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In this study, interfacial segregation in Cl -doped ZnO (0.0, 1.0, 3.0, 4.0, and 6.0 mol%) was explored as a
strategy to compensate the space charge layer to decrease the electric potential barrier height at the grain
boundaries and increase the overall electrical conductivity of the system. The focus of this work was to evaluate
the dopant segregation and provide the first insights into the influence of interfacial segregation on the electrical
properties. By using a systematic lixiviation method, we demonstrated that in addition to the bulk solubility, the

Cl™ anions segregated at both the surface and grain boundaries. Impedance spectroscopy measurements showed
a four orders of magnitude reduction in the total electrical resistivity in the Cl"-doped ZnO samples compared to
that of undoped ZnO. The calculated value of the electric potential barrier height decreased, as well as the
activation energy for conduction, which decreased from 853 meV for undoped ZnO to 168 meV for 1.2 mol% Cl -

doped ZnO.

1. Introduction

Polycrystalline semiconductors are a relevant class of technological
materials widely used as low-resistance electrodes, as well as in thin-film
transistors, solar cells, photocatalysis, artificial photosynthesis, and
thermoelectric (TE) devices [1]. These materials are composed of
micro/nanocrystallites joined by grain boundaries (GBs), which consist
of a few atomic layers of disordered atoms caused by the misorientation
of the lattice between grains. GBs typically present several crystallo-
graphic defects, such as dislocations, vacancies, interstitials, dangling
bonds, and distorted bond angles. These irregularities lead to the for-
mation of electronic states, which may have energy levels within the
band gap and act as intraband gap trap centers for charge carriers [2,3].
GBs can exhibit an electron-depletion layer that induces an electric
potential across the barrier, which controls the charge-carrier mobility.
Thus, the properties of the GB region play a crucial role in controlling
the charge transport properties of polycrystalline materials [2].

The electric potential barrier at the GBs is typically described by a
model used for metal oxide varistor systems [4,5]. Electrons flow into
the GBs until the Fermi level reaches the same value throughout the
entire material. In the GBs, these electrons are trapped by defects,
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creating a negative charge at the boundary. Because local electrical
neutrality must be maintained, a depletion layer, positively charged,
forms on both sides of the GB. These layers create an electrostatic field in
the form of a boundary barrier, which is known as a double Schottky
barrier (DSB) [4,5]. The electric potential barrier at the GBs prevents the
transport of electrons (e™) and holes (h™) from one grain to the next. It
also reduces the band gap and increases coupling [6], which leads to
charge recombination [4,6,7].

Zinc oxide (ZnO) is an interesting polycrystalline semiconductor.
Undoped ZnO is an intrinsic n-type semiconductor. Electrons are the
main charge carriers because of the formation of oxygen vacancies (V)
(05 =1/202(8)+ Vi + 2¢) and interstitial zinc (Zn;) (Zny, + OF =
Zn; 4+ 2 e+ 1 /2043(g)) [8-11]. The electronic configuration of wurtzite
(the most common phase of ZnO) leads to a direct band gap, where the
valence band (VB) maximum and conduction band (CB) minimum are
aligned with the same crystal momentum; thus, only a photon is
required to make the interband transition [12]. Many applications of
ZnO-based compounds are driven by the transport of electrons and holes
throughout the material. For instance, Cu/ZnO/Al,O3 catalysts have
been used for methanol production since 1960 [13]. Pure ZnO can also
be used to produce methanol using CO5 and H2O as precursors [14].
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The electrical conductivity of ZnO is one of the main properties
influencing the use of ZnO as a semiconductor material. The electrical
properties have been modified by dopants such as Co, Ni, In, Ga, Sn, and
Cl™ [15-19]. CI” doping has shown a pronounced increase in electrical
conductivity, reaching five orders of magnitude higher than that of
undoped ZnO [20]. Structurally, CI~ (0.181 nm ionic radius) is known to
replace 02~ (0.140 nm ionic radius) in the lattice [8,21-23], causing
lattice expansion owing to its larger ionic radius [22,24]. Typically, the
solubility of C1™ in bulk ZnO has been thought to be the main reason for
the increased electrical conductivity. However, a more detailed inves-
tigation of possible Cl™ segregation at ZnO interfaces is still lacking.

Interfacial segregation is driven by the enthalpy of segregation
(AHyg), which, in crystalline systems, is associated with four types of
driving forces: (i) the difference in surface energy between the doping
oxide and the host (4H,), (ii) an elastic solute strain energy due to the
size difference between the dopant and host ions (AH,), (iii) sol-
ute-solvent interactions (AH,,), and (iv) electrostatic potential/charge
compensation (AH,). Thus, AH, can be expressed as shown in eq. (1)
[25].

AH,,, = AH, + AH, + AH, + AH, €))

The difference in the surface energy (AH,) is described by eq. (2),
where y; and y, are the surface energies of the solute and solvent,
respectively, and A is the surface area. The elastic strain in the system
(AH,) depends on the difference between the ionic radii of the solute (r7)
and the solvent (r3) according to eq. (3), where G is the stiffness
modulus, and K is the compressive modulus. The solute-solvent inter-
action (AH,) depends on the heat of mixing (AH,,), where Z* is the
solute fraction on the surface of the solvent, and X; and X are the molar
fractions of the solvent and solute in the bulk, respectively (eq. (4)).
Finally, the electrostatic potential and charge compensation (AH,) are
presented in eq. (5), where g is the product of the ion charges, e is the
electron charge, and ¢, is the electrical potential in the depletion layer
[25].
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Although it is difficult to precisely predict if a dopant will segregate
on the surface and/or in the GBs, based on eqs. (2)-(5) and considering
some key differences between chloride and oxygen (such as ionic radius
and electronegativity), it can be argued that chloride will likely segre-
gate to the ZnO interfaces. The amount of dopant that segregates at each
interface is still difficult to estimate. However, from a thermodynamic
viewpoint, the additive (dopant) should segregate at the interface with
higher energy to minimize the overall energy of the system. Thus, when
Cl™ is doped into ZnO, it is expected that it will segregate on both the
surface (solid—gas interface) and at GBs, which could potentially impact
the electric potential barrier and change the overall electrical conduc-
tivity of the system. Therefore, the present study aims to unravel the C1~
segregation in ZnO by quantifying the dopant excess on the surface and
GBs and determining the relationship between segregation and the
electrical properties of C1 -doped ZnO.

2. Experimental procedure
2.1. Synthesis of Cl -doped ZnO nanopowders

ZnO nanopowders were synthesized using the polymeric precursor
method [26]. The process used 45.8 wt% anhydride citric acid (Synth,
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CeHgO7, >99.00 wt% purity), 30.5 wt% ethylene glycol (Synth, CoHgO,
>99.00 wt% purity), and 23.6 wt% hydrated zinc nitrate (Synth, Zn
(NO3)2-6H20, > 99.98 wt% purity), which was used as zinc source.
Dissolution was conducted at 70 °C until complete homogeneity and
transparency were achieved. Then, the solution was heated to 120 °C for
polymerization and elimination of volatiles, such as NOyx and H»0, from
the nitrates. Chloride was introduced by adding calculated amounts of
an NH4Cl (Synth, > 99.50 wt% purity) aqueous solution to the resin.

The target molar concentrations of C1I~ were x = 0.0%, 1.0%, 3.0%,
4.0%, and 6.0%. The corresponding samples used in this study are
labeled as ZnOCl-x. Calcination was conducted in two steps. First, to
decompose the organic resin, each sample was held at 360 °C under
excess air for 5 h. Then, the powders were manually ground with a
mortar and pestle and heated to 360 °C for 15 h under air flow to
complete the oxidation and stabilized the particle size.

2.2. Powder characterization

The Cl™ content in each sample was measured using a chloride-
selective electrode (Hanna Instruments). The prepared powders were
dissolved in a 1 N sulfuric acid solution and further neutralized with a 2
M potassium hydroxide solution to adjust the pH of the electrode to the
operational range.

X-ray diffraction (XRD) patterns were obtained using an X’Pert-MPD
(Philips) diffractometer with Cu Ka radiation, operated at 45 kV and 40
mA. The step size was set at 0.02° 26 per second over the 5-70° 20 range.
The crystallite sizes and lattice parameters were calculated by Rietveld
analysis using the X'Pert Highscore software with MgAl,04 as the
standard.

The powder density was measured using a Micromeritics AccuPyc II
1340 He gas pycnometer after 200 purges for degassing. The specific
surface areas of the samples were determined by nitrogen gas adsorption
at 77 K (Micromeritics Gemini III 2375) according to the Bru-
nauer-Emmett-Teller (BET) method. The samples were degassed before
the experiment at 300 °C for ~12 h using a VacPrep 061
(Micromeritics).

The morphology of the powders was analyzed using transmission
electron microscopy (TEM) with a JEM-2100 (JEOL) microscope oper-
ated with a parallel beam at 200 kV equipped with a 4k x 4k (TVIPS)
camera.

2.3. Surface segregation and electrical characterization

The amount of Cl~ that segregated on the surface of the ZnO nano-
particles was determined using the selective lixiviation method [25,
27-30]. The procedure was performed by ultrasonicating ~100 mg of
powder with ~1.8 g of distilled water for 1 h. The supernatant and
powder were separated by centrifuging twice at 13,000 rpm (10,390 G)
for 1 h. Then, approximately 1 g of the supernatant solution was
collected, and the Cl™ content was measured using the chloride-selective
electrode.

Impedance spectroscopy (IS) measurements were performed using
an impedance meter and gain-phase analyzer (Solartron 1260). The
specimens were prepared by pressing (125 MPa) the powders into 5 mm
x 11 mm (diameter) cylindrical pellets. The pressed samples were then
treated at 370 °C for 1 h to enhance the grain boundary area. The
objective was not to obtain a sintered pellet but a pressed sample that
enabled the measurement of the electrical properties of the as-prepared
nanopowders. Because dopant segregation was the focus of this study, IS
was used as a tool to determine the relationship between interfacial
segregation and the electrical properties of a polycrystalline semi-
conductor for the first time. We focused on the total electrical resistivity
without the challenging task of deconvolving the IS curves of highly
porous samples. The IS data were collected in the frequency range of 3 x
107 to 1 Hz with an AC voltage amplitude of 500 mV and zero DC bias.
High-purity silver paste, cured at room temperature, was used to prepare
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the electrodes in the Ag/Cl-ZnO/Ag symmetric cell configuration. The
IS sample holder, with platinum leads and a type-K thermocouple
positioned close to three samples measured at the same temperature,
was inserted in an alumina tube placed in a resistive tube furnace under
a controlled atmosphere [31]. The samples were heated to 200 °C under
a steady flux (~50 mL/min) of synthetic dry air to ensure the desorption
of most of the Hy0 and CO» from the sample. The flux of synthetic dry air
was kept constant, and the IS data were measured upon cooling at 200,
150, and 100 °C. Before the IS measurements, the samples were main-
tained for ~30 min at each measuring temperature to allow thermal
equilibration. The total electrical conductivity was determined by fitting
the IS diagrams normalized by the geometric factors of the samples.

3. Results and discussion
3.1. Powder characterization

The XRD patterns of the undoped ZnO and Cl -doped ZnO samples
are shown in Fig. 1. Broad peaks can be observed, which are typical of
nanosized crystallites. Wurtzite (JCPDS card no. 36-1451) was the only
phase identified, indicating single-phase samples.

The average crystallite size, lattice parameters, and unit cell volumes
of the undoped and doped ZnO are listed in Table 1. The crystallite sizes
exhibited no clear dependence on Cl~ doping. This behavior is different
from previous observations of crystallite size dependence on cation
dopants in nano-oxides [25,28,32-43]. A small decrease in the crystal-
lite size was observed for the ZnOCl-3 and ZnOCl-4 samples. In contrast,
the lattice parameters increased slightly with increasing Cl~ content.
This expansion of the unit cell volume may be an indication of a solid
solution or surface energy reduction. According to the Young-Laplace
equation (eq. (6)), a decrease in the surface energy (y) for crystallites of
radius (r) reduces the effective pressure (P) over the crystallite, allowing
its lattice to expand [44,45].

_2y
_r

P ®)

The Cl™ contents in the ZnO nanopowders obtained using the se-
lective electrode are presented in Table 1. The amount of Cl™ retained in
the sample was considerably lower than the target composition. The
lower amount of Cl~ was probably due to evaporation losses during
calcination. The samples with a higher target composition had a higher
amount of retained Cl~. However, the percentage of dopant retained
decreased systematically. The amounts of CI” remaining in the samples,
compared to the target values, were 37%, 27%, 25%, and 20% for
ZnOCl-1, ZnOCl-3, ZnOCl-4, and ZnOCIl-6, respectively. The undoped
sample also presented traces of Cl~, which was due to the intrinsic
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Fig. 1. XRD patterns of ZnO and Cl -doped ZnO.
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Table 1
Cl™ content, crystallite sizes, and lattice parameters of undoped and Cl~-doped
ZnO nanopowders.

Sample  ClI™ Crystallite Lattice Lattice Unit cell
(mol size (nm) parameter a parameter ¢ volume
%) & & (&%
ZnOCl- 0.07 27.50 + 3.2504 + 5.2098 + 47.6678 +
0 + 0.50 0.0002 0.0003 0.0057
0.01
ZnOCl- 0.37 29.11 + 3.2505 + 5.2098 + 47.6708 +
1 + 0.24 0.0002 0.0003 0.0057
0.03
ZnOCl- 0.80 24.65 + 3.2505 + 5.2106 + 47.6781 +
3 + 0.33 0.0002 0.0004 0.0066
0.07
ZnOCl- 0.98 24.71 + 3.2513 + 5.2116 + 47.7107 +
4 + 0.43 0.0005 0.0005 0.0119
0.09
ZnOCl- 1.23 28.71 + 3.2519 + 5.2114 + 47.7265 +
6 + 0.49 0.0004 0.0005 0.0104
0.11

contamination of the precursors used in the ZnO synthesis.

The increase in the unit cell volume may be related to the bond
length. Stoichiometric ZnO has a Zn-O distance of 1.97 A, while the
Zn-Cl distance (doped samples) is ~2.40 A. This is a consequence of a
larger ionic radius of CI~ (1.81 10\) compared to that of 0% (1.40 A),
which is replaced by Cl™ in the ZnO lattice [24,46].

The density, specific surface area (SSA), total specific area (TSA),
specific grain boundary (SGB) area, and SGB/SSA ratio are listed in
Table 2. Apart from the ZnOCl-1 sample, the measured density
decreased as the amount of Cl™ increased. The decreased apparent
density might be associated with the creation of point defects such as
zinc vacancies (Vén) [471, which could be induced by Cl™ replacing 0%~
to maintain electroneutrality.

The SSA, measured by gas adsorption, increased as the crystallite size
decreased, as expected. It decreased for small doping of CI~ (ZnOCl-1),
followed by an increase for ZnOCl-3 and ZnOCl-4, and finally decreased
for the ZnOCl-6 sample. The TSA was calculated according to eq. (7) by
assuming a truncated octahedron shape, where d is the average crys-
tallite size, and p is the measured density [49]. The SGB area, which is
the difference between the TSA and SSA divided by two, was calculated
according to eq. (8).

7.11

TSA="—
A= @

(TSA — SSA)

B=
SG 2

(8

The TSA and SGB presented similar behavior with respect to the
amount of C1™, following the trend observed for the SSA. The SGB/SSA
ratio was essentially constant for all studied compositions, which sug-
gests that the structure maintained a balance between the interfacial

Table 2
Density, specific surface area, total specific area, specific grain boundary area,
and GB/SSA ratio. Theoretical density of ZnO is 5.673 g/cm® [48].

Sample  Density (g/ SSA (m?>/  TSA(m%/  SGB(m?/  SGB/SSA
em?) 2 9] 2

ZnOCl-  5.632+0.003 153 + 46.5+09 156+1.0 1.02+
0 0.1 0.08

ZnOCl- 5645+ 0.005 14.0 + 43.7+0.4 148+05 1.06+
1 0.1 0.04

ZnOCl- 5526 +0.004 18.0 + 52.7+£0.7 17.4+0.8 0.96 +
3 0.1 0.06

ZnOCl- 5423 +0.009 17.0 53.0+£1.0 18.0+1.1 1.06=+
4 0.1 0.09

ZnOCl- 5281 +0.009 153+ 46.8+0.9 158+1.0 1.03+
6 0.1 0.08

24862



G.M. Fortes et al.

areas. This is an indication of an equilibrium between the GB energy and
the surface energy, which is the first evidence that both interfaces are
modified in the same way by dopant segregation.

The grain size, crystallinity, and morphology of the Cl -doped ZnO
were analyzed using TEM (Fig. 2). The ZnOCl-3 sample was chosen for
TEM observation because of its higher SSA and smaller crystallite size.
The images reveal grains with irregular shapes, mostly rounded edges,
and some hexagonal geometry, which overlay one another, forming
agglomerates. The grains visually resemble the ~25 nm average size of
the XRD data (Table 1). Fig. 2(b) shows some larger crystallites
(~40-50 nm), emphasizing the grain boundary shared by two grains.
Previous reports have shown that CI~ doping may shift the morphology
of crystallites from a long hexagonal needle or equiaxed particles to
hexagonal disks [21]. However, the TEM images showed that Cl™
doping, in the studied range, had no appreciable effect on the particle
shape when compared to the previous report of undoped nano-ZnO
prepared by the polymeric precursor method [50]. It is likely that the
synthesis method used in this work was the main reason the particle
morphology did not change.

3.2. Interfacial segregation and electrical characterization

The interface excess (I') was calculated by measuring the total
amount of C1~ in each sample and the amount of Cl™ lixiviated from the
ZnO surface. The surface excess (l"zl) is given by eq. (9).

s
o' =< ©

where ng; is the number of moles of Cl~ lixiviated from the sample
(Table 2). The GB excess (Fng) can be calculated using eq. (10).

T N bulk
ne” — Ne” — Na
rg®=——_——— 10)

SGB

where ng" is the total amount of CI~ per gram of powder in the sample,
and n2%% is the bulk solubility.

While ng” and n‘%l can be directly measured by chemical analysis,
nl&'flk must be estimated. The Cl~ bulk solubility was determined based on
thermodynamic evidence, as follows.

As observed in Table 2, the SGB/SSA ratio was independent of Cl™
doping. According to eq. (11) [32,51-53], the interfacial area variation
(dA;) is related to the interfacial energy (y;), and the product of the two is
given by the Gibbs free energy variation (dG), which governs the

nanostability of a system at constant composition (n), pressure (P), and
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temperature (7).

dG="Y" (ydA:)rp, an

The main driving force for grain growth on nano-oxides is related to
the decrease in Gibbs free energy, which is also related to the reduction
in the specific interfacial area at a given temperature [32]. In this sys-
tem, the unchanged SGB/SSA ratio throughout the samples suggests that
the interfacial energy ratio (y45/75) was also constant. Thus, based on eq.
(12), which relates the interfacial energies (surface and GB) to the ex-
cesses, it is possible to write eq. (13).

=70 + 1-"Aflxeg (12)

(7% — 7,68) _FGB.AHsegGB

r-n®  TUAHS a3

where y° and y,°8 are the GB energies with and without solute segre-
gation, respectively, %8 is the GB excess, and AerZ is the enthalpy of GB
segregation. The denominator represents the same parameters for the
solid—vapor interface (surface). This equation suggests that at a given
temperature, the enthalpy of segregation ratio (AHSGeg/Angg) is constant,
which leads to a direct proportionality between ygg/7s, [f/T1, and
SGB/SSA [25]. Considering this thermodynamic relation, we found that

1.0 1.2
0.9
1.0

0.8 —

0.7 0.8
7506 &
V.07
= 0632
©50.5 1 1%
[y >

0.4 0.4

0.3

L 0.2

0.2 -«

0.1 r r r r r r 0.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2
CI- (mol%)

Fig. 3. Optimal calculated 8P/, ratio and SGB/SSA ratio plotted against the
total amount of Cl™.

(a)

Fig. 2. TEM images of the ZnOCI-3 sample. (a) Equiaxed and hexagonal crystallites, and (b) highlight of a grain boundary shared by two grains.

(b)
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the T8 /T¢; ratio became stable at higher C1™ doping. The stable réP/rg;
ratio was found to be ~0.4, as shown in Fig. 3. From this optimal ratio,

the C1™ bulk solubility (nl(’ﬁlk) was estimated to be 0.016 mol%. Thus, this

value was used to calculate Fng (eq. (10)).

The dependence of the surface and GB excess on Cl~ content are
shown in Fig. 4 and Table 3. Both the surface and GB excess increased
systematically as the C1~ content increased. However, the surface excess
was higher than the GB excess for all the compositions.

Fig. 5 shows the IS diagrams measured at 150 °C for the undoped and
Cl™ -doped ZnO pellets of pressed nanoparticles. Typically, IS data are
composed of multiple semicircular arcs representing the relaxations of
various microstructural components in the material, such as grains,
grain boundaries, and other blocking interfaces (such as pores and
insulating phases), along with possible electrode polarization. However,
in Fig. 5, all samples display a single semicircular arc, which is typically
ascribed to charge-carrier blocking at grain boundaries and pores [10,
54-56], the primary resistive interface continuously connecting the
solid pellets. The low-frequency contribution dominates and overlaps
with other possible microstructural features, forming a single irregular
semicircular arc. The main outcome is a striking decrease in the elec-
trical resistivity upon Cl~ doping. Considering that the samples had
similar porosities (~46.6 + 3.5 vol%) and were carefully prepared under
the same experimental conditions to minimize adsorbed species in the
porous structure of the samples, such a pronounced decrease in the re-
sistivity is mainly related to the effect of C1~ doping.

The total electrical resistivity (pe) obtained from the IS experiment at
150 °C (Fig. 5) and the calculated electrical conductivity (o) are listed in
Table 3. From Fig. 5, the intersection of the semicircular plot with the x-
axis Z’ at low frequencies represents the overall resistivity (pe) of the
samples. As p, decreased, ¢ substantially increased with increasing Cl™
doping in the samples.

The increase in electrical conductivity in doped semiconductors is
typically associated with an increase in the number of charge carriers
(N). In the case of C1™-doped ZnO, it is typically considered that C1~ will
form a solid solution with ZnO by substituting for 0>~ and generating
one electronic charge carrier, which would make the increase in the
electrical conductivity proportional to the increase in N. The electrical
conductivity (o) is defined by the number of charge carriers, their
mobility (p), and their charge 1e10!° x 1.6 = | C, for electrons), ac-
cording to eq. (14) [57].

=N yle| a4

Assuming that each Cl™ in the lattice generates a charge carrier, N
should increase proportionally to the total amount of Cl™ in the doped
samples. Consequently, the electrical conductivity should increase pro-
portionally. To determine if this proportionality applies to the present
system, the increase in charge carriers was calculated by assuming that

——Cl- on the surface
71| -o-Cl-inthe GB

¢ (MmMol/m?)
N

w

0.0 02 04 06 08 1.0 12
CI- (mol%)

Fig. 4. Surface and GB excess plotted against the total amount of Cl~ in the
ZnO nanoparticles.
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Table 3

Surface excess (I'%), GB excess (I'SP), resistivity (p.) obtained from the imped-
ance tests and calculated electrical conductivity (c) for undoped and Cl™-doped
ZnO nanoparticles. For the IS tests, the porosity of the pellets was kept constant
(~41-50 vol%).

Sample Cl™ (mol Ig; (umol/ &P (pmol/ Pe [
%) m?) m?) (Q-m) @'m™
ZnOCl- 0.07 + 0.30 £ 0.02 0.12 + 0.03 133,491 7.5 x 107
0 0.01
ZnOCl- 0.37 + 2.66 + 0.22 0.41 + 0.07 7,566 1.3 x 107
1 0.03
ZnOCl- 0.80 + 3.95 £ 0.32 1.55 £ 0.20 328 3.0x 1073
3 0.07
ZnOCl- 0.98 + 5.13 £ 0.44 1.80 + 0.20 114 8.8x 1072
4 0.09
ZnOCl- 1.23 + 6.77 £ 0.59 2.92 +0.27 72 1.4 x 1072
6 0.11
1000 .
X ZnOCI-0 (x100)
0Zn0OCH1 (x10)
©2Zn0CI3
750 1| sznoci4
©2Zn0CH6
£ 500
% 4} SR T X i} 100 200 300
% x X 43
250 |27 Norom 100X X
iw W/ 2
. "é\ ‘ Vo G ‘ T=423K
0 400 800 1200 1600 2000
Z(@m)

Fig. 5. Impedance spectroscopy diagrams of Cl -doped ZnO pellets measured
at 150 °C. Numbers indicate the logarithm of the frequency.

each CI™ generates one mobile electron-hole pair. This increment was
compared to the observed increase in electrical conductivity, as shown
in Table 3. A comparison between the measured increase in ¢ and the
expected increase due to the increase in charge carriers (N) is presented
in Fig. 6.

According to Fig. 6, the increase in electrical conductivity measured
in the samples significantly surpasses a possible increase due to the
number of charge carriers that would be added to the system if each C1~
increased N by one. The substitution of 02~ by Cl~ introduces a shallow
donor state derived from Cl 3s states [23]. In such a case, the N in the
system to fit the electrical conductivity expectations associated with the
bulk properties (eq. (14)) would be 1 N, 8 N, 55 N, 134 N, and 156 N for
the ZnOCl-0, ZnOCl-1, ZnOCl-3, ZnOCl-4, and ZnOCl-6 samples,

10,000

1,000

100

% increase

0.0 0.2 0.4 06 0.8 1.0 12
CI (mol%)

Fig. 6. Relative increase (%) in electrical conductivity (¢) and the number of
charge carriers (N) versus the total amount of Cl™.
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respectively. However, the results obtained from the calculations sug-
gest that this phenomenon is not associated with the bulk doping effect.

Therefore, the increase in electrical conductivity was possibly caused
by GB modification. To examine the relationship between the total
amount of Cl™ and the calculated GB excess with the electrical con-
ductivity, Fig. 7 is presented.

From Fig. 7, it is observed that the increase in electrical conductivity,
plotted against the total amount of Cl~, matches the increase in the GB
excess. These data suggest that GB segregation plays a crucial role in this
matter. The significant improvement in the electrical conductivity by
four orders of magnitude (1,857 times) cannot be explained by the
promotion of more electrons in the CB, as shown in Fig. 6.

In polycrystalline materials, the grain boundary acts as a barrier that
prevents electrons from moving freely throughout the sample. This
barrier is known as the space charge layer, which is associated with the
electric potential barrier height (¢5). ¢ can be calculated when no
external voltage bias is applied (V = 0) using eq. (15) [4,5].

_ |€‘2d2Nd

Pp= (15)

2¢e0€,

where |e| is the modulus of the electron charge (1.6 x 1071 C), &g is the
permittivity of free space (8.85 x 10712 F/m), ¢ is the relative
permittivity (e = 8.5 for ZnO [58]), and Ny is the charge carrier con-
centration within the electron depletion layer of thickness d, which, for
relative calculations, was assumed to be 1 nm in the present system. The
determination of Ny was not possible, but considering that each Cl™ from
the Fng could cancel one positive charge [4], how the variation in Ny
(ANy) from the undoped sample (ZnOCl-0) relative to the doped ones
could cause a variation in the electric potential barrier height (4¢y) was
determined according to eq. (16).
le[*d*(AN,)

(A¢y) = T 2ee (16)

Fig. 8 shows the decrease in A¢y relative to ZnOCI-0, plotted as a
function of the volumetric concentration of Cl™ at the GB. Although the
initial electric potential barrier, ¢, of the undoped ZnO (ZnOCI-0) was
not determined, it decreased linearly with increasing amount of Cl™ at
the GB. This behavior suggests that T'Sf plays a decisive role in
decreasing ¢ and, consequently, increasing the electrical conductivity.
The potential barrier height of ZnO has been reported to be 530-800
meV at temperatures up to 400 °C [59,60]; thus, the reduction of 595
meV (ZnOCl-6) observed in this study is noteworthy, representing at
least a 75% decrease in the potential barrier height.

To further understand the increase in the overall electrical conduc-
tivity, the activation energy for conduction was estimated according to

8 (umol/m?)
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 4.5
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Fig. 7. Amount of CI~ doping and GB excess in ZnO plotted against the elec-
trical conductivity.
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Fig. 8. Dependence of the electric potential barrier on the Cl~ concentration at
the GB of undoped and Cl -doped ZnO.

the Arrhenius equation (eq. (17)) [61].

1 [—E
Ino=1 = = 17
no n60+T< R ) a7

where oy is the intrinsic conductivity (S/cm), T is the absolute temper-
ature (K), R is the ideal gas constant (0.0000862 eV/K), and Ej is the
activation energy (meV).

The calculated E, as a function of the amount of C1™ in each sample is
shown in Fig. 9. It is observed that E, decreased linearly as the amount of
Cl” doping increased. The calculated E, decreased from 853 meV
(undoped ZnO) to 168 meV (1.2 mol% Cl -doped ZnO). The value for
undoped ZnO agrees with the range reported in the literature. Lee et al.
[10] reported the E, of pure ZnO as 570 meV for crystallite sizes of ~60
nm, while Godarvati et al. [62] recently reported an E, of 1,081 meV for
crystallite sizes of ~40 nm. The reduction of 685 meV in the E; from
undoped to 1.2 mol% Cl™-doped ZnO agrees with the 595 meV reduction
in ¢p calculated at an intermediate temperature (150 °C) instead of the
three temperatures (200, 150, and 100 °C) used to calculate the E,. The
equivalent magnitude of these values reinforces that the pronounced
improvement in the overall electrical conductivity was primarily due to
the segregation of C1~ at the GBs, which reduced ¢;. Significant changes
in the activation energy can be attributed to the different transport
mechanisms or different charge carriers activated in the material.
However, given that ZnO is an n-type semiconductor, the relatively low
temperature range presented in this study (100-200 °C), and the
observed correlation with ¢p, it is clear that the conductivity is

900
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o
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o
o
O

100

0.0 0.2 0.4 0.6 0.8 1.0 1.2
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Fig. 9. Estimated activation energy for conduction plotted against the total
amount of C1~ doping in ZnO nanoparticles.
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electronic, with electrons as the main charge carriers. This behavior has
been associated with the formation of electron donor levels due to the
ionization processes that form oxygen vacancies and zinc interstitials
[11,62]. Ionic conductivity has been reported for ZnO at higher tem-
peratures (475-550 °C), where the charge carriers are extrinsic protons
(H") with a minor or insignificant contribution from 0% conduction
[63]. Because ionic conductivity is a thermally activated phenomenon,
and the E, at 475-550 °C is ~700 eV [63], at the measured temperatures
(100-200 °C), the E, for ionic conductivity would be considerably
greater than that for electronic conductivity, and the latter phenomena
would prevail.

4. Conclusions

Cl™-doped ZnO nanoparticles were successfully synthesized using the
polymeric precursor method. Wurtzite was the only ZnO phase identi-
fied, and the amount of Cl™ retained in the samples was reduced owing
to evaporation during calcination. The remaining C1~ in the samples was
quantified using a Cl -selective electrode, yielding concentrations of
0.1, 0.4, 0.8, 1.0, and 1.2 mol%. The location of the dopant in the ZnO
nanoparticles was determined using the selective lixiviation method.
The experiment revealed that most of the chloride was on the surface of
the ZnO nanoparticles, with a considerable fraction (14%-31%) located
in the GBs. Impedance spectroscopy measurements showed a significant
decrease in the total electrical resistivity. From this, an increase in the
total electrical conductivity agreed with the amount of Cl™ segregated at
the GBs. The electric potential barrier associated with the depletion
layer at the GBs was reduced by 595 meV, and the activation energy for
conduction was reduced by 685 meV as the amount of Cl™ increased.
The data suggest that the increase in the total electrical conductivity was
caused by the segregation of Cl™ at the GBs rather than an increase in
charge carriers in the bulk.
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