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ABSTRACT: This work reports the ellipsometry analysis of
atomic layer deposition (ALD) films of ZnO doped with Zr to
determine parameters like free carrier concentration and mobility.
Thin films of zinc oxide (ZnO) and Zr-doped ZnO of thickness
∼100 nm were prepared by atomic layer deposition on sapphire,
SiO2/Si(100), and Si(100) substrates. Variable-angle spectroscopic
ellipsometry was used to study their optical properties in the 0.5−
3.5 eV spectral range. The optical constants were accurately
obtained using a model that combines Drude and Tauc−Lorentz
oscillators with Bruggeman effective medium approximations,
allowing the inclusion of a roughness layer in the optical model.
The effect of Zr doping (ca. 1.9−4.4 atom %) was then investigated
in both as-prepared samples and samples annealed in the
temperature range of 100−300 °C. All of the films exhibited good optical transparency (ca. 70−90% in the visible region). For
doping levels below 2.7 atom %, the real part of the dielectric permittivity reveals a semiconductor-to-metal transition in the near-
infrared (NIR) region, as the permittivity goes from positive to negative. Besides, the plasma energy increases with increasing Zr
concentration, and both resistivity and carrier concentration exhibit slightly parabolic behaviors, with a minimum of ∼1.5 × 10−3 Ω
cm and a maximum of 2.4 × 1020 cm−3, respectively, at the same critical Zr concentration (2.7 atom %). In contrast, the carrier
mobility decreases rapidly from 76.0 to 19.2 cm2/(V s) with increasing Zr content, while conductivities and carrier mobilities worsen
when the annealing temperature increases, probably due to the segregation of ZnO crystals. Finally, the optical band gap is very
stable, revealing its interesting independence of substrate composition and annealing temperature, as it collapses to a single master
curve when band gap energy is plotted versus free carrier concentration, following the Burstein−Moss effect. Overall, the Zr-doped
ZnO films studied here would be a highly desirable system for developing thermally stable transparent conductive oxides (TCOs).
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1. INTRODUCTION

Transparent conductive oxide (TCO) films such as indium tin
oxide (ITO), tin oxide (SnO2), and zinc oxide (ZnO) are
mainly used for electronic device manufacturing due to their
singular optical transparency and high electrical conductivity,
including liquid-crystal displays (LCD),1,2 flexible touch
screens, organic light-emitting diodes (OLED),3,4 and photo-
voltaic devices.5,6 To date, ITO films have become the most
commercialized ones, but they are limited by their high cost
and poor surface roughness. As a promising substitute for ITO
films, ZnO exhibits a hexagonal wurtzite crystal structure,
relatively soft mechanical properties (with a hardness of 4.5 on
the Mohs scale), and a direct and wide band gap of about 3.3
eV at room temperature. In addition, ZnO exhibits high
chemical stability, good surface uniformity, and a large exciton
binding energy of 60 meV. ZnO also has excellent electrical

conductivity generated by its high concentration of donor
native point defects, such as oxygen vacancies (VO) and zinc
interstitials (Zni), enhanced by doping with group IV elements
including titanium,7 zirconium,8 hafnium,9,10 and ruthenium.11

Furthermore, Zr incorporation in ZnO lattice is chemically
favorable due to the comparable ionic radii of Zn2+ and Zr4+

ions (74 and 73 pm, respectively) for the four-coordinate
tetrahedral substitution, which generates two extra electrons by
each ionic substitution.12,13 Consequently, Zr doping increases
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the electrical conductivity of ZnO at least until an overdoping
limit is reached, from which the electrical resistivity, ρ, can
increase or be limited, such as is reported for Al doping.14,15

Furthermore, Ellmer et al. previously reported that overdoping
generates a critical limit for ρ of 2 × 10−4 Ω cm that remains
constant. Besides, the mobility of free carriers did not
overcome a value of 50 cm2/(V s).16 In general, this effect is
a well-known property of TCO films,17 possibly due to the
formation of dopant ions clusters near grain boundaries that
increase carrier scattering.18,1919 On the other hand, the optical
absorption of ZnO takes place throughout the superimposition
of two separate absorption processes, attributed to the
interband transitions in the near-UV region and to the free-
electron transitions at the near-infrared (NIR) region.20,21 The
first process is essentially governed by the band gap, which
obeys the Burstein−Moss (BM) effect, while the plasma
resonance of electron gas causes the second one in the
conduction band. So far, ZnO optical response can be
accurately modeled by combining Drude and Tauc−Lorentz
(TL) oscillators, thus allowing the determination of all of the
physically significant parameters involved in the absorption−
conduction processes, such as free carrier density, mobility,
concentration, resistivity, plasma frequency, and relaxation
time.
In previous ellipsometric reports of ZnO films, the dielectric

function and the optical constants k and n have been reported.
For example, a significant parameter in the optical and
electrical properties of TOC is thickness; a detailed study of
this phenomenon was carried out by Samarasingha et al.22

They observe how the dielectric function changes in thin films

with thicknesses from 5 to 50 nm (grown by atomic layer
deposition (ALD)). This work used Tauc−Lorentz oscillators
and simplified Herzinger−Johs oscillators; they also added a
Gaussian oscillator in some thin films. The excitonic direct-gap
peak is strongly broadened and weakened in thinner ZnO
layers. In contrast, with fixed thickness, Fujiwara studied the
electronic properties through ellipsometric spectroscopy in Ga-
doped ZnO and ZnO thin films.21 They combined the Drude
and Tauc−Lorentz oscillators to model the dielectric function.
They found that by increasing the concentration of free
electrons (through doping), there is a shift in ε1 from ∼3 eV
toward higher energies. In ε2, the absorption increases at low
energies due to these free electrons. In the case of Zr-doped
ZnO thin films grown by ALD,23−27 ellipsometry has been
used but only to determine the thickness of the films but not to
determine optical or electronic parameters.
In this work, we appeal to a realistic model based on the

Drude−TL combination in which a roughness layer,
determined from atomic force microscopy (AFM) topography
measurements, is also taken into account subsequently in the
optical model as a Bruggeman effective medium approximation
(EMA) layer.28 Thus, we first modeled the ZnO pure films
and, second, the Zr-doped ZnO films deposited onto several
substrates, both as-prepared and annealed at different temper-
atures ranging from 100 to 300 °C. The band gap evolutions,
depending on these preparation conditions, were then studied.
On the other hand, the critical limit of different parameters,
such as free carrier concentration, resistivity, mobility, and
relaxation time as a function of Zr doping level, was
determined. We also show the potential of using the proposed

Figure 1. Scheme of the ALD cycle design. (Left) Conditions of a supercycle; (right) Number of supercycles for each doping concentration. (a)
Reference ZnO and (b−e) different concentrations for 20−1, 15−1, 10−1, and 5−1 alternating supercycles, respectively.
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optical model to map these parameters over a broad sample
region as a function of film thicknesses. Finally, an example of a
resistivity map is provided in this work.

2. EXPERIMENTAL METHODS
Undoped ZnO and ZnO/Zr films were prepared onto sap-
phire(0001), Si(100), and SiO2/Si(100) substrates through a Beneq
TFS ALD reactor.26 For the last substrates, the SiO2 layer was
thermally grown on Si(100) at 1200 °C in an oxygen atmosphere
until obtaining a thickness of 300 nm. The precursors for Zn and Zr
were diethylzinc (DEZ; Zn [C2H5]2) (Strem 95%)29 and tetrakis-
(dimethylamido)-zirconium (TDMAZr; Zr[N[CH3]2]4) (Strem
98%), respectively. High-purity nitrogen (N2), with O2 traces below
10−6 ppm was used as a carrier gas to purge the growth chamber.24 Zr
doping of ZnO films consisted of a defined number of supercycles

composed of n cycles of ZnO by one cycle of Zr (labeled as n:1), with
a growth rate of 1.8 Å for ZnO and 0.8 Å for Zr. Four Zr-doped ZnO
films were prepared with cycle ratios of 20:1, 15:1, 10:1, and 5:1,
applying 27, 36, 53, and 102 supercycles, respectively, to obtain
similar thicknesses (Figure 1). An undoped ZnO film grown by 555
cycles was grown for reference. All samples were grown at a
temperature of 200 °C. Subsequent thermal treatment at temper-
atures of 100, 150, 200, 250, and 300 °C for 1 h was performed on the
films by applying a heat ramp with a rate of 5 °C/min in N2 as the
carrier gas at a flow of 3 mL/min.

Phase, crystallite size, and lattice parameters of the films were
characterized by X-ray diffraction (XRD) on a PANalytical X’Pert
PRO MRD with a Cu Kα (λ = 1.540 Å) line excitation source in-
plane diffraction conditions. The mean size of the crystallites, D, was
calculated with the Scherrer equation

Figure 2. (Left) XPS spectra of the Zn 2p signals; (middle) O 1s and (right) Zr 3d spectra obtained from ZnO and ZnO/Zr samples.
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λ
β θ

=D
K
cos (1)

where K is the Scherrer constant, λ is the X-ray wavelength, β is the
full width at half-maximum (FWHM) of diffraction peaks, and θ is the
Bragg angle. High-resolution (HREM) and scanning transmission
electron microscopy (STEM) imaging were performed using a TEM/
STEM FEI Talos F200X G2 microscope (Thermo Fisher Scientific,
Waltham, MA) equipped with a high-angle annular dark-field
(HAADF) detector, which was operated at 200 kV and with a
camera length of 11.5 cm. X-ray energy-dispersive spectrometry
(XEDS) mappings were performed using the 4 Super-X detector
system integrated in the equipment. The beam current and the dwell
time per pixel were 190 pA and 50 μs, respectively. To improve the
visual quality of the elemental maps obtained, these were filtered using
a Gaussian blur of 0.8 using Velox software. Phase identification was
carried out using Eje Z software.30 The TEM specimen was prepared
with a Thermo Scientific Helios Hydra DualBeam, which is a last-
generation plasma focused ion beam scanning electron microscope
(FIB-SEM). This equipment allowed us to prepare the ultrathin
samples that are required for S/TEM studies. The film thicknesses
and optical properties were determined by reflection through
spectroscopic ellipsometry (SE). Before the ZnO synthesis on
SiO2/Si(100) substrates, the thickness of the SiO2 layer was measured
by SE analyzing the oxidized silicon substrates used to synthesize the
ZnO films, with optical constants for c-Si and SiO2 provided with the
WVASE software. SE spectra of Ψ and Δ were measured over a range
of 0.5−3.5 eV with steps of 0.05 eV, at room temperature, using a
Woollam v-VASE spectroscopic ellipsometer; it is a rotating analyzing
ellipsometer (RAE) with a Berek computer-controlled adjustable
MgF2 waveplate retarder (Automatic Retarder), which is used to
accurately introduce a beam path delay over a wide spectral range.
The variable retarder allows to adjust the input polarization to provide
a reflected beam, which is always close to circularly polarized, and the
system will measure Δ accurately over the entire range of 0−360°.
Additionally, the autoretarder ellipsometer configuration permits the
measurement of the % depolarization, which can be correlated with
thickness nonuniformities of the samples, enabling a better fitting of
the ellipsometric angles ψ and Δ in these cases. The data analysis was
performed with the WVASE software from J.A. Woollam.31

To estimate the roughness layer thickness used in the optical
model, the accumulated height distribution (a more sophisticated way
of measuring the average crest−valley distance) was obtained from
the atomic force microscopy (AFM) images of the undoped ZnO and
ZnO/Zr films. We used a Bruker MultiMode NanoScope 8 AFM
operated in tapping mode, using a SuperSharp SNL probe (nominal
radius of curvature of the tip, 2 nm). The accumulated height
distributions fitted the sigmoidal Boltzmann equation for each sample
studied and introduced afterward in the optical model as a function-
based effective medium approximation (EMA) layer.28 The optical
transmission spectra were obtained using a UV−vis−NIR spectro-
photometer from the thin films grown on sapphire.

3. RESULTS AND DISCUSSION

3.1. Microstructural Characterization. Figure 2 shows
the high-resolution X-ray photoelectron spectra (XPS) for
undoped and Zr-doped samples. Zn 2p, O 1s, and Zr 3d are
identified, from which the quantification was carried out
obtaining the following concentration values of Zr: 1.9, 2.06,
2.73, and 4.4 Zr atom % for ZnO−Zr ALD ratios of 20:1, 15:1,
10:1, and 5:1, respectively. X-ray diffraction patterns of the
undoped ZnO and ZnO/Zr films grown on SiO2/Si(100) are
summarized in Figure 3 corresponding to the wurtzite phase of
ZnO (JCPDS #00-036-1451). The cell parameters of samples
are listed in Table 1 and were calculated using the following
equation32

= + + +
i
k
jjjj

y
{
zzzzd

h hk k
a

l
c

1 4
3hkl

2

2 2

2

2

2
(2)

These results show that the (100) diffraction peak
dominated in intensity on XRD patterns of all samples except
the ZnO/Zr (5:1) sample, which exhibited higher intensity on
the (002) peak, revealing that Zr impurification at very high
concentrations modifies the preferential growth of ZnO/Zr
films from the a-direction to the c-direction. Table 1 also
indicates that Zr impurification slightly increases the cell
parameter c of the wurtzite structure without exhibiting
variations by increasing Zr concentration in samples.
Furthermore, according to the literature, for films synthesized
by ALD, the growth temperature, not the substrate atomic
plane, defines its crystalline orientation because the ALD
technique operates at higher deposition rates than required to
generate an epitaxial growth.33,34 In this work, all syntheses
were carried out at the same growth temperature and with the
same doses to maintain the same growth rate, so we inferred
that there are no differences between the three substrates used.
Figure 4a shows a representative HREM image of the ZnO/

Zr 10−1 sample. The digital diffraction pattern (DDP) of a
large area of the film generates a pattern like the one included
in Figure 4b. We can observe several spots corresponding to
spacings of 1.9, 2.5, and 2.9 Å, indicating that the analyzed area

Figure 3. XRD patterns of the as-prepared undoped ZnO and ZnO/
Zr films grown on SiO2/Si(100) substrates.

Table 1. Percentage of Zr Calculated from the XPS Spectra
and Structural Parameters Deduced from the X-ray
Diffraction Patterns of ZnO and Zr/ZnO Thin Films

sample
Zr

(atom %)
cell parameters

a = b (Å) ± 0.00032
cell parameter

c (Å) ± 0.00009
crystallite
size (nm)

ZnO 0 3.23101 5.18570 11.7
ZnO/Zr
(20:1)

1.9 3.24176 5.20342 11.2

ZnO/Zr
(15:1)

2.062 3.24123 5.20254 11.1

ZnO/Zr
(10:1)

2.73 3.23911 5.20204 11.8

ZnO/Zr
(5:1)

4.4 3.24174 5.20532 11.1
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includes several nanodomains with slightly different orienta-
tions, but all of them in the axis zone ⟨101⟩ of ZnO. In fact,
when the selected area is smaller (red square), the DDP can be
identified as a single crystal of ZnO along ⟨101⟩ (Figure 4c,d).
To gain information on the distribution of Zr cations in the

film, EDS−STEM experiments were carried out and are
included in Figure 4e. We can observe that Zr atoms are
homogeneously distributed in all of the regions. In fact, the line
profile performed (Figure 4f) on the sample along the growth
direction of the film shows a constant concentration for both
Zn and Zr.
3.2. Construction of the Optical Model. The optical

model used for spectroscopy ellipsometry (SE) measurements
consisted of the ZnO/SiO2/Si(100) array shown in Figure 5a,
composed of a roughness layer with thickness tA present onto
the surface of a ZnO film, with thickness tZ, grown on a SiO2

layer with thickness t0 = 300 nm and a silicon substrate with
infinite thickness. The roughness layer, modeled as a ZnO/
void ratio, was determined from the AFM topography images
by fitting the cumulative height distribution as a function of the
height to the sigmoidal Boltzmann equation

=
−

+
+−v z

A A
A( ) %

1 e z z z
1 2

( )/d 2
0 (3)

to obtain the fitting parameters A1, A2, z0, and dz as shown in
Figure 5b. Here, v(z) % represents the percentage of voids as a
function of height, expressed in turn as a percentage of the
surface roughness layer thickness, z %, v(z = 0) % being 0% at
the ZnO bulk layer.28

The optical model parameters were calculated by fitting the
dielectric function of the ZnO bulk layer, composed of two
terms that correspond to two separate absorption processes:
interband optical transition and free carrier absorption (FCA),
observed in ZnO films with free carrier concentrations (N)
relatively high (typically Nf > 1018 cm−3).21 Under such
conditions of high doping level, the ZnO Fermi energy (EF)
exhibits an upward shift toward the conduction band, filling it
with free electrons and generating a semiconductor−metal
transition. Due to this partially electron-occupied conduction
band, the optical transition from the valence to the conduction
band in such semiconductors does not occur at energies close
to their band gap energies (Eg), behaving then as a quasi-
transparent material. Furthermore, since interband optical

Figure 4. HREM image of the Zr−Zn layer (a), DDP of the orange (b) and red squares (c), simulated diffraction of the ZnO along the ⟨101⟩ axis
zone (d), HAADF, energy-dispersive spectrometry (EDS) Zn and Zr (e) of the selected area, and Zn/Zr profile of the white line included in the
HAADF image (f).

Figure 5. (a) Component layers of the optical model constructed for ellipsometry analysis of ZnO films. (b) Cumulative high distribution of the
undoped ZnO film measured by AFM showing an accurate fitting with the sigmoidal Boltzmann equation. (c) Experimental ellipsometric
amplitude ratio, Ψ, and phase difference angle, Δ, of the undoped ZnO film grown on SiO2/Si(100), and TL−Drude model fits (solid lines). (d)
Refractive index, n, and extinction coefficient, k, for the undoped ZnO film deduced from the TL−Drude optical model.
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transitions occur between unoccupied conduction band states
with energies higher than EF, the photon energy required to
generate such interband transitions (Einter) becomes higher
than Eg. This effect observed in degenerate semiconductors is
known as the Burstein−Moss shift.21,34 In contrast, FCA
processes in semiconductors with high carrier concentration
increase at longer wavelengths (or lower energies), and the
extinction coefficient, k, increases significantly in this region.
Therefore, the ZnO layer dielectric function can be modeled
by combining the Drude, εD, and the Tauc−Lorentz (TL), εTL,
oscillators to represent the FCA and the interband transitions,
respectively.

ε ε ε= +E E E( ) ( ) ( )D TL (4)

When the Drude oscillator is combined with other models,
εD is described by

ε = −
− Γ

= −
+ Γ

− −
Γ

+ Γ

i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzzE

A
E E

A
E

A
E E

( )
i

iD
D

D
2

D
2

D
2

D D
3

D
2

(5)

where AD and GD are the amplitude and broadening
parameters, respectively.
The TL model combines the empirical Tauc expression for

the band edge onset with the absorption around band gap
energy given by the classical Lorentz oscillator.35 This
dielectric function is expressed with five free parameters:
amplitude parameter (A), broadening parameter (C), TL
optical gap (Eg), peak transition energy (E(n0)), and energy-
independent contribution to ε1(E) [ε1∞].

ε

ε

=
−

− +
>

= ≤

AE C E E

E E C E E
E E

E E

( )

( )
1

( )

0 ( )

n n

n n n n
n

n

2
( ) g

2

( )
2 2 2 g

2 g

0

0

(6)

The expression for the real part, ε1(E), can be derived using
the Kramers−Kronig relationship given that ε1(E) and ε2(E)
(n and k) must be Kramers−Kronig consistent. The fitting
procedure to determine the unknown optical model parame-
ters was: (i) ZnO bulk layer thickness is first extracted for the

Figure 6. Experimental ellipsometric parameters, Ψ and Δ, of the as-prepared ZnO−Zr SiO2/Si(100) (a−d) and Si(100) substrate (e−h) films.
The solid lines represent the fitting results from the TL−Drude analysis performed.
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optically transparent region (500−800 nm) followed by (ii) a
point-by-point fit to generate the initial spectra in all measured
regions, and finally, (iii) fitting of TL and Drude oscillator
models to the final spectra and regression between the
generated and measured data is performed. Therefore, a
Levenberg−Marquardt regression algorithm was used to find
the optical model parameters fitting the SE data until a
minimum value of the mean-squared error (MSE) was
obtained. The validity of the model was confirmed by the
good values of MSE shown in the fittings (MSE < 5). This
exact procedure was applied for the doped samples; the
corresponding adjustments are shown in Figure 6.
3.3. Characterization of Optical Properties. Figure 5c

displays the SE spectra of the undoped ZnO film grown on
SiO2/Si(100) with the ellipsometric angles Ψ and Δ obtained
at wavelengths between 350 and 2500 nm, at an incidence
angle of 75°, besides their accurate fitting achieved with the
TL−Drude model. Table 2 shows the values of the

ellipsometry parameter calculated with this optical model.
The refractive index, n, and extinction coefficient, k, are shown
in Figure 3d, which exhibit for the undoped ZnO films a typical
dispersion behavior for wavelengths higher than 370 nm.
Furthermore, the high values observed for the refractive index,
between 1.6 and 2.4, correspond with the good crystalline
quality of the film. Figure 5d also shows the extinction
coefficient of the film, revealing a sharp absorption peak below
420 nm associated with interband processes, besides a
transparent region between 420 and 750 nm with a slight
increase of k to higher wavelengths attributed to free-electron
transitions.33

Figure 7a shows the normal incidence optical transmittance
spectra measured from ZnO/Zr films grown on sapphire
substrates by UV−vis, which exhibit three different regions: (i)
a high-absorption region (200 nm ≤ λ ≤ 450 nm) related with
electronic band gap transitions, (ii) a high-transparency region
in the visible range (400 nm ≤ λ ≤ 900 nm) with T values
between 73 and 97% of external transmission (transmission
can increase with proper coating), and (iii) an absorptive
region in the NIR (900 nm ≤ λ ≤ 2500 nm) generated by the
presence of free carriers in the films. The absorption coefficient
of a crystalline semiconductor is expected to behave as36

α ν ν∝ −h h E( ) ( )g
1/2

(7)

where α is the absorption coefficient calculated from the
ellipsometric model of the samples grown of Si and hν is the
photon energy. Thus, the band gap energy Eg is calculated by
fitting the curves α2−hν with a Boltzmann sigmoidal function
using nonlinear regression (Figure 7b) and calculating the
crossing point between the tangent line at the inflection point
of the sigmoidal function and its lower asymptote.37,38 Legends

in Figure 7b show the Eg values thus calculated for ZnO and
ZnO/Zr films, revealing that this parameter increases with Zr
doping until a maximum value of 3.43 eV is reached for the
sample ZnO/Zr (5:1).
The curves of the complex dielectric function, ε1, and ε2, as a

function of the photon energy, of the undoped ZnO and ZnO/
Zr films synthesized on Si(100), and SiO2/Si(100) substrates
are shown in Figure 8a,b, respectively. The dielectric function
of the undoped ZnO films shows similar behavior to that
shown in previous reports22 (see Figure S2 in the Supporting
Information). The peak of the real part ε1 that corresponds to
free carrier and interband absorption appears at almost the
same position and broadens due to the thickness when the film
is compared to the bulk sample. The curves of Figure 8 reveal
two relevant features: (i) both ε1 and ε2 peaks at E > 3.5 eV
exhibit a slight shift toward higher energies with Zr doping; (ii)
at lower energies, ε2 increases following the series of the ZnO/
Zr films: 5:1, 20:1, 15:1, and 10:1, that is, it does not increase
with Zr doping, while ε1 decreases in the same order. In
addition, the plasma energy value Ep, obtained from ε1 = 0,
exhibits a slight increase accordingly with this sequence,
indicating that samples are becoming increasingly electrically
conductive. Similar behavior has been reported for Ga-doped
ZnO thin films.21

3.4. Characterization of Electrical Properties. To
investigate the electrical properties of the undoped ZnO and

Table 2. Ellipsometry Parameters of the Undoped ZnO/
SiO2/Si(100) Film Calculated Using the TL−Drude Model

ε1(∞) 3.60 ± 0.01
A (eV) 42 ± 2
E(n0) (eV) 3.44 ± 0.004

C (eV) 0.172 ± 0.008
Eg (eV) 2.95 ± 0.01
AD (eV) 5.87 ± 0.52
ΓD (eV) 0.0541 ± 0.005
t (nm) 99.8 ± 0.3

Figure 7. (a) Normal incidence optical transmittance of samples
grown on sapphire and (b) α2 (deduced by ellipsometry model of
samples grown on Si) versus hν plots, fitted to a sigmoidal Boltzmann
function to calculate the band gap, Eg, whose values appear in
parentheses for each sample.
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ZnO/Zr films synthesized on Si(100), and SiO2/Si(100)
substrates deduced from the optical measurements, the free
carrier concentration Nopt, resistivity ρ, mobility μ, and
relaxation times τ were obtained by applying the classical
Drude model expressions39

ε ε ω ω γ= [ − + ]∞ 1 /( )1D P
2 2 2

(8)

ε ω γε ω ω γ= [ + ]∞ /( )2D P
2 2 2

(9)

where ωP is the screened plasma resonance frequency given by

ω π ε ε= *∞N e m(4 )/( )P
2

opt
2

0 e (10)

where ε∞ and ε0 are the dielectric constants of the medium
and free space, respectively, and me* is the effective mass of the
charge carriers. Furthermore, Nopt, ρ, and μ, τ exhibit the
following relationships: 1/τ = −e/(me*μ)] and ρ = 1/
(Nopt e μ). Figure 9a displays the resistivity and relaxation
time for the different Zr concentrations of analyzed ZnO/Zr
films, revealing for those grown on SiO2/Si(100) a decrease in
their resistivity from 1.7 × 10−3 Ω cm, observed for undoped
ZnO, to 1.0 × 10−3 Ω cm in Zr-doped films with
concentrations lower than 3 atom %, besides an increase to
2.8 × 10−3 Ω cm in the ZnO/Zr film with Zr concentration of
4.4 atom %. Figure 9b shows the carrier concentration and
mobility values with the Zr concentration in samples.
Accordingly, Nopt exhibits a maximum value at 2.73 atom %
both for ZnO/Zr films grown on Si(100) and SiO2/Si(100)
substrates, in agreement with the results reported by Ye et al.18

Then, it decreases since no more extra free electrons are now
generated when Zn2+ is substituted by Zr4+ impurities, i.e.,
when the overdoping-like behavior appears.14,15

On the other hand, the mobility decreases from 76.0 to 19.2
cm2/(V s), where the Zr atom % corresponds to 0 and 4.4,
mainly due to the increase of carrier scattering and the
formation of Zr4+ impurities. For the interpretation of the ZnO
Zr doping efficiencies, Figure 9c shows the results of the SE

mapping performed over a wide (1 × 0.8 cm2) region of the
ZnO/Zr (20:1) sample (1.9 Zr atom %). Here, the
optoelectronic properties can be nondestructively character-
ized, and it allows modeling the resistivity within the layer
while providing information about the thickness homogeneity.
For example, it may be seen that the ZnO/Zr (20:1) film with
an average thickness of 119 nm shows a thickness variation of
5% with lower ρ values in the thinner regions.
Figure 10a shows the resistivity values of the ZnO/Zr films

synthesized on Si(100) substrates measured at different
annealing temperatures, revealing that the resistivity of films
increases by increasing annealing temperature until it reaches a
maximum value at Ts, the saturation temperature. This effect is
mainly produced because the annealing treatment enhances
the oxygen atom content in the films, which is absorbed by the
interstitials Zn-rich surface to form insulator ZnO molecules.
Consequently, the number of native oxygen vacancies acting as
donors in ZnO decreases, making the film more resistive. At Ts,
most of the oxygen atoms are absorbed and resistivity remains
constant.40,41 Interestingly, all of the studied Zr-doped ZnO
films saturate at the same resistivity value of 2 × 10−2 Ω cm.
Furthermore, the electron mobility exhibited a substantial
decrease in ZnO/Zr films thermally treated at temperatures
higher than 250 °C (Figure 10b), which we attribute to the

Figure 8. Real and imaginary parts of the dielectric function obtained
from the optical model, plotted versus photon energy for the different
samples deposited on Si (top) and Si−SiO2 (bottom).

Figure 9. (a, b) Variation of ρ, τ, Nopt, and μ with Zr atom %. Dashed
lines are a guide to the eye. (c) SE mapping was performed over a
wide (1 × 0.8 cm2) region of the 20−1 sample (1.9 atom % Zr).
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fact that the mobility of free carriers decreases to a low limit,
not decreasing below it with increasing the annealing
temperature, favoring the elimination of ZnO native point
defects, as Zn interstitials and oxygen vacancies.
Finally, Figure 11 displays a graph with Eg values as a

function of Nopt
2/3 for all of the different undoped ZnO and

ZnO/Zr/SiO2/Si(100) studied films, both as-prepared and
annealed ones, which reveals that the absorption edge of all Zr-
doped ZnO films shifts toward high photon energies,

regardless of the type of substrate and annealing treatment
applied. This Eg widening has its origin in the fact that the high
electron concentrations involved in the absorption processes
cause the Fermi-level position to move upward due to the
increase of free electrons causing the absorption axis to shift
toward higher photon energies, i.e., Eg is blue-shifted. This
behavior is described as the effect of Burstein−Moss (BM),
which is expressed by

πΔ = ℏ
*

E
m

N
2

(3 )g

2
2

opt
2/3

(11)

where ℏ is the reduced Planck constant (ℏ = h/2π) and m* is
the electron effective mass. Although band gap widening by
BM effect can be calculated from eq 11, the actual shift of Eg −
ΔEg, does not follow this equation, as it can be observed in the
inset of Figure 11, where the dispersion of the experimental
points around the tendency line is very large compared to that
observed in the main graph of Figure 11. In addition to the BM
effect, a band gap narrowing (BGN) effect can also exist in
doped semiconductors, which has been explained by many-
body effect of free carriers on the conduction and valence
bands, known as band gap renormalization.42 It is well known
that in heavily doped semiconductors, band gap widening and
narrowing can exist simultaneously, with BGN being
competitive with the BM shift. Therefore, it can be stated
that the Zr-doped ZnO samples in this work present a band
gap shift that is affected by both BM and BGN effects.

4. CONCLUSIONS
In this study, we have prepared ZnO and Zr-doped ZnO films
of thickness ∼100 nm on sapphire, SiO2/Si(100), and Si(100)
substrates using the ALD technique. The optical transmission
of the films is good, with transmittances higher than 70% in the
visible range for all cases and reaching a maximum of 85% for
the 20−1 sample. We employed Drude−TL oscillators to
model the films’ optical response and their optical constants.
The absorption observed at the NIR region indicates a metallic
behavior due to the presence of free carriers to 2.73 atom %
doping. Furthermore, resistivity and carrier concentration
exhibit a parabolic dependence with Zr concentration. Both
yield minimum and maximum values, respectively, at the same
critical value of 2.73 atom % Zr. Meanwhile, annealing
temperature decreases the conductivity and carrier mobility of
the films. Then, by controlling the doping level during the
preparation of the films and annealing temperature during
postprocessing, the electrical and optical properties of these Zr-
doped ZnO thin films can be tuned.
Finally, our results show that the band gap energy follows

the Burstein−Moss effect for all of the substrates and annealing
temperatures. The relatively large stability of the main electro-
optical parameters with annealing treatments demonstrates
their applicability to develop TCOs to be used in high-power
electronic devices.
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The Supporting Information is available free of charge at
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Comparison of the dielectric function of ZnO films
obtained in this work compared to that of bulk ZnO
(from refs S1−S3) (PDF)

Figure 10. Variation of (a) resistivity and (b) carrier mobility
deduced for the different Zr-doped ZnO films as a function of
annealing temperature.

Figure 11. Plot of the band gap energy Eg, obtained from the Tauc
plots by fitting a Boltzmann sigmoidal function in Figure 7, for all of
the samples studied, represented as a function of Nopt

2/3. The inset
shows ΔEg in accordance with the Burstein−Moss equation. As a
reference, the horizontal dash-dotted gray line corresponds to the
band gap of single-crystal ZnO (3.3 eV), according to Srikant and
Clarke.43
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Universidad de Cádiz, E11519 Puerto Real, Spain;
orcid.org/0000-0001-7956-1166

Eduardo Blanco − Departamento de Física de la Materia
Condensada, Universidad de Cádiz, E11519 Puerto Real,
Spain; Institute of Research on Electron Microscopy and
Materials (IMEYMAT), Universidad de Cádiz, E11519
Puerto Real, Spain; orcid.org/0000-0002-2234-1477

Manuel Herrera − Centro de Nanociencias y Nanotecnología,
Universidad Nacional Autónoma de México, 22860
Ensenada, Baja California, Mexico

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsaelm.1c01026

Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was partially supported by a grant from CONACYT
(No. 284667). C.B. thanks UCA and CONACyT for a
doctoral scholarship. M.D. acknowledges financial support
from the Spanish Ministerio de Ciencia e Innovación under
project EQC2018-004704-P FEDER 2014-2020 and from the
regional government Junta de Andalucía (Ayuda a Grupos de
Investigación FQM-335). J.J.D. thanks the support by
MINECO (Spain) and Junta de Andalucia through projects
ENE2017-82451-C3-2-R and PY18-2727. The authors are
grateful to M.C. Eloísa Aparicio and to Dr. David Domínguez
for their valuable help in acquiring the XRD and XPS spectra,
respectively, to M.C. Jorge Luis Vázquez and Dr. Hugo
Tiznado for their help in growing the ALD films and, finally, to
Ing. Juan González for his assistance in the preparation of
TEM specimens by SEM-FIB.

■ REFERENCES
(1) Bahadur, B., Ed. Liquid CrystalsApplications and Uses; World
Scientific Publishing Co Pte Ltd., 1992.

(2) Chou, T. H.; Cheng, K. Y.; Chang, T. L.; Ting, C. J.; Hsu, H. C.;
Wu, C. J.; Tsai, J. H.; Huang, T. Y. Fabrication of Antireflection
Structures on TCO Film for Reflective Liquid Crystal Display.
Microelectron. Eng. 2009, 86, 628−631.
(3) Li, Z. R. Organic Light-Emitting Materials and Devices, 2nd ed.;
CRC Press: Boca Raton, 2006.
(4) Wu, C. C. Highly Flexible Touch Screen Panel Fabricated with
Silver-Inserted Transparent ITO Triple-Layer Structures. RSC Adv.
2018, 8, 11862−11870.
(5) Huang, J.; Yin, Z.; Zheng, Q. Applications of ZnO in Organic
and Hybrid Solar Cells. Energy Environ. Sci. 2011, 4, 3861−3877.
(6) Jang, J. S.; Kim, J.; Ghorpade, U.; Shin, H. H.; Gang, M. G.;
Park, S. D.; Kim, H. J.; Lee, D. S.; Kim, J. H. Comparison Study of
ZnO-Based Quaternary TCO Materials for Photovoltaic Application.
J. Alloys Compd. 2019, 793, 499−504.
(7) Lu, J. J.; Lu, Y. M.; Tasi, S. I.; Hsiung, T. L.; Wang, H. P.; Jang,
L. Y. Conductivity Enhancement and Semiconductor-Metal Tran-
sition in Ti-Doped ZnO Films. Opt. Mater. 2007, 29, 1548−1552.
(8) Rajkumar, P. V.; Ravichandran, K.; Karthika, K.; Sakthivel, B.;
Muralidharan, B. Enhancement of Electrical Conductivity of Sol−Gel
Doped ZnO Films through Zr Doping and Vacuum Annealing. Mater.
Technol. 2016, 31, 234−240.
(9) Ahn, C. H.; Kim, J. J. H.; Cho, H. H. K. Tunable Electrical and
Optical Properties in Composition Controlled Hf:ZnO Thin Films
Grown by Atomic Layer Deposition. J. Electrochem. Soc. 2012, 159,
H384−H387.
(10) Alfakes, B.; Villegas, J.; Apostoleris, H.; Devarapalli, R.;
Tamalampudi, S.; Lu, J. Y.; Viegas, J.; Almansouri, I.; Chiesa, M.
Optoelectronic Tunability of Hf-Doped ZnO for Photovoltaic
Applications. J. Phys. Chem. C 2019, 123, 15258.
(11) Houng, B.; Hsi, C. S.; Hou, B. Y.; Fu, S. L. Fabrication and
Properties Evaluation of Aluminum and Ruthenium Co-Doped Zinc
Oxide Thin Films. J. Alloys Compd. 2008, 456, 64−71.
(12) Shim, E. S.; Kang, H. S.; Pang, S. S.; Kang, J. S.; Yun, I.; Lee, S.
Y. Annealing Effect on the Structural and Optical Properties of ZnO
Thin Film on InP. Mater. Sci. Eng., B 2003, 102, 366−369.
(13) Duan, X. M.; Stampfl, C.; Bilek, M. M. M.; McKenzie, D. R.;
Wei, S. H. Design of Shallow Acceptors in ZnO through Early
Transition Metals Codoped with N Acceptors. Phys. Rev. B: Condens.
Matter Mater. Phys. 2011, 83, No. 085202.
(14) Jun, M. C.; Koh, J. H. Effects of Annealing Temperature on
Properties of Al-Doped ZnO Thin Films Prepared by Sol-Gel Dip-
Coating. J. Electr. Eng. Technol. 2013, 8, 163−167.
(15) Ohyama, M.; Kozuka, H.; Yoko, T. Sol-Gel Preparation of
Transparent and Conductive Aluminum-Doped Zinc Oxide Films
with Highly Preferential Crystal Orientation. J. Am. Ceram. Soc. 1998,
81, 1622−1632.
(16) Bundesmann, C.; Schmidt-Grund, R.; Schubert, M. Optical
Properties of ZnO and Related Compounds. In Transparent
Conductive Zinc Oxide; Ellmer, K.; Klein, A.; Rech, B., Eds.; Springer,
2008; Vol. 104, pp 79−124.
(17) Kosyachenko, L. A. Solar CellsThin-Film Technologies;
IntechOpen, 2011.
(18) Ye, Z.Y.; Lu, H.L.; Geng, Y.; Gu, Y.Z.; Xie, Z.Y.; Zhang, Y.; Sun,
Q.Q.; Ding, S.J.; Zhang, D.W. Structural, electrical, and optical
properties of Ti-fdoped ZnO films fabricated by atomic layer
deposition. Nanoscale Res. Lett. 2013, 8, 108.
(19) Yuan, H.; Liu, Z. T. Structural, Electrical and Optical Properties
of Sn Doped ZnO Films Deposited by Atomic Layer Deposition.
Rengong Jingti Xuebao 2013, 42, 240−245.
(20) Fujiwara, H. Spectroscopic Ellipsometry: Principles and
Applications; John Wiley & Sons, Ltd., 2007; pp 1−369.
(21) Fujiwara, H.; Kondo, M. Effects of Carrier Concentration on
the Dielectric Function of ZnO:Ga and In 2O 3:Sn Studied by
Spectroscopic Ellipsometry: Analysis of Free-Carrier and Band-Edge
Absorption. Phys. Rev. B: Condens. Matter Mater. Phys. 2005, 71,
No. 075109.
(22) Samarasingha, N. S.; Zollner, S.; Pal, D.; Singh, R.;
Chattopadhyay, S. Thickness Dependence of Infrared Lattice

ACS Applied Electronic Materials pubs.acs.org/acsaelm Article

https://doi.org/10.1021/acsaelm.1c01026
ACS Appl. Electron. Mater. 2022, 4, 925−935

934

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manuel+Domi%CC%81nguez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:manolo.dominguez@uca.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carolina+Boho%CC%81rquez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9687-7357
https://orcid.org/0000-0001-9687-7357
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hicham+Bakkali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+J.+Delgado"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7956-1166
https://orcid.org/0000-0001-7956-1166
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eduardo+Blanco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2234-1477
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manuel+Herrera"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c01026?ref=pdf
https://doi.org/10.1016/J.MEE.2009.01.067
https://doi.org/10.1016/J.MEE.2009.01.067
https://doi.org/10.1039/C7RA13550E
https://doi.org/10.1039/C7RA13550E
https://doi.org/10.1039/C1EE01873F
https://doi.org/10.1039/C1EE01873F
https://doi.org/10.1016/J.JALLCOM.2019.04.042
https://doi.org/10.1016/J.JALLCOM.2019.04.042
https://doi.org/10.1016/J.OPTMAT.2006.08.002
https://doi.org/10.1016/J.OPTMAT.2006.08.002
https://doi.org/10.1179/1753555715Y.0000000047
https://doi.org/10.1179/1753555715Y.0000000047
https://doi.org/10.1149/2.026204JES
https://doi.org/10.1149/2.026204JES
https://doi.org/10.1149/2.026204JES
https://doi.org/10.1021/acs.jpcc.9b02253?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b02253?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/J.JALLCOM.2007.02.035
https://doi.org/10.1016/J.JALLCOM.2007.02.035
https://doi.org/10.1016/J.JALLCOM.2007.02.035
https://doi.org/10.1016/S0921-5107(02)00622-0
https://doi.org/10.1016/S0921-5107(02)00622-0
https://doi.org/10.1103/PhysRevB.83.085202
https://doi.org/10.1103/PhysRevB.83.085202
https://doi.org/10.5370/JEET.2013.8.1.163
https://doi.org/10.5370/JEET.2013.8.1.163
https://doi.org/10.5370/JEET.2013.8.1.163
https://doi.org/10.1111/J.1151-2916.1998.TB02524.X
https://doi.org/10.1111/J.1151-2916.1998.TB02524.X
https://doi.org/10.1111/J.1151-2916.1998.TB02524.X
https://doi.org/10.1186/1556-276X-8-108
https://doi.org/10.1186/1556-276X-8-108
https://doi.org/10.1186/1556-276X-8-108
https://doi.org/10.1103/PhysRevB.71.075109
https://doi.org/10.1103/PhysRevB.71.075109
https://doi.org/10.1103/PhysRevB.71.075109
https://doi.org/10.1103/PhysRevB.71.075109
https://doi.org/10.1116/6.0000184
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.1c01026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Absorption and Excitonic Absorption in ZnO Layers on Si and SiO 2
Grown by Atomic Layer Deposition. J. Vac. Sci. Technol., B 2020, 38,
No. 042201.
(23) Lin, M.-C.; Chang, Y.-J.; Chen, M.-J.; Chu, C.-J. Characteristics
of Zr-Doped ZnO Thin Films Grown by Atomic Layer Deposition. J.
Electrochem. Soc. 2011, 158, D395.
(24) Herodotou, S.; Treharne, R.; Durose, K.; Tatlock, G.; Potter, R.
The Effects of Zr Doping on the Optical, Electrical and Micro-
structural Properties of Thin ZnO Films Deposited by Atomic Layer
Deposition. Materials 2015, 8, 7230−7240.
(25) Wu, J.; Zhao, Y.; Zhao, C. Z.; Yang, L.; Lu, Q.; Zhang, Q.;
Smith, J.; Zhao, Y. Effects of Rapid Thermal Annealing on the
Structural, Electrical, and Optical Properties of Zr-Doped ZnO Thin
Films Grown by Atomic Layer Deposition. Materials 2016, 9,
No. 695.
(26) Yang, J.; Zhang, Y.; Qin, C.; Ding, X.; Zhang, J. Enhanced
Stability in Zr-Doped ZnO TFTs With Minor Influence on Mobility
by Atomic Layer Deposition. IEEE Trans. Electron Devices 2019, 66,
1760−1765.
(27) Poduval, G. K.; Duan, L.; Hossain, M. A.; Sang, B.; Zhang, Y.;
Zou, Y.; Uddin, A.; Hoex, B. High-Efficiency Nonfullerene Organic
Solar Cells Enabled by Atomic Layer Deposited Zirconium-Doped
Zinc Oxide. Solar RRL 2020, 4, No. 2000241.
(28) Bakkali, H.; Blanco, E.; Amrani, M.; Brigui, J.; Domínguez, M.
An Ellipsometric Analysis to Model the Order-Disorder Transition in
Au-SiO2 Nano-Granular Thin Films Induced by Thermal Annealing.
Thin Solid Films 2018, 660, 455−462.
(29) Yoon, B.; Lee, B. H.; George, S. M. Highly Conductive and
Transparent Hybrid Organic−Inorganic Zincone Thin Films Using
Atomic and Molecular Layer Deposition. J. Phys. Chem. C 2012, 116,
24784−24791.
(30) Bernal, S.; Botana, F. J.; Calvino, J. J.; López-Cartes, C.; Pérez-
Omil, J. A.; Rodríguez-Izquierdo, J. M. The Interpretation of HREM
Images of Supported Metal Catalysts Using Image Simulation: Profile
View Images. Ultramicroscopy 1998, 72, 135−164.
(31) Johs, B.; Woollam, J. A.; Herzinger, C. M.; Hilfiker, J. N.;
Synowicki, R. A.; Bungay, C. L. In Overview of Variable-Angle
Spectroscopic Ellipsometry (VASE): II. Advanced Applications, SPIE’s
International Symposium on Optical Science, Engineering, and
Instrumentation, 1999, Denver, 1999.
(32) Cullity, B. Elements of X-ray Diffraction; Addison-Wesley Pub.
Co.: Reading, Massachusetts, 1956.
(33) Park, S.-H. K.; Lee, Y. E. Controlling Preferred Orientation of
ZnO Thin Films by Atomic Layer Deposition. J. Mater. Sci. 2004, 39,
2195−2197.
(34) Iqbal, J.; Jilani, A.; Ziaul Hassan, P. M.; Rafique, S.; Jafer, R.;
Alghamdi, A. A. ALD Grown Nanostructured ZnO Thin Films: Effect
of Substrate Temperature on Thickness and Energy Band Gap. J. King
Saud Univ., Sci. 2016, 28, 347−354.
(35) Jellison, G. E.; Modine, F. A. Parameterization of the Optical
Functions of Amorphous Materials in the Interband Region. Appl.
Phys. Lett. 1996, 69, 371.
(36) Kang, K. M.; Park, H. H. Effect of Atomic Layer Deposition
Temperature on the Growth Orientation, Morphology, and Electrical,
Optical, and Band-Structural Properties of ZnO and Fluorine-Doped
ZnO Thin Films. J. Phys. Chem. C 2018, 122, 377−385.
(37) Zanatta, A. R. Revisiting the Optical Bandgap of Semi-
conductors and the Proposal of a Unified Methodology to Its
Determination. Sci. Rep. 2019, 9, No. 11225.
(38) Fujiwara, H.; Fujimoto, S. Transparent Conductive Oxide
Materials. Spectroscopic Ellipsometry for Photovoltaics; Springer Series
in Optical Sciences; Springer: Cham, 2018; Vol. 212, pp 523−563.
(39) el Haimeur, A.; Makha, M.; Bakkali, H.; González-Leal, J. M.;
Blanco, E.; Dominguez, M.; Voitenko, Zv. Enhanced Performance of
Planar Perovskite Solar Cells Using Dip-Coated TiO2 as Electron
Transporting Layer. Sol. Energy 2020, 195, 475−482.
(40) Bakkali, H.; Blanco, E.; Dominguez, M.; de La Mora, M. B.;
Sánchez-Aké, C.; Villagrán-Muniz, M.; Schmool, D. S.; Berini, B.;
Lofland, S. E. The Effect of Oblique-Angle Sputtering on Large Area

Deposition: A Unidirectional Ultrathin Au Plasmonic Film Growth
Design. Nanotechnology 2020, 31, No. 445701.
(41) Kocí̌, K.; Obalová, L.; Mateǰová, L.; Plachá, D.; Lacny,́ Z.;
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