra of near-band-edge emissions of ZnO/Si.
It should be noted that the energy difference between the zero phonon line and 1LO phonon
replica line (78 meV) is somewhat larger than the energy of a LO phonon (72 meV) calculated
by Klingshirn [45]. Nevertheless, Jiang et al.[43] reported 66 meV for ZnO elaborated by
atmospheric pressure metal–organic chemical vapor deposition on Al2O3 substrate. In addition,
this result has been observed in ZnO crystal whose absorption spectra have shown a ~10%
(error fraction) softening of 1LO phonon energy compared to ZnO crystals [46]. Toyozawa et
al. [47] have explained this effect by the exciton–polaron model. By taking into account this
error, our results are in good agreement with literature. Heating the sample from 10 K up to 300
K, we observed the red shift of the transitions with thermal quenching of some bands and
disappearance of their transitions. Note that signal was still present at room temperature. In
order to understand the different processes, we analyzed the evolution of the integrated
intensities, energies and the full with at half maximum (FWHM) as the function of the
temperature for the different transitions.
Fig. B.2 presents the decomposition of PL spectra intensity, obtained at 10 K, 80 K, 200 K and
300 K, into Lorentzian multi-bands. Then, the integrated PL intensity corresponding to FX band
can be determined for each temperatures.
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Fig. B.2 The fits of PL spectra into Lorentzian line shape at 10 K, 80 K, 200 K and 300 K.
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Fig. B.3 exhibits the temperature (T) dependence of integrated PL intensities (I) for FX band.
We can clearly see that at high temperature, the emission intensity decreases with temperature
due to the thermal quenching.
The temperature-dependent quenching of FX intensity can be fitted by a typical Arrhenuis
formula:

(

(

Ea

I = I0/ 1 + A exp ‒ k

)),

Eq. (B.1)

BT

where I0 is the peak intensity at T=0 K, ?? is a constant, Ea (eV) is the activation energy of the
thermal quenching process, and kB is the Boltzmann constant.
From the fit, Ea was estimated to be 46 ± 1 meV. The FX thermal activation energy for the ZnO
represents the excitonic energy [48]. This value is well consistent with binding energy

PL intensity (a. u.)

calculated by Tanguy as seen in Table A.2.

Ea= 46 ± 1 meV

0

20

40

60

-1

80

100

1000/T (K )
Fig. B.3 Integrated PL intensity of FX band dependence on temperature. Solid line is the
fitting of the experimental data using Eq. (B.1).
Wang et al. [49] have been shown that FX transition energy EFX evolved with temperature
similarly that the band gap energy Eg. Thus, both Varshni’s and Cody’s formula [48, 50] are
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valid for Eg and EFX. Temperature dependence of the FX transition energy EFX, reported in Fig.
B.4, is fitted using both Varshni’s formula [50] and Cody’s formula [51].
The Varshni’s formula is defined by the equation below:

EFX(T) = EFX(0) ‒ (αT2)/(β + T),

Eq. (B.2)

where EFX(T) is the temperature-dependent of the FX transition energy, EFX(0) is the FX energy
at T=0,  and  are constants specific to ZnO such as  is the Debye temperature. As shown in
top of Fig. B.4, the values of Varshni parameters EFX(0),  and  are equal to 3.37 eV, 2.5 ±
0.04 meV/K and 2700 ± 50 K, respectively. These values are in agreement with that reported
by Nam et al. [44]. However,  value is higher than the Debye temperature (900 K) [52]. The
FX temperature-dependence is, also, fitted using Cody approach giving by Cody’s approach:

( ( ) ‒ 1)

EFX(T) = EFX(0) ‒ k/ exp


T

,

Eq. (B.3)

where EFX(T) and EFX(0) have the same meanings as defined for Varshni formula, k is a constant
and  is related to the average phonon frequency and generally taken to represent the Einstein
temperature. The Cody parameters obtained from fitting, in bottom of Fig. B.4, are EFX(0) =
3.37 eV, k = 0.12 ± 0.02 eV and  = 300 ± 30 K. We note that the temperature given by Cody
is close to the Einstein temperature (250 K) for ZnO [49]. We note that Cody’s formula yields
a good fit and parameter acceptable physical result.
The ZnO band-gap energy (Eg) value at room temperature can be calculated using Eq. (B.3)
and adding the excitonic energy Ea that was found to be 46 meV (Fig B.4) [53]:

Eg = En + E a /𝑛2,

Eq. (B.4)

where En is the transition energy for free exciton corresponding to one among the three valence
bands (A, B or C) and n is the main quantum number. In our case, n equal to 1 and En is the
free exciton energy for A valence band (EFX)[1]. The ZnO band-gap energy at room temperature
is estimated to ~ 3.35 eV using Eq. (B.4). The value is very close to that calculated by Tanguy
dispersion law (3.37 eV).
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Fig. B.4 Temperature dependence for FX transition fitted by Varshni formula on the top and
by Cody formula on the bottom.
The dependence FWHM of FX as function of the temperature is presented in Fig B.5. The
experimental data for  could be simulated by the following theoretical formula [51, 54]:
Γ(T) = Γ0 + γphT + ΓLO/exp

(

ћωLO

),

k BT ‒ 1

Eq. (B.5)

where Γ0 is the background impurity broadening (i.e., inhomogeneous broadening) due to
temperature-independent mechanisms, such as impurity, dislocation, and surface scattering, 𝛾𝑝ℎ
is the coupling strength of an exciton-acoustic phonon interaction, Γ𝐿𝑂 is the strength of the
exciton-LO-phonon coupling and ћ𝜔𝐿𝑂 is the LO-phonon energy.
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Fig. B.5 FWHM of FX peak versus temperature. Solid line is the fitting experimental result
using Eq. (B.4).
Straight line represents the best fit obtained using Eq (B.5) with the following parameters Γ0=31
± 0.5 meV, Γ𝐿𝑂= 150 ± 10 meV and 𝛾𝑝ℎ = 0.07 ± 0.005 meV/K. These results are in overall in
good agreement with those obtained by Nam et al.[44]. Nevertheless, slightly higher value of
Γ𝐿𝑂 may be correlated with the predominance of the first replica phonon at low temperature as
show in Fig. B.1. Moreover, Γ0 (31 meV) reveals the presence of defects in ZnO layers and its
value remained slightly lower than  39 meV obtained by Tanguy dispersion law.

4. Conclusions
In summary, Tanguy dispersion relation was demonstrated to be as the most appropriate
dispersion law for a correct description of ZnO optical properties. In the present work, a
comparative study of the results obtained by three dispersion laws, namely, Forouhi-Bloomer,
Tauc-Lorentz and Tanguy is given and analyzed.
ZnO synthesized by sol-gel and deposited by spin coating on crystalline silicon (ZnO/Si). The
ZnO/Si sample was characterized by SEM, ellipsometry and temperature dependent PL over a
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wide range of 10 K-300 K. The physical model for analyzing spectroscopic ellipsometry data
was based on the observation of surface and cross sectional SEM images. We found that the
consideration of the porosity of ZnO layer in the physical model greatly enhances the fit quality.
The Tanguy dispersion law describes correctly the optical properties of ZnO over the spectral
range 0.6 to 4.75 eV. In addition of dielectric function of ZnO, Tanguy relationships allow
determining other physical parameters such as the optical gap (3.37 eV), excitonic energy (48
meV) and the damping factor (39 meV). Temperature-dependent PL measurements confirm
this statement of ellipsometry results about the Tanguy dispersion law.
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