
Bulgarian Journal of Physics vol. 49 (2022) 277–288

P-type Behaviour of Doped ZnO Thin Films
Prepared by Chemical Bath Deposition

V.J. Shukla1∗, R.P. Khatri2, A.J. Patel3

1L J Polytechnic, L J University, Ahmedabad – 382424 Gujarat, India
2Department of Physics, Gujarat Technological University, Ahmedabad, 382424,
Gujarat, India

3Government Engineering College, Godhra – 389001 Gujarat, India
∗Corresponding author E-mail: vipuljshukla317@gmail.com

Received 05 January 2022, Revised 20 March 2022

doi: https://doi.org/10.55318/bgjp.2022.49.3.277

Abstract. Pure as well as Cu, Na and K doped ZnO thin films were deposited
on glass substrate using aqueous solution of ZnCl2 and NH3 by chemical bath
deposition method and have been studied for their thermoelectric behaviour. In
conventional semiconductors, by changing the doping concentration from 0.1M
to 0.5M of pure ZnO (n-type) and Na, K (Group IA), Cu (Group IB) doped ZnO
(p-type) thin films will reduce the Seebeck coefficient (thermoelectric power)
and resulted in a higher power factor. Transport coefficient was calculated using
the graph of thermoelectric power vs inverse of temperature. The sign of mea-
sured thermoelectric power shows that pure ZnO is n-type but all doped ZnO
are p-type. It is found that ZnO is a nondegenerate from the graph of Peltier
coefficient vs temperature. The values of slope of the Jonker plot (Seebeck co-
efficient versus logarithm of conductivity) are around kB/e (86.15 µV/K) for
pure ZnO, and 0.1M to 0.5M K doped ZnO thin films; and lower than kB/e for
0.1M to 0.5M Cu doped, 0.1M to 0.5M Na doped ZnO thin films.

KEY WORDS: pure and doped ZnO, thermoelectric power, Peltier coefficient,
power factor, jonker analysis.

1 Introduction

Zinc oxide thin films have emerged as one of the most promising oxide materi-
als owing to their advantageous properties and usefulness in photovoltaic tech-
nology [1]. High transparency and conductivity have been achieved for doped
zinc oxide thin films produced by a number of viable techniques, from which
the chemical bath deposition technique seemed to be the most favorable due to
the inherent ease. Thermo-electric (TE) technology is attracting the attention
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of research community because it is one of the ecofriendly solutions to global
energy crisis by mean of solid-state conversion of heat into electricity [2]. Ther-
moelectric materials are considered extremely interesting from the sustainable
point of view because they can convert thermal energy into electrical energy [3].
The efficiency of a TE converter is proportional to Seebeck coefficient (S) of
the material [4]. Recently, the oxide compounds used for TE applications have
stimulated a great interest of researchers in the field of material science because
they are stable at high temperatures or under oxidizing conditions and also en-
vironmental friendly. These features make them to be advantageous compared
to the traditional TE materials. ZnO, among all materials seems to be the most
popular semiconductor having high electron mobility as a favorable property for
TE application.

1.1 Thermoelectric power

At the atomic scale, an applied temperature gradient causes charge carriers in
the material to diffuse from the hot side to the cold side. For a nondegenerate
n-type and p-type semiconductor with spherical constant energy surface under
thermal equilibrium, the thermoelectric power is given by [5], ‘

S =
−kB

e

(
Ec − Ef

kBT
+A

)
for n-type , (1)

S =
kB

e

(
Ef − Ev

kBT
+A

)
for p-type , (2)

where kB is the Boltzmann constant and Ec and Ev are the energy of conduc-
tion and valence band edges respectively; A is a constant that depends on the
nature of the scattering process which runs between 0 and 4. Ef is the energy
corresponding to Fermi level.

Ec − Ef = E0 − γT , (3)

where E0 is the low-temperature limit of (Ec − Ef ) and corresponds to the
activation energy equivalent to the band gap, and γ is the temperature coefficient.
Putting equation 3 into equations 1 and 2, we get

S =
−E0

eT
+

(
γ

e
− AkB

e

)
for n-type (4)

S =
E0

eT
+

(
−γ
e

+
AkB

e

)
for p-type (5)

1.2 Peltier coefficient

The Peltier coefficient is given by

π = ST . (6)
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By putting equations 4 and 5 into equation 6, we get

π =
−E0

e
+

(
γ

e
− AkB

e

)
T for n-type (7)

π =
E0

e
+

(
−γ
e

+
AkB

e

)
T for p-type (8)

1.3 Thermoelectric power factor

The power factor is important parameter characterizing the TE properties. In
thermoelectricity, a material with high power factor is more important than hav-
ing a high ZT because most of the waste heat sources are free and unlimited.
So, effective strategies to achieve a high power factor have fundamental impor-
tance. Power factor (PF) determines the performance of the thermoelectric en-
ergy converter. It is calculated by the values of Seebeck coefficient and electrical
conductivity as [6]

Power factor = σS2 , (9)

where S is the Seebeck coefficient and σ is the electrical conductivity. The prod-
uct is usually named as “thermoelectric power factor” or simply “power factor”
which characterizes the electrical transport properties and is widely used in lit-
eratures. The power factor (PF) can be used as an index for thermoelectricity.
Well-established approaches are said traditional ones and the aim is to increase
the power factor.

1.4 Jonker analysis

Jonker [7] developed an analysis for semiconductors that involves plotting of
Seebeck coefficient versus logarithm of conductivity (known as a ‘Jonker plot’)
as a useful means to obtain important electrical properties. The two primary
thermoelectric effects are the Seebeck effect and the Peltier effect. When these
two effects are combined with the laws of thermodynamics can be used to derive
all other thermoelectric effects [8].

S = ±kB

e
[ln (σ) − ln (σ0)] , (10)

where ‘+’ is for the n-type case and ‘-’ is for the p-type case. Thus, in what
is referred to as the ‘extrinsic’ nondegenerate regime, a Jonker plot of Seebeck
coefficient versus logarithm of conductivity should be a line with a slope of
±kB/e = ±86 : 15 mV/K in which a positive slope is for the n-type semicon-
ductor and a negative slope is for the p-type semiconductor.
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2 Experimental Details

2.1 Growth of thin films

Pure ZnO thin films were synthesized by following the same procedure of chem-
ical bath deposition as reported earlier [9]. Prior to adding drop wise ammonia
solution in to 0.1M 60 ml zinc chloride solution, we added 0.1M 20 ml aque-
ous solutions of copper chloride, sodium chloride and potassium chloride for
the growth of copper doped ZnO (Cu:ZnO), sodium doped ZnO (Na:ZnO) and
potassium doped ZnO (K:ZnO) respectively.

1.4 Jonker Analysis 

Jonker [7] developed an analysis for semiconductors that involves plotting of Seebeck coefficient 

versus logarithm of conductivity (known as a ‘Jonker plot’) as a useful means to obtain important 

electrical properties. The two primary thermoelectric effects are the Seebeck effect and the Peltier 

effect. When these two effects are combined with the laws of thermodynamics can be used to 

derive all other thermoelectric effects [8].  

S =  ±
kB

e
 [ln(σ) − ln(σ0)]               (10) 

Where ‘+’ is for the n-type case and ‘-’ is for the p-type case. Thus, in what is referred to as the 

‘extrinsic’ nondegenerate regime, a Jonker plot of Seebeck coefficient versus logarithm of 

conductivity should be a line with a slope of ± kB/e = ±86:15 mV/K in which a positive slope is 

for n-type semiconductor and a negative slope is for p-type semiconductor.  

2.   Experimental details 

 

2.1 Growth of thin films 

 

Pure ZnO thin films were synthesized by following the same procedure of chemical bath 

deposition as reported earlier [9]. Prior to adding drop wise ammonia solution in to 0.1 M 60 ml 

zinc chloride solution, we added 0.1 M 20 ml aqueous solutions of copper chloride, sodium 

chloride and potassium chloride for the growth of copper doped ZnO (Cu: ZnO), sodium doped 

ZnO (Na: ZnO) and potassium doped ZnO (K: ZnO) respectively.  

 
Fig.1 Set up for the measurement of thermoelectric power 

A setup based on dynamic method was developed for Seebeck coefficient measurement from room 

temperature to 473 K. As shown in figure 1 two heaters (H1 and H2) with maximum 120 W power 

were symmetrically embedded in the ceramic base. In the measurement, channels 1 and 2 (CH1 

Figure 1. Set up for the measurement of thermoelectric power.

A setup based on dynamic method was developed for Seebeck coefficient mea-
surement from room temperature to 473 K. As shown in Figure 1 two heaters
(H1 and H2) with maximum 120 W power were symmetrically embedded in the
ceramic base. In the measurement, channels 1 and 2 (CH1 and CH2) were set to
accept temperature signals (T1 and T2). Channel 3 (CH3) was set to accept the
Seebeck voltage (∆V) signal. These data were recorded.
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2.2 Experiment measurement

2.2.1 Thermoelectric power

The Seebeck coefficient (S) is an important parameter characterizing the ther-
moelectric properties of the thin films. The temperature dependence of this pa-
rameter in our study for pure and doped thin films is shown in Figure 2 (Seebeck
coefficient versus temperature characteristics). For pure ZnO and doped ZnO
thin films, the values of S linearly decrease with increasing temperatures. These
linear variations are related to free electron model which is a temperature de-
pendent phenomena. Comparing equation 1 and 2 with y = mx + c, we get
y = S, x = 1/T . By plotting a graph of S versus 1/T (Figure 2), slope
m = −(Ec − Ef )/e (for n-type) and slope m = (Ef − Ev)/e (for p-type) can
be obtained. It means (Ec−Ef = −me) (for n-type) and (Ef −Ev = me) (for
p-type) and A = ec/kB.

Hall effect measurement of pure ZnO shows n-type conductivity, whereas that
of all doped samples shows p-type conductivity and for that the value of thermo-
electric power should be negative and positive respectively [10]. In experimental

and CH2) were set to accept temperature signals (T1 and T2). Channel 3 (CH3) was set to accept 

the Seebeck voltage (∆V) signal. These data were recorded. 
 

2.2 Experiment measurement   

 

2.2.1   Thermoelectric power 

 

The Seebeck coefficient (S) is an important parameter characterizing the thermoelectric properties 

of the thin films. The temperature dependence of this parameter in our study for pure and doped 

thin films is shown in figure 2 (Seebeck coefficient versus temperature characteristics). For pure 

ZnO and doped ZnO thin films, the values of ‘S’ linearly decrease with increasing temperatures. 

These linear variations are related to free electron model which is a temperature dependent 

phenomena. Comparing equation 1 and 2 with, y=mx+c we get y=S, x=1/T. By plotting a graph 

of S versus 1/T (Figure-2), slope m= - 
Ec − Ef

e 
 (For n-type) and slope m= 

Ef − Ev

e 
 (For p-type) can be 

obtained. It means (Ec – Ef = -me) (For n-type) and (Ef - Ev = me) (For p-type) and 𝐴 =
ec

kB 
.   

 

 
Fig.2 Thermoelectric power vs inverse temperature for pure ZnO, Cu: ZnO, Na: ZnO and 

K: ZnO thin films with variation in dopant concentration from 0.1M to 0.5M. Figure 2. Thermoelectric power vs inverse temperature for pure ZnO, Cu:ZnO, Na:ZnO
and K:ZnO thin films with variation in dopant concentration from 0.1M to 0.5M.
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Table 1. Types of material and types of conductivity of pure ZnO and Cu, Na and K
doped ZnO thin films with variation in concentration from 0.1M to 0.5M

Sample Ec − Ef (eV) Type of material E0 (eV) Type of conductivity

Pure ZnO 0.2292 Non degenerate 0.2111 n-type
0.1M Cu:ZnO 0.045 Degenerate 0.1613 p-type
0.2M Cu:ZnO 0.044 Degenerate 0.1473 p-type
0.3M Cu:ZnO 0.035 Degenerate 0.1459 p-type
0.4M Cu:ZnO 0.033 Degenerate 0.1444 p-type
0.5M Cu:ZnO 0.029 Degenerate 0.1473 p-type
0.1M Na:ZnO 0.100 Degenerate 0.0920 p-type
0.2M Na:ZnO 0.095 Degenerate 0.0866 p-type
0.3M Na:ZnO 0.120 Degenerate 0.0946 p-type
0.4M Na:ZnO 0.120 Degenerate 0.0988 p-type
0.5M Na:ZnO 0.130 Degenerate 0.0976 p-type
0.1M K:ZnO 0.298 Non degenerate 0.0905 p-type
0.2M K:ZnO 0.264 Non degenerate 0.0624 p-type
0.3M K:ZnO 0.271 Non degenerate 0.1058 p-type
0.4M K:ZnO 0.302 Non degenerate 0.0601 p-type
0.5M K:ZnO 0.312 Non degenerate 0.0470 p-type

studies using the setup shown in Figure 1, values of thermoelectric power ob-
tain negative for pure ZnO and positive for all doped thin films with variation
in concentration from 0.1M to 0.5M. These values verify the n-type and p-type
conductivity of the materials (Table 1). The carrier concentration of the samples
as obtained from the Hall effect is of the order from 1016 to ∼ 1017 cm−3 [10]
and we feel it is logical to employ a nondegenerate model to analyze the ther-
moelectric power data. Harry et al. [11] have pointed out that A = (5/2) − r,
where ‘r’ corresponds to the scattering index and is equal to -0.5 for piezoelec-
tric scattering and -1.5 for ionized impurity scattering. Thus A = 3 for piezo-
electric scattering and 4 for ionized impurity scattering. From equation 1 it is
clear that A corresponds to the value of the thermopower at infinite temperature
limit. From the graph of thermopower S versus 1/T (Figure 2), the extrapo-
lated tangent at the higher temperature region of the curves approximately gives
a common intercept at the ordinate from which the value of A has been obtained
is 3.2 (Table 2). This value corresponds to the scattering index ≈ −0.5 and is an
indication that piezoelectric scattering is dominant in these ZnO films. This is
in agreement with the fact that ZnO is a piezoelectric crystal [12]. Also charged
impurity scattering [13] as well as neutral impurity scattering [13] in Cu doped
ZnO thin films, optical mode lattice as well as neutral impurity scattering [13]
in Na doped ZnO thin films and optical mode lattice [14] as well as piezoelec-
tric scattering [12] in K doped ZnO thin films grown using CBD method for the
variation in concentration from 0.1M to 0.5M at different temperature are due to
their transport coefficients as shown in Table 2.

282



P-type Behaviour of Doped ZnO Thin Films Prepared by Chemical Bath Deposition

Table 2. Transport coefficient and types of scattering of pure ZnO and Cu, Na and K
doped ZnO thin films with variation in concentration from 0.1M to 0.5M

Sample Transport coefficient (A) Type of scattering γ (eV/K)
300–460 K 300–460 K 300–350 K 351–460 K

Pure ZnO 3.2 Piezoelectric 5.59× 10−5 3.81× 10−4

300–350 K 351–460 K 300–350 K 351–460 K 300–350 K 351–460 K

0.1M Cu:ZnO 4 0.35
Charged Neutral

3.49× 10−4 3× 10−5impurity impurity
scattering scattering

0.2M Cu:ZnO 3.91 0.73
Charged Neutral

3.25× 10−4 6.49× 10−5impurity impurity
scattering scattering

0.3M Cu:ZnO 3.94 0.6
Charged Neutral

3.27× 10−4 5.29× 10−5impurity impurity
scattering scattering

0.4M Cu:ZnO 4 0.72
Charged Neutral

3.33× 10−4 6.29× 10−5impurity impurity
scattering scattering

0.5M Cu:ZnO 4 1.06
Charged Neutral

3.53× 10−4 9.29× 10−5impurity impurity
scattering scattering

300–370 K 371–460 K 300–370 K 371–460 K 300–370 K 371–460 K

0.1M Na:ZnO 1.3 0.90
Optical mode Neutral

8.19× 10−5 7.88× 10−5lattice impurity
scattering scattering

0.2M Na:ZnO 1.36 0.35
Optical mode Neutral

7.79× 10−5 1.59× 10−5lattice impurity
scattering scattering

0.3M Na:ZnO 1.69 0.56
Optical mode Neutral

10.8× 10−5 2.51× 10−5lattice impurity
scattering scattering

0.4M Na:ZnO 2.03 0.59
Optical mode Neutral

12.7× 10−5 3.59× 10−5lattice impurity
scattering scattering

0.5M Na:ZnO 2.09 0.15
Optical mode Neutral

13.1× 10−5 2.59× 10−5lattice impurity
scattering scattering

300–390 K 391–460 K 300–390 K 391–460 K 300–390 K 391–460 K

0.1M K:ZnO 0.03 2.7
Optical mode

Piezoelectric 2.80× 10−5 8.57× 10−4lattice
scattering

0.2M K:ZnO 0.42 2.9
Optical mode

Piezoelectric 8.49× 10−5 9.77× 10−4lattice
scattering

0.3M K:ZnO 1.18 2.7
Optical mode

Piezoelectric 8.99× 10−5 9.37× 10−4lattice
scattering

0.4M K:ZnO 1.17 2.9
Optical mode

Piezoelectric 8.09× 10−5 9.84× 10−4lattice
scattering

0.5M K:ZnO 1.38 2.7
Optical mode

Piezoelectric 10.2× 10−5 8.49× 10−4lattice
scattering
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2.2.2 Peltier coefficient

Comparing equation 7 and 8 with equation y = mx+ c, we get y = π, x = T ,
m = (γ − AkB)/e for n-type whereas m = (AkB − γ)/e for p-type and c =
−E0/e for n-type whereas c = E0/e for p-type. The value of γ (Table 2) can
be obtained from the slope of the graph π versus T (Figure 3).

 

 
 

 
Fig.3 Peltier coefficient vs temperature for pure ZnO, Cu, Na and K doped ZnO with variation in concentration from 

0.1M to 0.5M. 
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Figure 3. Peltier coefficient vs temperature for pure ZnO, Cu, Na and K doped ZnO with
variation in concentration from 0.1M to 0.5M.

From Figure 4, the minimum value of (Ec − Ef ) obtained from the graph of
(Ec − Ef ) versus T is 0.22 eV and is more than five times of kBT . Thus our
previous consideration for a ZnO as a nondegenerate model is justified (Table 1).
The minimum values of (Ef − Ev) obtained from the graph (Ef − Ev) versus
T are less than five times of kBT for all Cu doped ZnO and for 0.1M and 0.2M
Na doped ZnO thin films which show degenerate nature of the materials whereas
that of all K doped ZnO and for 0.3M to 0.5M Na doped ZnO thin films are more
than five times of kBT which show nondegenerate type of materials similar to
pure ZnO (Table 1).
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Fig.3 Peltier coefficient vs temperature for pure ZnO, Cu, Na and K doped ZnO with variation in concentration from 

0.1M to 0.5M. 

 

 
Fig.4 (Ec - Ef) vs temperature for Pure ZnO and (Ef - Ev) vs temperature for Cu, Na and K doped ZnO with variation 

in concentration from 0.1M to 0.5M. 
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Figure 4. (Ec −Ef ) vs temperature for pure ZnO and (Ef −Ev) vs temperature for Cu,
Na and K doped ZnO with variation in concentration from 0.1M to 0.5M.

2.2.3 Thermoelectric power factor

The power factors of the pure ZnO, Cu, Na and K doped ZnO thin films at
different dopant concentration are illustrated in Figure 5 (power factor versus
temperature) which were calculated by the formula (equation 9) [6].

The graph of these quantity of power factors versus temperature is represented
in Figure 5 showing that the values of power factor decrease with the increasing
temperatures.

2.2.4 Jonker analysis

The variation of the Seebeck coefficient with electron conductivity can also be
represented by plotting the Seebeck coefficient as a function of the natural loga-
rithm of electrical conductivity (a Jonker plot – Figure 6) [7].

The values of slope of the Jonker plot for pure ZnO and 0.1M to 0.5M K doped
ZnO thin films are around kB/e (86.15 µV/K), which indicates it is a non-
degenerate material. But the values of slope of the Jonker plot for 0.1M to
0.5M Cu doped and 0.1M to 0.5M Na doped ZnO thin films are lower than kB/e
(86.15 µV/K), which is a degenerate material.
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nondegenerate model is justified (Table 2). The minimum values of (Ef - Ev) obtained from the 

graph (Ef - Ev) versus T are less than five times of kBT for all Cu doped ZnO and for 0.1M and 

0.2M Na doped ZnO thin films which show degenerate nature of the materials whereas that of all 

K doped ZnO and for 0.3M to 0.5M Na doped ZnO thin films are more than five times of kBT 

which show nondegenerate type of materials similar to pure ZnO (Table 2). 

2.2.3 Thermoelectric power factor 

 

The power factors of the pure ZnO, Cu, Na and K doped ZnO thin films at different dopant 

concentration are illustrated in figure 5 (power factor versus temperature) which were calculated 

by the formula (equation 9) [6].  

 

 
Fig. 5 Power factor vs temperature for pure ZnO, Cu, Na and K doped ZnO with variation in concentration from 

0.1M to 0.5M. 

The graph of these quantity of power factors versus temperature is represented in figure 5 showing 

that the values of power factor decrease with the increasing temperatures.  
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Figure 5. Power factor vs temperature for pure ZnO, Cu, Na and K doped ZnO with
variation in concentration from 0.1M to 0.5M.

3 Conclusions

In this paper, we have synthesized the pure ZnO, Na, K and Cu doped ZnO thin
films by the simple chemical bath deposition method on glass substrate. The
influence of all dopant concentration on thermoelectric properties has been stud-
ied. Seebeck coefficient was found to be decreasing with increase in dopant
concentration resulted in a high power factor. It resulted in the enhancement
of Seebeck coefficient (151 µV/K for Cu, 207 µV/K for Na and 954 µV/K for
K) and power factor (2.9 × 104 µWm−1K−2 for Cu, 6 × 104 µWm−1K−2 for
Na, 1.3 × 104 µWm−1K−2 for K respectively). Our study explores the ther-
moelectric properties of all doped zinc oxide thin films to pave a road for its
thermoelectric applications. Jonker plots (Seebeck coefficient versus logarithm
of conductivity) are useful for predicting the TCO properties (i.e., maximum
achievable conductivity of TCO thin films). On the basis of these conclusions,
it may be suggested that this material can be a potential choice soon for ther-
moelectric power generation applications. Highest value of power factor was
obtained giving a possibility of industrial applications in thermoelectricity and
solar cell devices.
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2.2.4 Jonker analysis 

 

The variation of the Seebeck coefficient with electron conductivity can also be represented by 

plotting the Seebeck coefficient as a function of the natural logarithm of electrical conductivity (a 

Jonker plot) [7]. 

 

 

 

Fig. 6 Jonker plot (Seebeck coefficient vs natural logarithm of electrical conductivity) for pure ZnO,  0.5M Na, 

0.1M K and 0.5M K doped ZnO. 
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lower than kB/e (86.15 µV/K), which is a degenerate material. 
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Figure 6. Jonker plot (Seebeck coefficient vs natural logarithm of electrical conductivity)
for pure ZnO, 0.5M Na, 0.1M K and 0.5M K doped ZnO.
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