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Abstract
In this report, the real part of ac conductance (Σ(T, f)) of pure ZnO nanoparticle, manganese-doped ZnO nanocapsules and 
nanoplates was estimated as a component of frequency (f) by shifting zero-frequency Ohmic conductance (Σ0) with the tuning 
of the temperature (T) to understand the nonlinear AC conduction mechanism in semiconductor. The UV–VIS absorption 
spectrum showed a change in band gap from 3.67 eV for pure ZnO NPs to 3.31 eV for Mn-doped ZnO NPs with the change 
in excitonic peak from 372.5 nm for ZnO NPs to 375 nm for Mn-ZnO NPs. The HRTEM and SAED analysis along with 
XRD showed formation of nanocapsules and nanoplates with hexagonal wurtzite crystal phase. The doped semiconductor 
nanocrystals showed a ‘T’ dependent transition nature. Scaling speculations from theoretical models are used to dissect the 
effects of ac conduction and the nonlinearity exponent (xf) of the onset frequency f

c
∼ Σ

xf

0
 . The overall scaling formalism 

for the ac conductance Σ0 was properly scaled with a universal curve as per the information for Σ(T,f) under different T. The 
metallic and semiconductor contribution in the dc conductivity of the doped nanosystems is highlighted. The normalized 
conductance (Σ/Σ0) as a function of normalized frequency curves was depicted by a single power law for Mn-ZnO nanocap-
sules and nanoplates. The AC conduction process showed that xf is a lot of phase delicate and can be utilized to describe the 
phase changes in these doped nanosystems originated due to change in  Mn2+ doping concentration.

Keywords Zinc oxide nanocrystals · UV–VIS spectrum · HRTEM · Non-Ohmic conduction · Nonlinearity exponent

1 Introduction

The semiconductor zinc oxide (ZnO) is a direct and high 
band gap (3.37 eV) material with enormous exciton bind-
ing energy (60 meV at room temperature). In nanoscale its 
bandgap, optical, electrical properties can be changed sig-
nificantly compared to bulk counterparts and get a lot of 
consideration from researchers and has a broad application 
in optoelectronics, different detectors, sensing, bioimag-
ing study, lasing and many more [1–3]. One of the most 

important physical properties of materials is alternating 
current conduction behaviour. The principle of conduction 
and defects that are found in crystalline solids is essentially 
understood by the data on the ac conductivity of semicon-
ductors. It is well understood from current semiconductor 
developments that the key means of regulating electrical 
conductivity are the insertion of impurities or defects into 
semiconductor lattices which can also have an enormous 
impact on the optical, luminescent, magnetic, or other physi-
cal properties of the semiconductor [4]. Doping by transition 
metals, for example, Mn, Cr, Fe, Ni makes more distortion 
and defects in the nanostructure ZnO semiconductors and 
leads to change in ionization energy levels and tune many 
more properties, which can significantly modify the electri-
cal conduction of ZnO [5, 6]. Belkhaoui et al. studied the 
electrical properties of Mn-doped ZnO nanoparticles [7]. 
Structural and optical properties of the manganese-doped 
ZnO have been reported by many researchers [8]. In the 
present study, a cost-effective approach is used for prepar-
ing manganese-doped ZnO nanocapsules (MZNC) and 
nanoplates (MZNP) by the simple chemical precipitation 
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technique. Moreover, the electrical and dielectric properties 
of ZnO nanocrystals doped with  Mn2+ ions and others met-
als have been studied extensively [9–13], but nonlinear AC 
conduction of Mn-doped ZnO nanocapsules and nanoplates 
is not studied yet. Here, we motivated to study the nonlinear 
ac conduction in Mn-doped ZnO nanocapsules and nano-
plates. Along these lines, it is essential to examine the ac 
conducting properties after measuring conductivity to know 
about the interior of semiconductor nanomaterial.

2  Experiment and instrumentations

We used different chemicals like zinc acetate 
(Zn(CH3COO)2), manganese chloride, sodium hydroxide 
(NaOH) as reagents and water as a solvent for the fabri-
cation of ZnO and Mn-ZnO nanocapsules and nanoplates. 
The ZnO nanocrystals are fabricated by simple wet chemical 
method. Firstly, 50 mL of 0.2 mol/L of zinc acetate solu-
tion was magnetically stirred for few minutes then 50 mL 
of 0.2 mol/L NaOH solution was added drop-wise into 
the Zn(CH3COO)2) solution under constant magnetic stir-
rer at room temperature (25 °C) over a period of 30 min. 
Then few amounts of PVP were added during the reaction 
process. After three-hour reaction process, white solution 
with precipitation was formed. The final product was col-
lected for characterization. In a typical manganese-doped 
ZnO nanocapsules (MZNC) fabrication process, 50 mL of 
0.2 mol/L zinc acetate (Zn(CH3COO)2) watery solution 
and the manganese chloride precursor (source of  Mn2+) in 
25 mL of aqueous at 1% were added drop by drop in an 
air environment. To stabilize the synthesized material, a 
small amount of PVP (1 g in 50 ml deionized water) was 
added before the precursor (doping material). The mixture 
solution was magnetically stirred at 50 °C until it became 
homogeneous. Drop by drop, 50 mL of 0.2 mol/L sodium 
hydroxide (NaOH) solution was added to the above mixture. 
Following the NaOH infusion, a white voluminous precipi-
tate appeared. The obtained dispersions were transparent 
and were purified several times by dialysis against deionized 
water and ethanol to remove impurities. The final products 
were dried in a hot air oven at 200 °C for 2 h. In the case 
of manganese-doped ZnO nanoplates fabrication, we utilize 
similar treatment with the same amount of reagents only the 
change in the added amount of manganese chloride is 25 ml 
aqueous at 1.5%. Transmission electron microscopy (TEM) 
images of the fabricated samples were used to characterize 
their structural and morphological properties using a JEOL 
JEM-2100F microscope with a 200 kV accelerating volt-
age. The ac conductance properties of fabricated Mn-doped 
ZnO nanocrystals were measured using an IM 3536 LCR 
METER.

The samples’ optical absorption spectroscopy was 
recorded using a Shimadzu-Pharmaspec-1700 UV–VIS 
spectrometer in the wavelength range 200–900 nm. The 
X-ray diffraction of the powder samples was estimated in a 
Rigaku X-beam diffractometer using Cu-Kα radiation over 
the angular range (2θ) 20°–80°.

3  Results and discussions

3.1  UV–VIS spectrum and optical properties

The optical UV–VIS spectrum of the pure ZnO NPs and 
two different Mn-doped ZnO nanocrystals within the 
wavelength ranges 200–800 nm shown in Fig. 1(a). The 
maximum absorbance due to exciton formation arises at 
372.5, 370, and 375 nm for the ZnO NPs, Mn-doped ZnO 
nanocapsules (MZNC), and Mn-doped ZnO nanoplates 
(MZNP), respectively. The shifting in the exciton wave-
length is due to the tuning of band gap by Mn doping. Due 
to doping, some change in optical band structure leads to 
change in excitonic peak position as compared to pure 
ZnO NPs. The band gap (Eg) of the material is determined 
with the help of the following Tauc’s equation after con-
sidering direct bandgap nature of the fabricated semicon-
ductor material [14]:

Graphical plot of (αhυ)2 vs. hυ gives rise the value 
of Eg. The plot for three different samples is shown in 
Fig. 1(b)–(d). The calculated bang gap is found to be 3.67, 
3.45, and 3.31 eV, for the ZnO NPs, MZNC and MZNP, 
respectively. The resultant high band gap of ZnO NPs is 
matched with other reported results [15]. The reduction in 
band gap as of the increment of metallic Mn doping in the 
ZnO NPs lattice with change in ionization energy as well as 
change in nanocrystal sizes may tune the band gap tailor-
ing. The bandgap of both doped nanocrystal is less than the 
bandgap of pure ZnO NPs. The average particle size (from 
HRTEM) and also crystal size (from XRD) of MZNP are 
greater than MZNC. So, the bandgap of MZNP is less than 
MZNC in the nanoscale confined region.

The Urbach energy (EU) of the three nanocrystals has 
been calculated with the use of the following relation 
between absorption coefficient (α) and EU [16]: α = α0 exp 
[hγ/Eu]. The values of Eu after plotting ln(α) vs hν in the low-
frequency region are found to be 0.98, 1.2, and 1.5 eV for 
ZnO NPs, MZNC, and MZNP, respectively. This change in 
the determined value of  EU may be due to change in crystal 
disorderness, nanocrystalline size effects and other factors.

(�h�)2 = c
(

h� − Eg

)

.
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3.2  Structural properties

3.2.1  XRD study

The XRD of all samples was studied within the diffraction 
angle between 20 and  80°. The diffraction peaks shown in 
Fig. 2 show the presence of following prominent diffraction 
planes: (100), (002), (101), (102), (110), (103), (200), (112), 
(201), (004), and (202). These planes indicate the hexago-
nal wurtzite crystal structure of the fabricated ZnO and two 
Mn-doped ZnO nanocrystals [17]. As the doping concen-
tration of Mn increases, all of the diffraction peak intensity 
decreases. The decrease in the diffraction peak intensity 
indicates more incorporation of Mn in the ZnO lattice. Mn 
doping occupied the lattice sites of ZnO NPs. As the ionic 
radius of  Mn2+ and  Zn2+ is different, a relative shift in the 
lattice constant occurs.  Mn2+ doping increases the relative 
shift in lattice, which leads to decreases in scattering inten-
sity. Scattering intensity is proportional to (structure factor)2 
and ‘sin’ factor. After doping both factors are decreasing, so 
x-ray intensity reduces. Karmakar et al. observed a decrease 
in x-ray scattering intensity with the increment of Mn dop-
ing in the ZnO [18]. The maximum intense diffraction peak 

(101) of pure ZnO NPs at (2θ) 36.3° is shifted towards lower 
Bragg angles (2θ = 36.2°) with a change in peak broadening 
along with diffraction intensity. The observed Bragg angle 
shift in lattice characteristics of pure nano-ZnO could be 
attributed to changes in Mn concentration. The average crys-
tal is calculated for all of the fabricated nanocrystals with 
the use of the following Scherrer formula [19].

Here, K = 0.94 for Cu-Kα radiation. The average crystal size 
for ZnO NPs, MZNP and MZNC is found to be 35, 26, and 
20 nm, respectively.

3.2.2  HRTEM

The formation of Mn-doped ZnO nanocapsules (MZNC) and 
Mn-doped ZnO nanoplates (MZNP) with use of 1% & 1.5% 
precursor is clearly observed from Fig. 3(a) & 4(a), respec-
tively. The presence of the (100), (002), (101), (102), (110), 
and (103) prominent diffraction rings within the SAED 
pattern of Fig. 3(d) and 4(d) shows the well-crystalline 

Crystalline size ∶ Rhkl =
K�

� cos �
,

Fig. 1  a UV–VIS spectrum of (i) ZnONPs, (ii) MZNC, (iii) MZNP; Tauc’s plot for b ZnO NPs, c MZNC, d MZNP; inset of (c) is the histogram 
for the band gap of different samples



 A. K. Bhunia et al.

1 3

81 Page 4 of 9

hexagonal wurtzite crystal phase of MZNC and MZNP, 
respectively. The SAED rings are well matched with the 
diffraction peak obtain from XRD result. The average 
diameter of the MZNC is ~ 29 nm, and the average length 
is ~ 56.5 nm. The average length of the MZNP is ~ 102 nm, 
and the average breadth is ~ 57 nm. Figure 3(b) shows that 
a bunch of nanocapsule is like a bunch of grapes. The 
clear image of a single nanocapsule with average diameter 
is  ~ 27.5 nm and average length is ~ 56.5 nm as shown in 
Fig. 3(c). A single nanoplate with average length ~ 110 nm 
and breadth ~ 59.5 nm is shown in Fig. 4(c). The nanoplates 
are stack each other by some weak forces (Fig. 4b).

3.3  Nonlinear alternating current conduction

The ac conductance Σ(T , f ) of the pure ZnO nanocrystals, 
MZNC and MZNP at various temperatures was estimated as 
a function of frequency f  with various temperatures going 
from 50 to 400 °C. Figure 5(a) depicts the graphical varia-
tion of estimated ac conductance (Σ(T, f)) as a function of 
frequency (f) in pure ZnO nanocrystals. The variation of Σ(T, 
f) with f at different temperatures (T) for MZNC and MZNP is 

depicted in Fig. 6(a) and (c). The conductivity in the MZNP 
is greater compared to MZNC for a particular temperature due 
to increase in manganese concentration in the ZnO NPs. The 
metallic manganese concentration changes the ionic energy of 
the semiconductor ZnO NPs, nanocrystalline size and other 
nanoregion effects leading to tuning of the conductivity. The 
real part of the ac conductance Σ(P, f ) of the deliberate Mn-
doped ZnO nanosamples is nearly constant up to its Ohmic 
value Σ(P, 0) (= Σ0) at low frequency and deviates from Σ0 at 
a specific frequency known as the onset frequency  (fc). With 
increasing frequency beyond  fc, Σ(P, f )  follows the power law 
described below [20]:

where the exponent factor (s) is between 0 and 1, [21] and 
the coefficient ‘A’ varies with temperature in an Arrhenius 
manner [22, 23]. Temperature T, disorder D, and annealing 
time ‘t’ are examples of variables used to fluctuate zero-
frequency zero-voltage conductance Σ(P, 0) (= Σ0). By sepa-
rating the preceding expression by Σ(P, f ) , one obtains [20]

(1)Σ(P, f ) = Σ(P, 0) + Af s = Σ0 + Af s,

Fig. 2  XRD spectrum of a ZnO NPs, b MZNC, c MZNP; d Zoom of the (101) peak and the vertical marks indicate the position of the 
allowed diffraction
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Fig. 3  HRTEM image of a Mn-
doped ZnO nanocapsules, b A 
bunch of nanocapsule, c Single 
nanocapsule, d SAED pattern of 
the nanocapsules

Fig. 4  HRTEM image of a Mn-
doped ZnO nanoplates, b few 
nanoplates stage each other, c 
single nanoplate, d SAED pat-
tern of the nanoplates
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Bardhan et al. [24] have measured ac conductance at room 
temperature and found that fc is solely determined by ini-
tial conductance Σ0. At a fixed temperature T, this onset 
frequency fc scales with introductory conductivity 

∑

(P, 0) 
as [25]

where Σ(P, 0) is the same as in Eq. 1 and AT is a constant 
whose value is determined by the criterion that determines 
the frequency scale fc. Here, xf  is known as the nonlinearity 
or onset exponent and has the order of unity [25]. Above 
equation (Eq. 3) indicates that there exists a frequency scale 
in the investigated system corresponding to each value of 
disorder parameter. Disorder parameter may be temperature 
or doping [28]. The onset exponent describing the quality of 
nonlinearity close to the onset of nonlinear conduction. At 
high frequencies f ≫ fc, Σ(P, f )–f curves frequently become 
temperature independent. The scaled conductance Σ(T ,f )

Σ0

 ver-
sus scaled frequency f

fc
 results are fitted by the accompany-

ing altered form [26, 27]

where y = f

fc
,g(y) is the similar scaling function in Eq. 2 

and ‘s’ is equivalent to characterized in Eq. 1. Figure 7 
shows the variation of initial conductance, i.e. dc Ohmic 

(2)
Σ(P, f )

Σ(P, 0)
= g

(

f

fc

)

= 1 + Af s.

(3)fc(T) = AT

∑

(P, 0)xf ,

(4)g(y) = 1 + Bys,

conductances Σ0 versus temperature T(°C) for three samples 
of pure ZnO nanocrystals, MZNC and MZNP. The Σ0 of 
Mn-doped ZnO nanoplates and nanocapsules decrease up to 
the temperature (Tt) 150.5 K and 198.5 K, respectively, and 
then increase with temperature. The decrease in conductivity 
below Tt (T < Tt) is due to metallic contribution in the con-
ductivity, and the increase in Σ0 above Tt (T > Tt) is due to 
semiconductor contribution. In case of pure ZnO nanocrys-
tals, the value of Σ0 increases with increase in temperature 
without any transition (Tt) temperature like Mn-doped ZnO 
(MZNC and MZNP). Hence, the behaviour of Σ0 for pure 
ZnO nanocrystal semiconductor is different from that of the 
metal (Mn)-doped ZnO nanostructure as per our observa-
tion. This difference arises which may be due to metallic Mn 
doping in the ZnO lattice leading to more defect states, for-
mation of new interstitial and lot of charge accumulation as 
well as formation of more mobile charges due to metallic 
counterparts in the semiconductor ZnO lattices. The varia-
tion of the real part of ac conductance Σ(T , f ) with frequency 
of the pure ZnO nanocrystals is shown in Fig. 5. In this 
figure we have seen only one-material phase. But the Mn-
doped ZnO nanocrystals, i.e. MZNC and MZNP, show two-
material phase (Fig. 6). The variation of normalized con-
ductance Σ

Σ0

 as a function of normalized frequency f/fc of the 
real component of ac conductance Σ(T , f ) of pure ZnO 
nanocrystals is shown in Fig. 5(b). The data collapse method 
analysis up to Σ∕Σ0 ∼ 500 leads to the log–log graph of fc 
vs. Σ0 with xf = 0.33 ± 0.01 and shown in the inset of 
Fig. 5(b). The fitted results of Eq. (4) give B = 1.8 ×  10–12 

Fig. 5  a Variation of ac conductance Σ(T, f) vs. frequency f in pure 
ZnO nanoparticles at different temperatures as indicated. b Scaled 
plot of normalized conductance Σ(T, f)/Σ0 vs normalized frequency 

f/fc by varying Ohmic conductance Σ0 by temperature T, respectively. 
c The variation of onset frequency fc with Σ0. Solid line is power law 
fits to the data with the slopes xf as indicated
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and s = 1.99. The variation of the real part of ac conductance 
Σ(T , f ) with frequency of the MZNC and MZNP appeared 
in Fig. 5(a) and (c) individually at various temperatures 
going from 50 to 400 °C. The Σ0 – T graphical plot of 
MZNC uncovers that Σ0 diminishes with the decline in tem-
perature T from 200 °C and gets least at an accurate tempera-
ture T (called TTS).

With more diminishing in T, Σ0 will increment up to the 
deliberate temperature. Two distinct phases are observed 
within this variation called first phases and second phases. 
The region between 50 °C and TTS relates to the first phase 
and the temperature from TTS to 400 °C corresponds sec-
ond phase. Comparative alternatives of Σ0 – T graphical 

plots are determined in MZNP. The MZNC and MZNP 
have a zero-voltage linear conductance Σ(T,0) of 0.04 S 
and 0.03 S for MZNC and MZNP individually at room 
temperature. At constant temperature, the conductance 
Σ(T,f) remains constant to its Ohmic value Σ0 up to a pre-
cise value of frequency and then begins to expand with 
increasing frequency. The onset frequency fc is the estima-
tion of the point at which conductance Σ(T,f) departs from 
zero. It has been observed that as temperature decreases 
below 400 °C, Σ0 decreases and the sample becomes non-
linear at a frequency lower than that required at a higher 
temperature, i.e. fc decreases with decreasing temperature 

Fig. 6  a, c Variation of ac conductance Σ(T, f) vs. frequency f in Mn-
doped ZnO nanocapsules (MZNC) and Mn-doped ZnO nanoplates 
(MZNP) at different temperatures as indicated. b, d Scaled plot of 
normalized conductance Σ(T, f)/Σ0 vs normalized frequency f/fc of 

nanocapsules and nanoplates by varying Ohmic conductance Σ0 by 
temperature T, respectively. Inset of b, d shows the variation of onset 
frequency fc with Σ0. Solid lines are power-law fits to the data with 
the slopes xf as indicated
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up to TTS. Below TTS, Σ0 increases as T decreases, and the 
samples exhibit non-Ohmic behaviour as fc increases.

This convergent feature indicates that conductance at 
higher frequencies is completely temperature independent. 
The results of combining the data in Fig. 6(a) and (c) into 
a single curve using the data collapse method are shown in 
Fig. 6(b) and (d) [28, 29]. At the starting point, the minimum 
conductance of MZNC and MZNP at the T, respectively, 
200 °C (TTS) and 150 °C (TTS) was scaled by its Ohmic 
worth Σ0. As far as data collapse is concerned, any self-
assertive choice (for example, 1) for fc would suffice. For 
the following lower temperature in the first phase, the con-
ductance was scaled by Σ0, but fc was adjusted so that this 
data arrangement merged with the previous one as well as 
possible. The procedure was then repeated for all of the other 
temperatures below TTS in decreasing order. In the second 
phase above TTS, a similar procedure was used for the Σ(T, 
f)—f data.

Figure 6(b) and (d) shows raw data comparisons to a 
variety of conductance as a function of frequency at vari-
ous temperatures. The figure shows that the data scale up 
to Σ∕Σ0 ∼ 500 ,  Σ∕Σ0 ∼ 50 and Σ∕Σ0 ∼ 500  for pure ZnO, 
MZNC and MZNP, respectively, while the scaled frequency 
f/fc covers seven orders of magnitude. It should be noted 
that the data collapse method resolves onset frequency  fc 
uniquely up to a constant value. The solid line in Fig. 6(b) 
and (d) is a fit by Eq. (4) with B = A/Σ(P,0), with y = f∕fc 
and g(y) as a scaling function.

The calculated values of B are 1.5 ×  10–12 and 2.6 ×  10–12 
and s are 1.87 and 2.002 for MZNC and MZNP, respectively.

This fitting is surprisingly well within the intended fre-
quency and conductance range, f (c), which is obtained 
after the above model is plotted with log–log axes as 

a component of the corresponding Σ0 in the inset. The 
strong lines show how the power law fits to the expression 
fc ∼ Σ

xf

0
 , with the exponents xf (1st phase) = 0.33 ± 0.01, 

xf (1st phase) = 0.20 ± 0.004 and 0.42 ± 0.01 and xf (2nd 
phase) = 0.19 ± 0.003 and 0.39 ± 0.002, for single side for 
ZnO and both sides for MZNC and MZNP, respectively. In 
this investigation both of the studied exponents are posi-
tive. Results hence approve the scaling as given in Eqs. 
(3) and (4). Figure 6(b) and (d) suggests the log–log plot 
of the scaled conductance as a feature of scaled frequency 
for the pattern MZNC and MZNP. Figure 6(a) and (c) sug-
gests that at a particular temperature, the actual a part of the 
ac conductance Σ(T , f ) in these structures stays regular as 
much as the function frequency and increases monotoni-
cally as frequency is accelerated beyond fc . The scaled 
plots proven in Fig. 6(b) and (d) really imply the fact of a sin-
gle frequency scale in any given pattern as a minimum inside 
the experimental tiers of frequency and conductance span-
ning greater than 4 orders of magnitude. The nonlinearity 
exponent xf for ac conduction may be used for the identity of 
various phases in the investigated material systems.

4  Conclusion

The results showed that the Mn doping inside the high band 
gap ZnO semiconductor nanostructure tunes the different 
optical and structural properties. The increment of Mn dop-
ing leads to decrement of band gap with changing the crystal 
size and shape. We effectively clarify the phase transition 
and onset frequency (fc) in pure ZnO nanocrystals and Mn-
doped ZnO nanocapsules and nanoplates by considering 
nonlinearity exponent xf and the real part of ac conductance 
Σ(T, f). Our outcomes indicated that the positive estima-
tion of the nonlinear exponents xf  is equal to two distinct 
phases with xf (1st phase) = 0.33 ± 0.01 for ZnO NPs, xf (1st 
phase) = 0.20 ± 0.004 for MZNC and 0.42 ± 0.01 for MZNP, 
xf (2nd phase) = 0.19 ± 0.003 for MZNC and 0.39 ± 0.002 
for MZNP in both sides of the observed onset frequency. 
The discussion showed that the normalized conductance 
Σ∕Σ0 are perfectly obeys a single-power law with the values 
of Σ∕Σ0 ∼ 500 and Σ∕Σ0 ∼ 50  and Σ∕Σ0 ∼ 500  for pure 
ZnO nanocrystals, MZNC and MZNP, respectively. The 
result of the variation of the real part of ac conductance 
with frequency showed pure ZnO nanocrystals was in one-
material phase, whereas the Mn-doped ZnO nanocrystals, 
i.e. MZNC and MZNP, were two-material phase. The experi-
mental result fitted by theoretical model to study nonlinear 
ac conduction mechanism and phase change behaviour of 
Mn-doped ZnO nanocapsules and nanoplates compared with 
pure ZnO NPs is a new direction of research to understand 
better inside the composite semiconductors and its vari-
ous electrical applications. The ac conduction nonlinearity 

Fig. 7  The variation of DC Ohmic conductances ∑0 versus tempera-
ture T for three samples ZnO NPs, MZNC and MZNP
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exponent  xf can be used to identify different phases in the 
investigated undoped and metal-doped nanoscale semicon-
ductor material systems.
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