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Abstract
Calcium-doped ZnO (CZO) nanopowders were synthesized using the sol–gel method. The structural characteristics were 
investigated by X-ray diffraction (XRD) and the analysis reveals that our samples are crystalized in a wurtzite hexagonal 
structure. The morphological properties and the chemical composition of the nanoparticles were studied by transmission 
electron microscopy (TEM), scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDX). The 
obtained powders are stoichiometric with crystallites in a nanometric scale aggregated in micrometric particles. Then, pulsed 
laser deposition (PLD) technique was used to grow Ca-doped ZnO thin films with different doping concentrations (1, 3, 
and 5%), on p-type Si substrates. The Ca doping effect on the electrical properties of the CZO films was investigated by 
current–voltage characteristics. A resistive switching (RS) effect was observed in the ITO/ZnO:Ca/Au structures. The RS 
behavior is dependent on the Ca doping concentration. The charge transport mechanisms of the devices were studied. In the 
positive bias voltage region, the transport is dominated by Ohmic and space-charge limited conduction mechanisms under 
low and high electric fields, respectively.
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1  Introduction

Recently, non-volatile Random Access Memories (RAMs) 
have been developed for data storage applications. The 
RAMs can be divided into magnetic RAMs, ferroelectric 
RAMs, and resistive (RRAMs) [1–3]. Among them, RRAMs 
exhibit a simple structure, lower power consumption, high 
storage density, and higher response speed [4–6]. The phe-
nomenon behind RRAMs is resistive switching, where 
under an appropriate external electric field, the device can 

be reversibly switched between a high resistance state (HRS) 
and a low resistance state (LRS). These transitions from 
HRS to LRS and conversely from LRS to HRS are defined 
as the SET and RESET switching, respectively. In addition, 
many studies proved the existence of two resistive switch-
ing modes: unipolar and bipolar switching which are related 
to the various material systems and the different switching 
mechanisms [7]. Therefore, resistive switching can be a uni-
form phenomenon that scales proportionally with the total 
area of the switching material. On the other hand, it can be 
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a question of a localized phenomenon that is based on the 
rupture and the formation of the conducting filaments (CF). 
Indeed, the formation of the CF in the resistive switching 
layer causes the change of the device to LRS, however, when 
the CF is ruptured, the device switched back to the HRS. 
Since the resistive switching effect is based on charge defect 
migration [8], these two behaviors of CF formation and rup-
ture can be presented as the migration of the anion or cation 
under an applied voltage accompanied by an electrochemical 
reaction of the metal or oxygen vacancies. Various materials 
including ZrO2 [9], TiO2 [10], ZnO [11], and HfO2 [12] have 
been investigated for RRAMs. Among these materials, zinc 
oxide (ZnO) semiconductor has been widely studied because 
of their important structural, optical, and electrical prop-
erties [13–15]. Moreover, doping is often used to control 
the defect concentration in order to improve their properties 
[16–18]. From the literature, the resistive switching phenom-
ena reported are based on doped ZnO. X. Zhao et al. [19] 
have reported the RS characteristics of Li-doped ZnO (LZO) 
thin films based on magnetron sputtering. They have found 
that with the addition of LZO, the ON/OFF current ratio and 
the set voltage of the devices Pt/Ag/ZnO:Li/Pt/Ti increases. 
In addition, they have reported that the devices can quickly 
transform from an HRS to an LRS with a good endurance 
of more than 103 cycles at an applied pulse voltage and long 
retention of up to 104 s. Furthermore, A. Younis et al. [20] 
have studied the RS behavior of Ti-doped ZnO thin films 
prepared by a facile electrochemical deposition method. 
These films exhibit excellent resistance-switching behavior 
with HRS/LRS ratio of about 14 during the endurance test 
much better than undoped ZnO. In addition, S. S. Li et al. 
[21] have investigated the RS phenomenon of Cr-doped ZnO 
thin films.

Among the doping elements that were suggested for the 
doping of ZnO nanopowder, we note calcium. Ca-doped 
ZnO has attracted great interest from researchers in differ-
ent fields of semiconductor applications [22–24]. Therefore, 
to magnify the potential of Ca-doped ZnO resistive switch-
ing for application in non-volatile memories, the electrical 
characteristic properties of these devices should be studied. 
Therefore, in this paper, we investigated the calcium concen-
tration effect on the structure electrical and bipolar resistive 
switching properties of ITO/ZnO:Ca/Si (p)/Au thin films.

2 � Experimental details

Calcium-doped ZnO nanopowders were synthesized by 
sol–gel method following the protocol of El Mir et al. [25, 
26]. Indeed, we dissolved 16 g of zinc acetate dehydrate [Zn 
(CH3COO)2. 2H2O; 99%] in 112 mL of methanol. After 
10 min of magnetic stirring at room temperature, we added an 
adequate quantity of calcium chloride hexa-dehydrate [CaCl2, 

6H2O] that correspond to [Ca/Zn] atomic ratios of 0.01, 0.03, 
and 0.05. For drying the obtained solution, it was placed in 
an autoclave under supercritical conditions of ethyl alcohol 
(Pc = 63.6 bars, Tc = 243 °C). Then, the obtained nanopowders 
were pressed inside the target holders of 2 inches in diameter 
with 300 kg/cm2 uniaxial pressure to obtain compact targets. 
Then, calcium-doped thin films with 1, 3, and 5% doping con-
centrations have been deposited on a p-type silicon substrate 
(111) of a resistivity 1–20 Ω, using a pulsed laser deposi-
tion technique (PLD/MBE 2100) from PVD products [27]; 
the source of excitation is KrF excimer Laser (wavelength 
λ = 248 nm, repetition rate of 10 Hz and pulse width 20 ns) 
working at 350 mJ to ablate the target. The growth pressure 
and temperature are 10 −6 Torr and 300 °C, respectively. The 
target–substrate distance was 5.5 cm. All PLD parameters 
which may contribute to the deposition rate of the films were 
kept constant during the operating time, and the film thick-
nesses measured by Stylus Profiler (Veeco Dektak 150) were 
about 300 nm. For simplicity, the calcium-doped samples with 
1, 3, and 5% doping concentrations were designated as C1ZO, 
C3ZO, and C5ZO. Finally, to obtain the ITO/ZnO:Ca/Si(p)/
Au device, the ITO contacts were deposited by the ion-beam 
sputtering deposition method as reported previously [28] and 
the Au contacts were deposited by the thermal evaporation 
method under vacuum.

The structure of the thin films was characterized by X-ray 
diffraction (DRX) using CuKα radiation (1.5418 Å) of a 
Bruker D5005. The surface morphology analysis and the 
chemical constituent of the nanoparticles were investigated 
by transmission electron microscopy (TEM), scanning 
electron microscopy (SEM), and energy-dispersive X-ray 
spectroscopy (EDX). The oxygen vacancy concentrations 
(VO) for the CZO thin films were investigated by x-ray pho-
toelectron spectroscopy (XPS). The spectra were acquired 
using the K-alpha system of Thermo Scientific, equipped 
with a monochromatic Al-Kα source (1486.6 eV), operating 
in a constant analyzer energy (CAE) mode. To fit measured 
spectral profiles Gauss–Lorentzian-shaped bands were used. 
The VO concentrations were estimated from the areas under 
the photoelectron peaks. The quantification of the surface 
species was carried out by decomposing the photoelectron 
spectra. Further, the electrical characteristics were done after 
deposing the ITO and gold (Au) contacts. The current–volt-
age (I–V) measurements were investigated using a Keithley 
617 electrometer.

3 � Results and discussion

3.1 � Structural and morphological analysis

As shown, Fig.  1 displays the typical XRD pattern of 
ZnO:Ca nanopowders. The XRD diagrams show nine 
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diffraction peaks for all samples with different intensities 
without the detection of any secondary phases. These dif-
fraction peaks are indexed to the hexagonal Wurtzite struc-
ture of ZnO in agreement with the standard JCPDS database 
(card 36–1451) [29]. Therefore, to determine the crystallite 
size for our samples, we used Scherrer’s formula [30]:

where λ defined the X-ray wavelength (1.5418 Å), θ is 
the diffraction angle and β represents the full width at half 
maximum of the XRD peak. Thus, the obtained values 
increase with the incorporation of Ca content from 41, 42 
to 44 nm for C1ZO, C3ZO, and C5ZO, respectively. On the 
other side, concerning the structural characteristics of CZO 
thin films with different concentrations of Ca, Fig. 2 depicts 
the XRD patterns. It is clear the domination of the (002) 
oriented crystallites of hexagonal Wurtzite structure for all 
films; this proves the preferred c-axis orientation normal to 
the surface [31]. Further, the absence of additional peaks in 
the XRD patterns excludes the possibility of any secondary 
phase and indicates that these films have a high-quality crys-
talline structure. Further, a small shift to the higher angle 
with the increase in the calcium concentration was observed 
indicating that some residual stress inside the film may exist 
[32]. Table 1 shows the measured value of the crystallite size 
from the Debye–Scherrer formula and the lattice parameters 
for the hexagonal crystalline system calculated from Eqs. 
(2) and (3) [33]:
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where ‘a’ and ‘c’ are the lattice constants, h, k, and l 
represent the miller index and dhkl is the interplanar spac-
ing for indices (h, k, l). The lattice constant ‘a’ is obtained 
through the relation (a = λ/

√

3 sinθ) with the first approxi-
mation (n = 1) for the (100) plane, and the lattice constant 
‘c’ was derived for the plane (002) (c = λ/sinθ). It is clear 
that the decrease of the lattice parameter ‘a’ and ‘c’ with 
increasing the Ca concentration indicates the reduction 
in the oxygen vacancies [34]. Besides, the Ca doping has 
increased the average crystallite size ‘D’. The morphologi-
cal characteristics, particularly for the C3ZO sample, were 
investigated by SEM and TEM observations. As deduced 
by the SEM micrograph presented in Fig. 3, the typical 
morphology of C3ZO nanoparticles shows round particles 
having a rough porous fine-grained microstructure. The 
dimension of these agglomerated particles is between 2 
and 5 μm. Then each microparticle is formed by nano-
structure which is confirmed by the TEM measurement, 
presented in Fig. 4. As seen, the Ca-doped sample (C3ZO) 
is composed of grains with different particle size distribu-
tions. These grains show a cylindrical shape with a hex-
agonal base. The estimated size varies between 20 and 
80 nm which is in agreement with that obtained by XRD. 
Further, the EDX analysis presented in Fig. 5 reports the 
chemical composition of C3ZO nanopowders. It is clear 
the presence only of Zn, O, and Ca elements. There are no 
detectable traces of any contaminant in the C3ZO nanopar-
ticles which confirms that the calcium was totally incorpo-
rated in the ZnO. Figure 6 depicts the cross-section SEM 
image obtained from the C3ZO thin film deposited onto 
a p-type Si substrate. The image shows a perpendicularly 
oriented columnar structure. Further, it is clear that the 
interface between the deposited thin film and the substrate 
is well-defined and the corresponding film thickness was 
measured to be around 300 nm with a good quality of the 

(3)2d
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Fig. 1   X-ray diffraction pattern of Ca-doped ZnO nanoparticles

Fig. 2   X-ray diffraction spectra of Ca-doped ZnO thin films
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surface corresponding to RMS surface roughness of about 
12 nm. The XPS spectra of thin films (Fig. 7) confirm the 
presence of the VO in the thin films with concentrations 
of about 3.7, 2.0, and 2.2 for C1ZO, C3ZO, and C5ZO, 
respectively. This result reinforces the idea that the VO 
plays a main role in the transport phenomenon in these 
samples, and confirms the fact that the increase of Ca load-
ing enhances the crystallinity and reduces the VO which 
affects the conductivity of the films and then the resistive 
switching properties.

3.2 � Resistive switching (RS) characteristics

Figure 8(a–c) shows the I–V curves of the Ca-doped ZnO 
with different concentrations of 1, 3, and 5%. It is clear 
that all samples exhibit a resistive switching behavior. 
Especially for samples 1, and 3% of Ca, it was observed 
the bipolar multi-level switching behavior. For C1ZO 
(a), in the HRS, we can note the presence of 2-step ‘Set’ 
behavior with VSet1 = 0.1 V and VSet2 = 0.6 V. In addition, 
for C3ZO (b) there is a 2-step behavior with VSet1 = 0.3 V, 
and VSet2 = 0.9 V, which indicates that the ‘Set’ behavior of 
the CZO resistive memory device can be attributed to the 
effect of the calcium incorporation. We can observe the same 
behavior for Li-doped ZnO RRAM devices reported by Lin 
et al. [35]. Furthermore, we can obtain the multi-resistances 
states by forming various conducting filaments inside the 
device: ionic and metallic conduction filaments. As reported 
in the previous studies [36], the metallic conduction filament 
can be higher than those of the ionic one which may indicate 
that the metallic filament needs a higher electric field than 
the ionic filament. Subsequently, M. Liu et al. demonstrate 
the diffusion of different metals such as Ag or Cu into the 
oxide in order to obtain the metallic filament. Similarly, in 
our case, we can confirm that the oxygen vacancies (ionic 
filament), as well as the calcium (metallic filament), were 
responsible for the resistive switching effect. On the other 
hand, when increasing the applied voltage up to a maximum 
of 1 V, and then gradually returning to 0 V, all of the devices 
still maintain in the LRS. The current compliance observed 
at the voltage sweep region (from 0 V to – 1 V) where we 
defined the RESET process, we note the transform of the 
resistance of the device from LRS to HRS. The RS ratio 
(ILRS/IHRS) is found to be 102 for C1ZO and C3ZO at 0.3 V 
and 0.2 V, respectively.

To examine and clarify the carrier transport mechanism 
of Ca-doped ZnO thin film devices, we plotted a double 
logarithmic scale in the positive bias region of the I–V 
curves. As seen, Fig. 9 displays the results of the linear fit 
of the samples. From these results, it is clear to observe 
that the ions transport within the RRAM device is domi-
nated by Ohmic behavior under low positive bias. Indeed, 
For C1ZO, the fitted slope is approximately 0.9 in the HRS, 
which indicates that the conduction follows the Ohmic con-
duction mechanism. With increasing the applied voltage, 
the slope is about 2.2, then 2.6 indicating that the carrier 
transport mechanism in the HRS and LRS, respectively, 

Table 1   Structural parameters 
of CZO samples

(002) peak 2 � (°) � (°) D (nm) dhkl (Å) c (Å) A (Å) V (Å3)

C1ZO 34.19 0.2398 35 2.623 5.245 3.164 45.47
C3ZO 34.24 0.2225 37 2.619 5.238 3.161 45.32
C5ZO 34.71 0.1961 42 2.584 5.168 3.115 43.42

Fig. 3   SEM image of C3ZO nanopowder

Fig. 4   TEM micrograph of C3ZO nanopowder
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follows the trap-controlled space-charge limited conduc-
tion (SCLC) model. As the positive voltage decreases, the 
fitted slope decreases to 0.6 which denotes the Ohmic con-
duction mechanism. For C3ZO, the fitted slope is approxi-
mately 0.6 and increases to 1.6 in the HRS with increas-
ing the applied voltage indicating the Ohmic conduction 
mechanism. Then, when increasing the voltage, the fitted 
sloped is about 3.4 in LRS following space-charge limited 
conduction and decreases to 1.3 which indicates the Ohmic 
conduction mechanism [37]. On the other hand, the fitted 
slope in the HRS and LRS for C5ZO is approximately 1.05 
which is corresponding to the Ohmic conduction behavior. 
Therefore, based on the literature [38, 39], we can notice that 
the generation and the recovery of oxygen vacancies with 
non-lattice oxygen ions and the SCLC conduction behavior 

can be employed in order to justify the mechanism of the 
bipolar resistive switching in the ITO/ZnO:Ca/Au devices. 
For example, Gao et al. [40] have reported that some defects 
in the thin films such as oxygen vacancies, grain boundaries, 
and interstitial atoms present in the thin films, act like a 
trap center for charge carriers and cause the trap-controlled 
SCLC. Similar to this study, we can note that the transport 
of Ca ion and the restoration of the oxygen ions by the cal-
cium ion under the bias voltage may be also a reason for the 
resistive switching behavior [41].

To further investigate the resistive switching behavior 
of Ca-doped ZnO thin film devices, we plotted the varia-
tion of the resistance at different temperatures in the range 
of 20–100 °C. As shown in Fig. 10, the resistance of the 
C3ZO sample was measured under an applied bias volt-
age of 0.8 and 0.6 V for HRS and LRS, respectively. It 
can be noticed that the resistance of HRS increases with 
temperature which indicates the metallic properties [42]. 
This behavior is similar to the results studied by Li Ying 
et al. [43]. They have shown that the resistance of the Cu/
ZrO2/ATO device decreases obviously when the tempera-
ture decreases which is typical for electronic transport in 
a Cu metal. Thus, the Cu metallic conduction filament 
has been formed in the ZrO2 thin films. However, when 
the temperature increases, the resistance of LRS decreases 
which is corresponding to the semiconductor properties 
[44] and confirms the formation of the ionic filament. So 
the temperature dependence result proves the formation of 
ionic and metallic filaments, at various voltages. Further, 
our result which shows the formation of the metallic fila-
ment at a higher voltage than the ionic filament confirms 

Fig. 5   Chemical composition of 
C3ZO nanopowder

Fig. 6   Cross-section SEM image of the CZO/Si heterojunction (bar 
scale 400 nm)
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Fig. 7   XPS analyses illustrating the presence of VO in the thin films Fig. 8   I–V curves of ITO/CZO/Si (p)/Au thin films at different Ca 
concentrations: a C1ZO; b C3ZO; c C5ZO
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what we note in the previous paragraph. This behavior is 
similar to the study reported by F.L. Faita et al. [45] for the 
hafnium aluminum oxide (HfAlO) thin films deposited by 
the ion-beam sputtering technique on a silicon substrate.

As shown in Fig. 11, we plotted the dark and illuminated 
I–V curves. The illuminated ones are shown for two different 
intensities (L1: 2.38 A and L2: 2.82 A). It is clear to notice 
that the curves have a shift towards the lower voltage region 
with the increase of the light intensity. However, the current 
increases slightly with the light. This result clearly shows the 
effect of the light intensity on the sample C3ZO, so these 
processes can be optically activated.

4 � Conclusion

Ca-doped zinc oxide thin films were deposited by pulsed 
laser deposition technique (PLD) onto p-type silicon sub-
strates. From the X-ray diffraction, these films with differ-
ent Ca contents (1, 3, and 5%) have hexagonal structures 

Fig. 9   The linear fitting of the I–V curves in the positive bias region 
of C1ZO, C3ZO, and C5ZO samples, in the double logarithmic scale

Fig. 10   The variation of the resistance with different temperatures 
under a bias voltage of 0.8 V for HRS and 0.6 V for LRS

Fig. 11   The dark and illuminated I–V curves of the C3ZO sample
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and the values of the crystallite size were determined 
using the Debye–Scherrer formula. The TEM image 
showed a cylindrical shape with a hexagonal base of the 
grains C3ZO and confirmed the nanometric size. From 
the SEM, these nanoparticles showed agglomerated par-
ticles with dimensions in the range of 2–5 μm, and for 
C3ZO thin film, the cross-section SEM image showed 
a perpendicularly oriented columnar structure. The cur-
rent–voltage measurements revealed the presence of the 
resistive switching behavior and the oxygen vacancies as 
well as the calcium were responsible for this phenomenon. 
Furthermore, two conduction mechanisms were presented 
in this work; Ohmic and space-charge limited conduction 
mechanisms. This work demonstrates that Ca doping can 
further enhance the switching characteristics of ZnO thin 
films and thus have the potential for next-generation of 
non-volatile memory applications.
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