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Abstract
Ferroelectricity in pure ZnO nanocrystals is an unlikely physical phenomenon. Here, we show origin of high temperature 
ferroelectricity in ZnO as a result of yttrium (Y) doping. First, we briefly introduced the wet chemical synthesis of pure 
and yttrium (Y) doped ZnO nanocrystals. The crystalline phase and morphological appearance of as synthesized pure and 
Y-doped ZnO nanocrystals were examined using powder X-ray diffraction (XRD), scanning electron microscopy (SEM) 
and transmission electron microscopy (TEM) techniques. By Y-doing, the morphology of ZnO crystals evolved from 1D 
nanopencil (pure ZnO) to 3D flower-like architectures assembled by 2D porous nanosheets (Y-ZnO). Crystallite size, defor-
mation stress, energy density and lattice strain of both the nanoparticles were evaluated using Scherrer and Williamson-Hall 
methods. Frequency as well as temperature dependence of dielectric constant, dielectric loss and ac conductivity of Y-doped 
ZnO nanosheets were investigated. Ferroelectricity in Y-doped ZnO nanosheets was established using the temperature 
dependent curve of dielectric constant and the room temperature polarization hysteresis loop. The temperature dependent 
curve of dielectric constant displayed a ferroelectric to paraelectric transition peak at 138 °C. The Y-ZnO nanosheets exhibit 
weak ferroelectric polarization hysteresis loop with a remnant polarization (Pr) of 0.09 µC/cm2 and a coercive field (Ec) of 
5.87 kV/cm (@ RT). The nature of the leakage present in Y-ZnO sample was extracted from the time-dependent compensasted 
(TDC) hysteresis study. Leakage current density was found to decrease due to Y-doping in ZnO nanocrystals.

1  Introduction

1.1 � Overview

Highly polarizable binary compounds with off-centered 
ions were found to display ferroelectric characteristics at 
low temperatures [1]. In particular, the narrow energy gap 
(~ 0.2 eV) IV–VI binary compounds, like Pb1−xGexTe, have 
attracted considerable attention thanks to their low tem-
perature ferroelectric phase. It has been well established 
that the ferroelectricity in Pb1−xGexTe originates as a result 

of ordering in the off centered Ge ions [2, 3]. Moreover, a 
similar ferroelectric phase transition was discovered in II–VI 
semiconductors such as Zn1−xCdxTe [4, 5] and Zn1−xLixO 
[6] as a result of ordering of off-centered dopant ions. Zinc 
oxide, ZnO, being a II–VI binary compound possesses a 
much stronger ionic character, when compared to IV–VI 
binary compounds [7].

ZnO is an n-type II–VI piezoelectric semiconductor [8]. 
Because of its excellent piezoelectric and electro-mechani-
cal characteristics, ZnO has been successfully employed in 
wide range of practical applications such as surface acous-
tic wave (SAW) devices, ultrasonic transducers, gas sensors 
and mechanical energy harvesters [9–15]. ZnO exhibits a 
hexagonal wurtzite crystal structure (p63mc). Furthermore, 
the wurtzite structure is polar along the ‘c’ crystallographic 
axis and the tetrahedrally coordinated Zn2+ and O2− ions are 
alternatively stacked along this c-polar axis. No phase transi-
tion has been observed in pure ZnO crystal at atmospheric 
pressure. Pure ZnO is a polar crystal and it is not possible to 
reverse its electric dipole moment by reversing the direction 
of applied external electric field, which explains its non-
ferroelectric character. A ferroelectric phase transition was 
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first observed in Li doped ZnO by several research groups 
[6, 16–18]. The large mismatch between the ionic radii of 
the host Zn2+ (0.74 Å) ion and the dopant Li2+ (0.60 Å) 
ions and the ordering of the off-centered Li2+ dopant ions 
were considered to play a crucial role in the appearance of 
ferroelectricity. The direction of spontaneous polarization 
(Ps) is unique in wurtzite ZnO (‘c’-axis), whereas eight fer-
roelectric domains are allowed in rhombohedral Pb1−xGexTe 
and Cd1−xZnxTe; this makes ZnO advantageous over other 
binary semiconductors and thus, it is a material of choice for 
ferroelectric integrated devices.

ZnO is not a ferroelectric material in its pure form. How-
ever, doping is considered as a very common approach 
for introducing ferroelectricity in ZnO. For instance, 
A. Onodera et  al. have synthesized the Zn1−xLixO and 
Zn1−x(Li0.02 Mgx−0.02)O ceramics and reported a ferroelec-
tric transition around 57 °C for Zn0.9Li0.1O, and at 87 °C for 
Zn0.7(Li0.02Mg0.28)O [16, 17]. The spontaneous polarization 
(Ps) of Zn0.7(Li0.02Mg0.28)O ceramic sample was found to be 
0.02 µC/cm2 at 40 °C. Yang et al. [19] found Cr-doped ZnO 
to be ferroelectrically active with a remnant polarization 
~ 0.2 µC/cm2 and a coercive field ~ 50 kV/cm (@ 2 kHz). 
G. Srinet et al. [20] synthesized Ba (5%) doped ZnO nano-
particles (NPs) and observed the ferroelectric to paraelectric 
phase transition (Tc) at 330 °C with remnant polarization (Pr) 
and coercive field (Ec) equal to 1.01 µC/cm2 and 2.02 kV/
cm, respectively. Yang et al. [21] prepared 9 at% Cr-doped 
ZnO thin films and observed a ferroelectric to paraelectric 
phase transition at 95 °C with a remnant polarization and 
coercive field of ~ 0.4 µC/cm2 and ~ 80 kV/cm, respectively.

1.2 � Scope of this article

Interestingly, in our previous works we have successfully 
discovered the ferroelectric nature in rare earth doped ZnO 
nanostructures, namely, Eu3+ doped ZnO (Tc = 230 °C; 
Pr = 0.11 µC/cm2 and Ec = 5.81 kV/cm), Gd3+ doped ZnO 
(Tc = 215 °C; Pr = 0.29 µC/cm2 and Ec = 16.41 kV/cm) 
and La3+ doped ZnO (Tc = 276 °C; Pr = 0.027 µC/cm2 and 
Ec = 1.33 kV/cm) nanorods (NRs) [22–24]. This article is 
a part of our ongoing interest on the search of ferroelec-
tricity with high ferro- to para-electric transition tempera-
ture as a result of rare earth doping in ZnO [22–25]. Very 
recently, we have reported a gigantic piezoelectric response 
(d33 ~ 420 pm/V) for yttrium (Y3+) doped ZnO nanosheets 
(NSs) and have successfully generated an output voltage of 
around 20 V from Y-ZnO NSs based nanogenerator (NG). 
The Y-ZnO NSs were demonstrated to be a potential mate-
rial for powering various self-powered devices [26].

In the present report, growth of Y-doped ZnO NSs by 
wet-chemical co-precipitation method was pursued in order 
to investigate its applicability in the ferroelectric devices. 
The structural and morphological properties of the Y-doped 

ZnO NSs were studied in detail using XRD and TEM & 
SEM analysis, respectively. The numerical values of crys-
tallite size, lattice strain, deformation stress and deforma-
tion energy density for both pure and Y-doped NPs were 
evaluated using Scherrer, W-H and FESEM and TEM meth-
ods. We discovered a striking ferroelectric phenomenon in 
Y-doped ZnO NSs that is attributed to the difference in the 
ionic radii of dopant Y3+ ion (1.04 Å) and host Zn2+ (0.74 Å) 
ion. Due to this mismatch in ionic radii between host and the 
dopant, Y atoms can occupy off-centered positions, form-
ing permanent local electric dipoles, which can easily be 
reversed on changing the direction of applied electric field 
and thereby resulting in ferroelectric characteristics. Such a 
conclusion was further confirmed by measuring the dielec-
tric constant as a function of temperature. Further, till now, 
to the best of our knowledge there are no reports available on 
dielectric, ferroelectric studies of Y doped ZnO nanosheets.

2 � Experimental details

2.1 � Materials

The commercially available (AR grade; Merck) sodium 
hydroxide; NaOH, zinc chloride; ZnCl2, yttrium(III) chlo-
ride hexahydrate; YCl3·6H2O, ethanol; C2H5OH and dou-
bly distilled water were used for the synthesis of pure and 
Y-doped ZnO NPs.

2.2 � Nanoparticles synthesis

Pure and (5 mol%) Y-doped ZnO NPs were prepared by a 
wet-chemical co-precipitation method.

2.2.1 � Preparation of pure‑ZnO nanoparticles

To prepare ZnO NPs, ZnCl2 and NaOH were taken as the 
starting materials in a molar ratio of 1:7. In a typical proce-
dure, 0.05 mol of ZnCl2 was dissolved in 100 ml of doubly 
distilled water with a continuous stirring for a hour, making 
precursor solution A. Then, another precursor solution B 
was made by dissolving 0.35 mol of NaOH in 100 ml of 
doubly distilled water with a continuous stirring for 60 min. 
The above obtained solution B was poured drop wise into 
solution A under constant stirring for 30 min to obtain a 
milky solution containing ZnO precipitate. The white pre-
cipitated powder was washed several times with ethanol and 
doubly distilled water to remove sodium ions, chloride ions 
and impurities. Now, the as obtained white precipitate was 
dried at 80 °C for 6 h and then it was calcinated at 500 °C 
for 3 h.
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2.2.2 � Preparation of Y‑doped ZnO nanoparticles

To synthesize Y-doped ZnO NPs, the procedure described 
above was repeated. In the synthesis procedure of Y-ZnO, 
yttrium(III) chloride hexahydrate (5 mol% with respect to 
ZnCl2) was dissolved in 50 ml of doubly distilled water. 
This solution was then added to the solution of ZnCl2. In 
order to prepare Y-ZnO NPs, solution of NaOH was added 
drop by drop to the above prepared solution under a constant 
stirring for 60 min. The obtained Y-ZnO precipitate was 
washed several times with ethanol and then dried at 90 °C 
for 6 h. At last, the precipitated powder was heat treated at 
550 °C for 3 h.

2.3 � Characterization techniques

The structural and crystallographic characterizations of 
pure and Y-doped ZnO samples were performed using high 
resolution X-ray diffractometer (Make: Bruker, Model: D8 
Discover) with Cu Kα radiation of wavelength 1.5408 Å. 
The external morphology (shape and size) of these samples 
were investigated using transmission electron microscopy 
(TEM) on a FEI Netherlands instrument (Model: Technai 
G2T30) and field emission scanning electron microscopy 
(FESEM) on a TESCAN instrument (Model: MIRA3LMH). 
The dielectric properties of the pelletized sample of Y-ZnO 
powder were measured using a Broadband Dielectric/Imped-
ance Analyzer (Make: Novocontrole Germany, Model: C-50 
Alpha A) in a frequency range 100 Hz–1 MHz and with tem-
perature range 35–200 °C. The ferroelectric P–E loops of as-
synthesized Y-doped ZnO NSs were recorded at a frequency 
of 500 Hz in Sawyer–Tower mode with the help of a Preci-
sion LC Ferroelectric tester (Make: Radiant technologies, 

Model: P-HVi210KSC). I–V characteristics of both pure and 
Y-ZnO NPs were also studied using Radiant technologies 
instrument (Model: P-HVi210KSC).

3 � Results and discussions

3.1 � Analysis of crystal structure and composition

Figure 1a depicts the room temperature XRD patterns of 
pure and Y-doped ZnO NPs. The positions of all the diffrac-
tion peaks for both the NPs matched well with the hexagonal 
ZnO wurtzite phase (standard JCPDS card No. 36-1451). 
Diffraction peaks that could be related to Y-containing 
phases and impurity phases were not detected, indicating 
the fact that the Y3+ dopant ions have been successfully 
incorporated into Zn2+ host ion sites in the ZnO lattice. The 
crystalline peaks intensity got decreased and were slightly 
broadened due to the presence of Y-dopant. The most intense 
Bragg peak (101) of Y-doped ZnO was shifted towards lower 
θ value (Fig. 1b). These observations confirm that although 
the Y3+ dopant seems to have been successfully accommo-
dated into ZnO lattice, the large difference in the ionic radii 
of Y3+ (1.04 Å) and Zn2+ (0.74 Å) is likely to interrupt the 
original atomic arrangement which results in lattice strain.

The obtained XRD patterns of both NPs were subjected 
to Reitveld analysis using Fullprof software (see Fig. 2a, b) 
and values of refined cell parameters with profile parameters 
are listed in Table 1. For Y-doped ZnO, the cell parameter 
values are large in comparison with those for pure ZnO NPs, 
which is in agreement with the shift of Bragg peaks towards 
smaller angle side for doped ZnO. EDS analysis of Y-doped 
ZnO sample was performed to find its chemical composition 

Fig. 1   a XRD patterns of pure and Y-doped ZnO NPs. b The magnified view of most intense (101) Bragg peak
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and is shown in Fig. S1 of Supporting Information file. The 
EDS spectrum confirms the presence of O, Y, and Zn for 
Y-doped sample. Thus, both EDS and XRD analysis together 
indicate the replacement of Zn2+ ions by Y3+ ions into the 
ZnO matrix.

3.2 � Analysis of crystallite size and strain

In XRD study, an increase in lattice parameters value was 
noted as a result of Y-doping. This variation in lattice param-
eters value was accounted to the lattice strain produced by 
substitution of large Y3+ (1.04 Å) dopant ions in place of 
host Zn2+ (0.74 Å) ions. Thus, for a better understanding 
of the effect of Y3+ dopant ions incorporation into the ZnO 
lattice, it becomes necessary to evaluate the numerical val-
ues of crystallite size, lattice strain, deformation stress and 
deformation energy density for both pure and Y-doped NPs.

3.2.1 � Scherrer method

The diffraction peak broadening due to small particle size is 
given by Scherrer equation as follows [24]:

where, βL is the broadening (in radians) solely due to 
small crystallite size, λ is the wavelength of CuKα radiation 
(1.54056 Å), L is the crystallite size (in nm), θ is the Bragg 
peak position and K is the shape factor equal to 0.94. It is 
noteworthy that βL in above Eq. (1) is the instrument cor-
rected diffraction peak broadening, which is evaluated as 
follows,

where, βI is the instrumental broadening (in radians), βo 
is the observed diffraction peak broadening. The standard 
strain free silicon was subjected to XRD under identical con-
ditions on same instrument to determine the instrumental 
broadening (βI). The Scherrer equation can be used to evalu-
ate the crystallite size of the ZnO NPs. The Eq. (1) can be 
reformatted in the logarithmic form as follows:

The plot of ln (βL) versus ln (1/cosθ) is a straight line 
with intercept equals to ln (kλ/L) and hence the crystallite 
size can be evaluated from the intercept L =

K�

eintercept
 . The 

typical Scherrer equation plots for pure and Y-doped ZnO 
nanostructures are shown in Figs. 3a and 4a, respectively. 
The average crystallite sizes of pure and Y-doped ZnO NPs 
were calculated to be 57.01 and 31.02 nm, respectively, 
using Scherrer method (Table 2).

3.2.2 � Williamson–Hall methods

Generally, the broadening of X-ray diffraction profile is a 
combination of both lattice strain (ε) and crystallite size. 
Scherrer equation does not consider the lattice strain contri-
bution to line broadening of a Bragg peak. Williamson–Hall 
(W–H) proposed a method for separating the size and strain 
broadening components from total broadening. The indi-
vidual strain-induced (βS) and small crystallite size-induced 
(βL) contributions to the total broadening are expressed as 
follows [22]:

(1)�L =
K�

L cos �

(2)�L =
[

(

�O
)2

−
(

�I
)2
]1∕2

(3)ln �L = ln
k�

L
+ ln

1

cos �

(4)�S = 4� tan �

(5)�hkl = �L + �S

(6)�hkl =
K�

L cos �
+ 4� tan �

Fig. 2   Rietveld refinement for a pure and b Y-doped ZnO NPs. The 
refinement goodness parameter χ2 was computed to be 5.11 and 4.66 
for pure and Y-doped ZnO

Table 1   Rietveld refinement data of pure and Y-doped ZnO 
nanocrystals

Parameters Pure ZnO Y-doped ZnO

Crystal System Hexagonal Hexagonal
Cell length, a = b (Å) 3.2538(8) 3.2545(8)
Cell length, c (Å) 5.2114(2) 5.2136(4)
Cell angle α = β (°) 90 90
Cell angle γ (°) 120 120
Volume, (Å3) 47.784(8) 47.825(9)
Rp, Rwp, and χ2 0.122, 0.139 and 5.11 0.117, 0.135 and 4.66
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where, βhkl is the total integral breadth for (hkl) diffrac-
tion peak. Rearranging above Eq. (6) gives:

In above Eq. (7), lattice strain (ε) is assumed to be uni-
form in all crystallographic directions and hence, it is known 
as uniform deformation model (UDM). Figures 3b and 4b 
show the plots of βhkl cosθ versus 4sinθ for pure and Y-doped 
ZnO, respectively. The crystallite size was evaluated using 
the same principles as described above and the lattice strain 
(ε = slope) was calculated using the slope of the fitted line. 
The average crystallite size and lattice strain can be 

(7)�hkl cos � =
K�

L
+ 4� sin �

calculated from the y-intercept 
(

L =
K�

intercept

)

 and slope 

(ε = slope) of the fitted line, respectively.
In many cases, it is not correct to assume isotropic nature 

of lattice strain. Thus, it becomes necessary to consider 
anisotropic W–H models such as Uniform Stress Deforma-
tion Model (USDM) and uniform deformation energy den-
sity model (UDEDM). In USDM and according to linear 
Hooke’s law, strain (ε) is expressed as a function of stress (σ) 
and Young’s modulus of elasticity (Yhkl): ε = σ/Yhkl. Thus, 
after considering this linear stress–strain relationship, the 
W–H will be modified to the following form:

(8)�hkl cos � =
K�

L
+

4� sin �

Yhkl

Fig. 3   a Scherrer equation plot for pure ZnO. The W–H analysis assuming b UDM, c USDM and d UDEDM for pure ZnO NPs
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(9)Yhkl =

[

h2 +
(h+2k)2

3
+

(

al

c

)2
]2

S11

(

h2 +
(h+2k)2

3

)2

+ S33

(

al

c

)4

+
(

2S13 + S44
)

(

h2 +
(h+2k)2

3

)(

al

c

)2

Fig. 4   a Scherrer equation plot for Y-doped ZnO NPs. The W–H analysis assuming b UDM, c USDM and d UDEDM for Y-doped ZnO NPs

Table 2   Geometrical parameters of both pure and Y-doped ZnO nanocrystals by Scherrer, W–H and (FESEM and TEM) analysis

Sample Scherrer method Williamson–Hall method FESEM and TEM

UDM USDM UDEDM

L (nm) L (nm) ε × 10−3 L (nm) ε × 10−3 σ (MPa) L (nm) ε × 10−3 σ (MPa) u (KJm−3) L (nm)

Pure ZnO 57.01 70.64 0.5685 70.30 0.5580 69.95 70.64 0.5669 71.12 20.159 50–240
Y-ZnO 31.02 54.44 2.14 50.28 2.00 251.30 52.66 4.34 543.93 271.96 20–50
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where here a and c are the unit cell parameters for ZnO 
nanocrystals (see Table 1) and S44, S13, S33 and S11 are the 
elastic compliances of ZnO with values of 23.57 × 10−12, 
− 2.206 × 10−12, 6.940 × 10−12 and 7.858 × 10−12 m2 N−1, 
respectively [23]. By plotting βhkl cosθ as a function of 
4sinθ/Yhkl (Figs. 3c, 4c), the crystallite size (L) and uni-
form deformation stress (σ) can be calculated from the 
extrapolation (L = Kλ/intercept) and the slope (σ = slope) 
of the fitted line, respectively.

In UDEDM, deformation stress (σ) is anisotropic and 
energy density (u) is considered to be uniform in all crystal-
lographic directions. The energy density (u) is connected to 
the strain and Young’s modulus by u =

(

�2Yhkl
)

∕2 . Now the 
W–H equation can be rewritten as:

Figures 3d and 4d show the plots of 4sinθ (2/sYhkl)1/2 
against βhkl cosθ for pure and doped ZnO, respectively. 
Slopes of linear fits give the energy density (u = (slope)2) 
and y-intercepts of the fitted lines give crystallite size 
(L = Kλ/intercept). The geometrical parameters of both pure 
and Y-doped ZnO NPs obtained using W-H analysis (UDM, 
USDM & UDEDM models) are summarized in Table 2.

From Table 2, it can be concluded that the crystallite 
size of ZnO NPs decreased as a result of Y-doping. Also, 
it can be observed that lattice strain increases as a result of 

(10)�hkl cos � =
K�

L
+ 4 sin �

(

2u

Yhkl

)1∕2

Y-doping which clearly explains the increase in cell param-
eter values for doped ZnO NPs.

3.3 � Analysis of morphology

In the past two decades, a variety of interesting morpholo-
gies of ZnO NPs have been synthesized by various research 
groups, namely quantum dots [27], nanospheres [28, 29], 
nanocombs [30], nanobelts [31], nanorods [24], nanoplates 
[32], polyhedral cages [33] and many more. Controlling the 
morphology of ZnO nanostructures has gained great atten-
tion of many researchers in recent times because of their 
unique shape-dependent characteristics. ZnO structures at the 
nanoscale demand different external shapes with varying sur-
face area for utilizing their novel size effects in improving the 
efficiencies of many practical applications. Towards this aim, 
the morphologies of pure ZnO and Y-doped ZnO NPs were 
carefully investigated with FESEM and TEM techniques.

Figure 5 shows the typical FESEM and TEM images 
of the pure ZnO NPs. The pencil like morphology of pure 
ZnO NPs is very much evident from their FESEM and 
TEM images (see Fig. 5a–c). The nanopencils (NPCs) have 
diameters in the range of 50–240 nm and length of about 
0.4–1.0 µm. Figure 5d depicts the corresponding SAED 
(selected area electron diffraction) pattern obtained from the 
pure ZnO NPCs. SAED pattern clearly depicts the single 
crystalline nature of synthesized NPCs with the hexagonal 
wurtzite structure, which is in consistency with the powder 
XRD results (see Sect. 3.1).

Fig. 5   a, b FESEM images of ZnO nanopencils. It can clearly be 
observed that the pure ZnO crystals are formed in the shape of 
rods with hexagonal cross-section and pencil like tip (diameter 

~ 50–240 nm and length ~ 0.4–1.0 µm). c TEM image and d SAED 
pattern of pure ZnO pencils. e Indexed morphology of a ZnO pencil



13825Journal of Materials Science: Materials in Electronics (2018) 29:13818–13832	

1 3

Figure 5e depicts the indexed morphology of ZnO pen-
cils. The unique formation of pencil-like shape of ZnO 
NPs can be understood on the basis of energies and rela-
tive growth velocities of various facets appearing in its 
morphology. Structurally, ZnO NPCs consist of twenty 
planes out of which six symmetric 

{

10
−

1 0
}

 planes are 

non-polar and fourteen planes 
({

011̄1
}

,
{

011̄1̄
}

, (0001) and
(

0001̄
))

 are polar in nature. Top (001) and bottom 
(

00
−

1

)

 

facets of ZnO crystal are known as chemically active Zn 
terminated and chemically inert O-terminated planes, 
respectively [26]. The ideal growth velocities (rates) of 
various planes for the case of ZnO crystal can be listed as: 
(0001) >

{

011̄1
}

>
{

101̄0
}

>
{

01̄1̄1̄
}

>
(

0001̄
)

 . The 
(0001) is fastest growing plane as it has higher surface 
energy and thus, it is least visible in the final shape of ZnO 
NPCs.

As shown in Fig.  6a, Y-doped ZnO NPs consists of 
3D flower-like architectures assembled by 2D nanosheets 
(building blocks). These 3D Y-doped ZnO flowers have 
diameters in the range of 1.0–3.0 µm and are made up of 
interconnected Y-ZnO nanosheets (NSs) with a thickness 
of about 25–50 nm. The enlarged views of interconnected 
Y-ZnO NSs are depicted in Fig. 6b, c. The morphology of 
the Y-ZnO NSs was further investigated in detail using TEM 
analysis. Figure 6d shows the typical TEM image of one 
Y-ZnO NS. A large quantity of nanosized pores with sizes of 
2–20 nm in diameter can be observed on the surface of NS, 

which confirms the porous structure of as-obtained Y-doped 
ZnO sheets. The SAED pattern corresponding to the porous 
Y-ZnO NS as shown in Fig. 6e consists of well ordered dots 
indicating the single crystalline nature of these sheets. The 
presence of (001) and (004) diffraction peaks (in SAED pat-
tern) confirms the fact that the most visible plane (i.e., the 
top plane) in the morphology of Y-ZnO NS is (001) plane.

As discussed in our previous manuscript on 2D Y-ZnO 
sheets [26], the introduction of Y3+ ions into growth solution 
leads to the formation of YO2

− dopant anionic units. These 
YO2

− anionic units attach themselves to the Zn-polarized 
plane of ZnO to inhibit its growth along ‘c’ crystallographic 
direction. This effective growth of the crystal nuclei along 
the lateral directions 

(

perpendicular to
{

101̄0
}

planes
)

 leads 
to the formation of 2D Y-doped ZnO nanosheets.

This drastic transition in the morphology of ZnO crys-
tal from 1D nanopencils (pure ZnO) to 2D nanosheets (for 
Y-ZnO) has proven to be beneficial in boosting up the piezo-
conversion efficiency of ZnO from 12 to 420 pm/V for 2D 
Y-ZnO NSs [26]. Moreover, Y-doped ZnO porous NSs with 
a large polar surface area ((001) plane) is expected to exhibit 
many novel characteristics over 1D pure ZnO NPCs. In this 
paper, we will focus on dielectric and ferroelectric properties 
of 2D Y-doped ZnO NSs.

Fig. 6   a FESEM image overview of 3D flower-like Y-ZnO architec-
tures assembled by 2D nanosheets of thickness 25–50  nm. b and c 
Enlarged views of interconnected Y-ZnO NSs. d TEM image of a 

single Y-ZnO porous sheet with nanopores of diameters 2–25 nm. e 
Indexed SAED pattern of Y-ZnO porous sheet
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3.4 � Dielectric study

3.4.1 � Permittivity and loss studies

Dielectric permittivity of a material is a dimensionless 
complex number in a sense that the real component (ε′) 
quantifies the stored energy or polarizability in a dielectric 
under an applied electric field, whereas the imaginary part 
(ε″) accounts for the dissipated energy. Both real (ε′) and 
imaginary (ε″) components are the functions of frequency of 
continuously changing electric field as shown in Fig. 7a, b, 
respectively. The value of real dielectric constant for Y-ZnO 
NSs was found to decrease with increasing frequency at all 
the temperatures. Furthermore, a plateau region (frequency 
independent response) starts to appear at higher tempera-
tures, which indicates a shift in the relaxation peak with 
respect to temperature. Another measure of dissipated 
energy is dielectric loss (tan δ), which can be derived from 
fundamental dielectric parameters (ε′ and ε′′) and is defined 
as the ratio (ε″/ε′). Figure 7c depicts the variation of dielec-
tric loss (tanδ) with frequency (from 100 Hz to 1 MHz) at 
different applied temperatures. For the spectrums recorded 
at lower temperatures (see curves at 35 and 70 °C), the 
dielectric loss go on decreasing with increase in frequency. 
Whereas, for the dielectric loss spectrums recorded at higher 
temperatures (see curves at 100, 130, 160 and 190 °C), 
the dielectric loss first decreases with frequency and then 
shows a little hump at certain frequency which shifts towards 
higher frequency with increase in temperature. This hump 
observed for frequency dependence curve of dielectric loss 
(at higher temperature) confirms the relaxation process and 
is in consistency with the plateau region obtained for the 
frequency dependence curve of real part of dielectric con-
stant (see Fig. 7a).

The major contribution to dielectric polarization of a 
nanomaterial comes from orientational polarization and 
space charge polarization. The large values of dielectric 
constant (ε′ ~ 126 @ 35 °C, 100 Hz) and dielectric loss 

(tanδ ~ 1.44 @ 35 °C, 100 Hz) in low frequency region can 
be attributed to the dominant nature of space charge polari-
zation in ZnO nanostructures at lower frequencies. It is a 
well known fact that ZnO NPs exhibit space charge polari-
zation due to large amount of defects, such as micro-pores 
at the grain boundaries and various surface defects such as 
dangling bonds and vacancy cluster. These surface defects 
can cause a change of negative and positive space charge 
distributions at the interfaces. Positive and negative space 
charge distribution at the interfaces move towards negative 
and positive poles of the applied electric field, respectively. 
Now, these moving space charges gets trapped by the defects 
leading to formation of dipoles and hence, non-zero space 
charge polarization. Nevertheless, at higher frequencies, 
dielectric response of space charges cannot keep up with 
the fast variation of applied electric field, resulting in the 
reduction of dielectric constant and dielectric loss of ZnO 
NPs. Moreover, it is noteworthy that orientational polari-
zation originates as a result of rotational displacement of 
dipoles in the ZnO nanostructure and is the dominant source 
of non-zero dielectric polarization in high frequency region. 
The possible source of orientational polarization in ZnO 
nanostructure is the existence of large amount of oxygen 
vacancies and zinc interstitials. Under the application of an 
external electric field, the oxygen (O2−) vacancies and the 
Zn2+ ions in the neighborhood gives rise to a large amount 
of dipole moments. These dipole moments will try to align 
along the direction of the external electric field, which 
results in orientational polarization in ZnO nanostructure. 
Furthermore, on further increasing the frequency of applied 
external field, frequency independent responses for dielectric 
constant are observed (ε′ ~23 @ 35 °C, 1 MHz). The low 
value of dielectric loss at higher frequency (tan δ ~ 0.05 @ 
35 °C, 1 MHz) of the Y-ZnO NSs makes it a potential futur-
istic material for high frequency applications.

The variation of real (ε′) component of dielectric constant, 
imaginary (ε″) component of dielectric constant and dielec-
tric loss (tan δ) with temperature (35–200 °C) at selected 

Fig. 7   Variation of a the real component of the permittivity (ε′), b the imaginary component (ε″) of the permittivity, and c dielectric loss with 
frequency for Y-doped ZnO NSs measured at different applied temperatures
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frequencies (100 Hz to 1 MHz) are displayed in Fig. 8a, 
b, c, respectively. From Fig. 8 it can be clearly observed 
that Y-doped ZnO NSs exhibit dielectric dispersion, where 
the dielectric constant decreases with an increase in the fre-
quency of applied electric field. The value of real compo-
nent of dielectric constant (ε’) for Y-ZnO NSs (@R.T. & 
@100 Hz) was found to be 126. Moreover, the dielectric 
constant (ε′) increases with an increase in temperature and 
attains a maxima (ε′m ~ 2430) at transition temperature (Tc 
~ 138 °C) and thereafter decreases with further increase in 
applied temperature. Below transition point Tc, the increase 
in real (ε′) component of dielectric constant with tempera-
ture is attributed to the fact that the dipolar molecules pre-
sent in Y-ZnO sample are relatively free at higher tempera-
tures and thus, are more susceptible to applied electric field 
resulting in an increase in polarization. After transition point 
Tc, decrease in the value of real (ε′) component of dielectric 
constant with temperature can be understood as ferroelec-
tric to paraelectric structural phase transition. Moreover, the 
peak value of dielectric constant (ferroelectric to paraelectric 
phase transition) shifts towards higher temperatures with an 
increase in frequency. This mimics relaxor characteristics of 
Y-ZnO sample and is due to the disability of charge carriers 
to align too fast with the changing electric field at higher fre-
quencies. Thus, to align all the charge carriers and to restore 
complete polarization, higher temperature is needed.

Both imaginary (ε″) and dielectric loss measure the 
amount of energy dissipated in the system. Figure 8b, c 
show the temperature variation of imaginary (ε″) and die-
lectric loss, respectively measured at selected frequencies 
(100 Hz to 1 MHz). At low temperature, the loss increases 
at a smaller rate with increase in temperature but at higher 
temperature it shows a significant increase with increas-
ing temperature, which is commonly observed phenom-
enon for most of the ceramic materials due to space charge 
polarization [34]. Additionally, large value of dielectric loss 
observed at higher temperature may be attributed to macro-
scopic distortion of charges [34]. The trend shown by Y-ZnO 

NSs is a common trend where dielectric loss increases with 
temperature and decreases with frequency [35].

Pure ZnO is well known to be ferroelectrically in-active 
and does not show any ferroelectric to paraelectric transi-
tion in temperature dependence curve of dielectric constant 
[36]. Here, it can be considered that the substitution of host 
Zn2+ ions by dopant Y3+ ions induces structural changes in 
host ZnO lattice, which plays an important role in introduc-
ing ferroelectric phase in Y-ZnO NSs. This ferroelectric to 
paraelectric phase transition at 138 °C in Y-doped ZnO NSs 
arises as a result of order–disorder feature of off-centered 
substitutional Y3+ ions as well as due to the displacive fea-
ture of relative translational shifts in Zn and O sublattices 
[37]. This dielectric anomaly observed for Y-doped ZnO 
NSs is similar to previously reported results for Li-doped 
ZnO ceramics, (Mn, Li) co-doped ZnO NRs, Eu-doped ZnO 
NRs, La-doped ZnO NRs and Gd-doped ZnO NRs, which 
are summarized in Table 3. Finally, it can be concluded 
that the high value of dielectric constant (ε′) and transition 
temperature (Tc) found in Y3+-doped ZnO samples may be 

Fig. 8   Temperature dependence of a the real component of the permittivity (ε′), b the imaginary component (ε″) of the permittivity and c dielec-
tric loss of Y-doped ZnO NSs measured at different applied frequencies. Ferroelectric to paraelectric phase transition at Tc = 138 °C

Table 3   A brief comparison of transition temperature (Tc) of Y-ZnO 
NSs with that of earlier reported values for various other doped-ZnO 
samples

S.No. Doped ZnO sample Tc (oC) References

1 Li-doped ZnO thin films 57 [16]
2 Li/Mg co-doped ZnO thin films 87 [17]
3 Mg-doped ZnO films 110 [38]
4 Cr-doped ZnO thin films 95 [21]
5 Ba doped ZnO nanoparticles 330 [20]
6 V-doped ZnO nanorods 345 [39]
7 Ce3+ doped ZnO nanorods 48 [25]
8 Eu3+ doped ZnO nanorods 230 [22]
9 La3+ doped ZnO nanorods 276 [24]
10 Gd3+ doped ZnO nanorods 215 [23]
11 Y3+ doped ZnO nanosheets 138 [Present Work]
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beneficial from application point of view specially for wide-
temperature range ferroelectrics and charge storage devices.

3.4.2 � AC conductivity analysis

Figure 9a displays the logarithmic plot of frequency depend-
ent AC conductivity (σac) of Y-doped ZnO NSs. It is obvious 
from the curve that the value of conductivity (σac) progres-
sively increases with increase in frequency of applied alter-
nating electric field. This is because with increase in fre-
quency there would be an enhancement in hopping frequency 
of electron and hence, migration of electron would be faster. 
σac was evaluated from the dielectric loss data using this 
relation, σac = 2πf tanδε′εo, here tan δ denotes the dielectric 
loss, f is the frequency of the applied field, εo is free space 
permittivity and ε’ is the real part of dielectric constant. 
The conductivity curves at all temperatures show that the 
conductivity of the titled sample is frequency independent 
in the low frequency regime and this frequency independent 
region increases with increase in temperature. Conversely, in 
high frequency regime, the value of conductivity increases 
rapidly with increase in frequency which may be attributed 
to little Polaron jumping [40]. The frequency independent 
conductivity is due to significant contribution from the dc 
conductivity. In higher frequency regime, the contribution 
from ac conductivity starts to dominate. This can be eas-
ily understood by Jonscher power law, σ = Aωs, where A 
denotes a constant, ω is the angular frequency of applied 
electric field and exponent ‘s’ is a frequency dependent 
parameter [41]. Similar type of AC conductivity behavior 
has been observed for various other doped ZnO samples, 
namely Al-doped ZnO, (Al, Ni) co-doped ZnO [42], Ag-
doped ZnO [43] and Gd-doped ZnO NPs [23], etc.

The Arrhenius equation was employed to evaluate the 
activation energy of the Y-doped ZnO NSs and is expressed 
as: σac = σo exp(− Ea/kBT), here, σo denotes the pre-expo-
nential factor and kB denotes the Boltzmann constant. Fig-
ure 9b depicts the curve of ln σac plotted against 1000/kBT 
(@ 1 kHz). The values of activation energies in Y-ZnO NSs 
were computed to be 2.35, 0.91 and 0.38 eV at various tem-
perature range.

Fig. 9   a The frequency dependence of AC conductivity of Y-doped ZnO NSs. b Plot of ln (σac) against 1000/T (@ 1 kHz) for Y-doped ZnO NSs

Fig. 10   Hysteresis loops of Y-doped ZnO NSs
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3.5 � Ferroelectric study

3.5.1 � Polarization hysteresis behavior

Figure 10 presents the room temperature P-E hysteresis 
loops of the studied Y-doped ZnO NPs registered at different 
voltages (@ 500 Hz). It is evident in Fig. 10 that Y-doped 
ZnO sample is a weak ferroelectric material with a remnant 
polarization (Pr) of 0.09 µC/cm2 and a coercive field (Ec) of 
5.87 kV/cm at 500 V. Table 4 summarizes a brief compari-
son of ferroelectric parameters (Pr and Ec) of earlier reported 
doped ZnO nanostructures. In Y-doped ZnO NPs, there is a 
mismatch in the ionic radii of impurity (Y3+; 1.04 Å) and 
host (Zn2+; 0.74 Å) ions. Due to this ionic radii mismatch, 
impurity (Y3+) ions can occupy off-centered and interstitial 
positions, thereby forming permanent dipole moments 
locally that can introduce the ferroelectric characteristics. 
Similar reports on origin of ferroelectricity from ionic radii 
difference are available in literature [19–24, 38, 44, 45]. In 
our previous study on Y-doped ZnO NSs [26], we have pro-
posed that the ratio of (ionic charge)/(ionic size) of the 
dopant ion plays a vital role in deciding the electromechani-
cal response of doped ZnO. The 

(

ionic charge

ionic size

)

 ratio of dopant 

Y3+ ion is 2.88, which is greater than that for host Zn2+ ion 
(2.70) [26]. Due to this difference in the value of 

(

ionic charge

ionic size

)

 

ratio, the non-collinear Y-O bonds hold stronger polarity 
than that of Zn-O bonds, which makes the flipping of these 
locally formed permanent dipole moments much easier and 
hence originates ferroelectricity in ZnO. The non-zero rem-
nant polarization obtained for Y-ZnO sample makes it a 
futuristic material of choice for designing memory compo-
nent of nonvolatile ferroelectric random access memory.

3.5.2 � Time‑dependent leakage analysis

From the P–E hysteresis loops, one can see that Y-doped 
ZnO nanocrystals display lossy ferroelectric character. In 
order to determine the nature of the leakage present in the 

sample, time-dependent compensated (TDC) hysteresis 
measurements were performed on it. In this technique, 
two hysteresis loops were traced for Y-ZnO NSs at differ-
ent frequencies (2 and 4 ms), which are shown by black 
and red curves, respectively, in Fig. 11a. From these two 
hysteresis loops, the time independent and time-dependent 

Table 4   Comparison of 
ferroelectric parameters (Pr and 
Ec) of Y-doped ZnO nanosheets 
and various other doped ZnO 
samples

S.No. ZnO sample Ec (kV/cm) Pr (µC/cm2) References

1 Ba doped ZnO nanoparticles 2.02 1.01 [20]
2 Cr3+ doped ZnO films 50 0.2 [19]
3 Cr-doped ZnO nanorods 0.96 6.18 [44]
4 Mg-doped ZnO films 8 0.2 [38]
5 V-doped ZnO ceramics 0.45 2.0 [45]
6 Eu-doped ZnO nanorods 5.81 0.11 [22]
7 La-doped ZnO nanorods 1.33 0.027 [24]
8 Gd-doped ZnO nanorods 16.41 0.29 [23]
9 Y-doped ZnO nanosheets 5.87 0.09 [Present Work]

Fig. 11   a TDC plots revealing resistive leakage in Y-ZnO NSs sam-
ple. b The hysteresis curve of a pure resistor
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features were separated by using the Meyer et al. algorithm 
[46–48]. Now, one of the hysteresis plots is compensated 
by this time-dependent component to get leakage compen-
sated hysteresis trace (shown using pink trace in Fig. 11a). 
It is noteworthy that the resistive leakage is a frequency 
dependent parameter. Hence, by compensating the hyster-
esis loop with the time-dependent component, we are able 
to eliminate the contribution due to resistive leakage. The 
shape of the time-dependent component curve (shown in 
blue curve in Fig. 11a) for Y-ZnO NSs matches well with 
the hysteresis curve of a pure resistor (see Fig. 11b), which 
confirms the presence of resistive leakage in Y-ZnO sam-
ple. This explains the unsaturated nature of P-E hysteresis 
loops. In addition to dielectric phase transition and P–E 
hysteresis studies, these results prove well that Y-ZnO NSs 
present a ferroelectric (though weak) character.

In order to quantify the resistive leakage present in 
titled ZnO sample, J–V characteristics curve was recorded 
in the following section.

3.6 � J–V Characteristics

The study of conduction mechanism helps us to gain better 
understanding of the ferroelectric characteristics of a mate-
rial [49]. J–V characteristics of both the pure ZnO NPCs 
and Y-doped ZnO NSs were traced on the silver coated 
ZnO pellets, which serves as a metal-semiconductor-metal 
(M-S-M) junction. Figure 12a displays the semi-log plot 
of leakage current density (J) against applied electric field 
(E) for both ZnO samples. The symmetric nature of leak-
age current density about the ordinate (J-axis) confirmed the 
ohmic characteristics of M-S junctions for both the pellets 
[23]. Figure 12b presents the plot of log J against log V. 
The behavior of these curves presented in Fig. 12b is gov-
erned by the power law: J ∝ Em , here m (slope) conveys the 
nature of conduction mechanism [23]. The values of slope 
(m) were measured to be 1.17 for pure ZnO NPCs and 1.09 
for Y-doped ZnO NSs, which can be analyzed on the basis 
of ohmic conduction and space-charge limited conduction 
(SCLC) mechanisms [23]. The leakage current got decreased 
as a result of Y-doping in ZnO NPs. Also, the dc conductiv-
ity was observed to decrease as a result of Y-doping, which 
was measured to be 5.7 × 10−9 mho cm−1 for pure ZnO 
NPCs and 1.7 × 10−9 mho cm−1 for Y-doped ZnO NSs. This 
reduced leakage current density for Y-ZnO NSs may be due 
to an increase in Schottky barrier height by Y-doping, which 
makes it a futuristic material for ferroelectric capacitor.

4 � Conclusions

The above presented experimental results and discussions 
on Y-doped ZnO nanosheets can be summarized as follows:

	 1.	 Pure and Y-doped ZnO NPs were easily synthesized 
by wet chemical co-precipitation route.

	 2.	 By doping ZnO with yttrium, the cell parameter values 
got increased and the Bragg peaks got shifted towards 
smaller angle. Moreover, hexagonal wurtzite crystal-
line phase was observed for both pure and doped nano-
structures.

	 3.	 Dopant Y3+ ions played an inevitable role in deciding 
the final external shape of ZnO nanocrystals. A drastic 
change in the morphology of ZnO nanocrystals from 
1D NPCs (diameter ~ 50–240 nm) to 2D NSs (thick-
ness ~ 25–50 nm) was observed as a result of Y-doping.

	 4.	 By addition of Y3+ ions as dopant cations, the growth 
habit of pure ZnO crystal got greatly influenced and 
the relative growth velocity of each crystal plane got 

Fig. 12   a J–V plots for pure ZnO NPCss and Y-doped ZnO NSs 
recorded at room temperature. b Log (J) versus Log (V) characteris-
tics of pure ZnO NPCs and Y-doped ZnO NSs
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changed, which led to formation of 2D sheet like net-
work.

	 5.	 TEM analysis further confirmed the porous nature of 
Y-doped ZnO NSs with nanosized pores of diameter 
~ 2–20 nm.

	 6.	 From Scherrer and W-H methods, it can be concluded 
that the crystallite size decreased from 70 to 53 nm and 
lattice strain increased from 0.57 × 10−3 to 4.34 × 10−3 
as a result of Y-doping.

	 7.	 A higher dielectric constant (ε′ ~ 126 @ 35 °C, 100 Hz) 
and large ferroelectric to paraelectric phase transition 
at 138 °C were observed for Y-doped ZnO NSs.

	 8.	 The most significant change which Y3+ substitution 
brings is the appearance of switchable polarization i.e., 
ferroelectricity in ZnO. The remnant polarization (Pr) 
and coercive field (Ec) were found to be 0.09 µC/cm2 
and 5.87 kV/cm, respectively.

	 9.	 Time-dependent compensated (TDC) hysteresis meas-
urements confirmed the presence of resistive leakage 
in Y-ZnO sample.

	10.	 The leakage current got decreased on Y-doping. The 
dc conductivity was found to decrease from 5.7 × 10−9 
to 1.7 × 10−9 mho cm− 1 as a result of Y-doping in ZnO 
nanocrystals.

Finally, we conclude that high value of dielectric constant 
(ε′ ~ 126 @ 35 °C, 100 Hz) and high temperature ferroelec-
tricity (Pr ~ 0.09 µC/cm2, Ec ~ 5.87 kV/cm & Tc ~ 138 °C) 
adds another dimension to the multifunctional characteris-
tics (d33 ~ 420 pC/N) of Y-doped ZnO nanosheets and make 
it a futuristic candidate for nanoscale charge storage and 
memory devices.
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