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Dielectric relaxation of shallow donor in polycrystalline Mn-doped ZnO
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The dielectric properties of Mn-doped ZnO ceramics with electrically active grain boundaries at low
temperatures of 10–70 K were investigated by admittance spectroscopy. It was observed that the
dielectric relaxation of the main shallow donors, zinc interstitial, in these samples occurred in the
temperature range of 20–50 K. Based on theoretical analysis, an expression for the admittance of an
electrically active grain boundary at low temperatures was obtained. It was concluded that the
relaxation of the shallow donors is Debye type with a thermally activated relaxation time and is
related to the ionization process of these donors. The activation energy for the relaxation, i.e., the
ionization energy of the shallow donors, was determined to be about 0.04 eV, the capture cross
section of the shallow donors to be around 10212 cm2, and the relaxation time at room temperature
to be about 10213 s. © 2003 American Institute of Physics.@DOI: 10.1063/1.1557781#
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I. INTRODUCTION

Electrically active grain boundaries in polycrystallin
semiconductors have been extensively studied experim
tally and theoretically,1–6 since many technical application
are related to these electrically active grain boundaries,
example, ZnO varistors,1–3 polycrystalline silicon devices,4,5

and BaTiO3 positive temperature coefficient resistors.6 Usu-
ally, a double Schottky barrier exists at an electrically act
grain boundary. The information on the interface states
on the donor and acceptor states in the depletion regi
such as their energy levels and caption cross sections, ca
determined from the admittance spectroscopy measurem
of the grain boundaries.1,4,5

Excellent theoretical models for the admittance of
electrically active grain boundary have been given by Pik4

Werner,5 and Blatter and Greuter.1 However, both Pike and
Werner considered only the contributions of the interfa
states and of the completely ionized shallow bulk defects
the admittance of the grain boundary, neglecting the in
ence of the deep bulk traps. Therefore, only the informat
on the interface states can be obtained from their analy
Blatter and Greuter further investigated the effect of the d
bulk traps on the static and dynamic properties of car
transport through a grain boundary and obtained relevan
formation on these traps. All of these analyses are base
the assumption that the shallow defects are completely
ized in the bulk and their response times are therefore
short to observe the relaxation behavior of the shallow
fects in the admittance spectra. Hence, the information on

a!Author to whom correspondence should be addressed; electronic
apjphan@cityu.edu.hk
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shallow defects can not be obtained from these analyses.
assumption is true when the temperature is relatively high
make the shallow defects completely ionized, which was
case in those works. However, when the temperature is
enough so that the shallow defects can only be partly ioni
in the bulk, the relaxation of the shallow defects will make
significant contribution to the admittance of the grain boun
ary. This is the case analyzed in the present work.

It is well known that Mn doping in ZnO varistors ca
significantly improve the nonlinearity of current–voltag
characteristic.2,7–9 However, the microscopic mechanism
this improvement effect is still unclear and very few inves
gations on the varistor behavior in Mn-doped ZnO bina
ceramics are reported.10–13 In a recent work,14,15 we studied
the current–voltage behavior of polycrystalline ZnO wi
Mn as the only additive and found that samples slow
cooled from the sintering temperature~1200 °C! show non-
linear current–voltage behavior~i.e., electrically active grain
boundaries exist in these samples!, whereas samples
quenched from the sintering temperature show ohmic beh
ior. Defect equilibrium analysis14–16 suggested that the elec
trical activity of the grain boundaries in the slowly coole
samples, which resulted in the varistor behavior, is due to
oxidation of the doubly ionized zinc interstitials at the gra
boundaries by ambient oxygen during slow cooling, and
presence of Mn induces this process.

In the present work, the dielectric behavior of Mn-dop
ZnO samples with electrically active grain boundaries w
investigated in the low temperature range from 10 to 70 K
admittance spectroscopy. A dielectric relaxation of the sh
low donors in these samples was observed in the tempera
range from around 20 to 50 K. Based on theoretical analy
an expression for the admittance of an electrically act
il:
7 © 2003 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



r
ts

h

ar
t
e

ec
ne
ss

ra
re
c

n

s-
o
m

n
th

na
y
ea

l

o
po
es
m
-

n
ro

re
t
0.

c
,
t

w

both

oc-
em-
onse
cy

-
n,

e

nO

nO
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grain boundary at low temperatures was obtained, which p
vides reasonable interpretation to the experimental resul

II. EXPERIMENTAL PROCEDURE

Reagent grade ZnO powders~Aldrich, Milwaukee, WI!
with 99.9% purity and mean particle size of 0.23mm was
used to make the ceramic samples. To dope with Mn, alco
solutions of hydrated manganese nitrate, Mn(NO3)2•4H2O,
were prepared and mixed with ZnO powder in a planet
milling for 4 h. The amount of manganese ranged from 0.1
0.6 mol %. The slurry was dried at 80 °C, and the obtain
powder was calcined at 450 °C for 1 h. Disk-shaped sp
mens of 10 mm diameter and 1–2 mm height were obtai
by uniaxial pressing at 100 MPa, followed by isostatic pre
ing at 200 MPa.

Samples were heated to 1200 °C at constant heating
of 5 °C/min. After 2 h sintered at 1200 °C, the samples we
cooled to 600 °C at a rate of 1 °C/min and then furna
cooled to room temperature.

Sintered samples were examined by x-ray diffractio
scanning electron microscopy~SEM!, with energy dispersive
x-ray spectroscopy~EDS!, and transmission electron micro
copy ~TEM! with electron diffraction and EDS analyses. N
second phase was observed in each sample even at high
nification ~up to 1063) field-emission SEM and TEM im-
ages. All the samples show uniform equiaxed grains and
abnormal grain growth. The average grain sizes of
samples are between 5 and 10mm, and their sintered relative
densities range between 95% and 97%. Trace element a
sis by inductively coupled plasma emission spectroscop
the sintered samples indicates that the concentration of
background impurity of Bi, Ba, Sr, Ca, Pb, Co, Sb, Cu, A
and Na, is very low~,16 ppm! and much lower than the Mn
doping level.

Sintered samples were polished with 1200-grit SiC
both sides, ultrasonically cleaned, and then vacuum de
ited with gold electrodes or covered with In–Ga electrod
Using a computer aided system, the low temperature ad
tance spectra~from 10 to 300 K! of the samples were mea
sured in a cryogenic system~Model HC-2, APD Cryogenics
Inc., USA! by an impedance gain-phase analyzer~Model
1260, Solartron Instruments, England! in the frequency range
from 1 Hz to 1 MHz. Temperature control and measureme
were performed with a calibrated silicon diode and a mic
processor cryogenic temperature controller~Model 9650,
Scientific Instruments, USA!.

III. RESULTS AND DISCUSSION

A. Basic experimental phenomena

Figure 1 shows the temperature dependence of the
(«8) and imaginary («9) parts of the complex-permittivity a
several frequencies for the sample of ZnO doped with
mol % Mn. The following features can be observed:«8 at 10
K is very low, which at 1 MHz is close to the dielectri
constant of ZnO crystal~;10!. With increasing temperature
«8 increases slowly up to around 25 K, then rises sharply
a much higher value, and thereafter again increases slo
Corresponding to the jump of«8, «9 shows a peak in the
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same temperature range. With the increase of frequency,
the jump of«8 and the peak of«9 shift to higher tempera-
tures. These features indicate that a dielectric relaxation
curred in these samples. However, a loss peak in the t
perature spectrum does not prove that the relaxation resp
of the material is a Debye-like relaxation, only a frequen
sweep can prove this point conclusively.17

The frequency dependence of the real («8) and imagi-
nary («9) parts of the complex permittivity at several tem
peratures for the sample of ZnO doped with 0.3 mol % M
is presented in Fig. 2. At 10 K, both«8 and «9 change
slightly with frequency; while at a temperature within th

FIG. 1. Temperature dependence of the real («8) and imaginary («9) parts
of the complex permittivity at several frequencies for the sample of Z
doped with 0.3 mol % Mn.

FIG. 2. Frequency dependence of the real («8) and imaginary («9) parts of
the complex permittivity at several temperatures for the sample of Z
doped with 0.3 mol % Mn.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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range of 20–50 K,«8 shows a sharp decrease with fr
quency. Corresponding to the sharp decrease of«8, there
exists a significant peak of«9. Also, both the sharp decreas
of «8 and the peak of«9 shift to higher frequency with the
increase in the temperature. Therefore, the dielectric re
ation in the sample seems to be a Debye-like relaxation.
theoretical analysis has confirmed this point, as describe
the following section.

The temperature and frequency dependences of the c
plex permittivity for the samples of ZnO doped with 0.1 a
0.6 mol % Mn, respectively, are similar as those of the
mol % Mn doped one, i.e., all of them exhibit the same fe
tures described above. The difference between them, i.e.
effect of the Mn concentration on the dielectric properties
the samples, is shown in Fig. 3. With increasing the M
concentration, the value of«8 and the height of the«9 peak
decrease, and the«9 peak position shifts slightly to highe
temperatures.

B. Origin of the observed dielectric relaxation

As mentioned in Sec. I, Greuter and Blatter1 have pre-
sented a detailed theoretical analysis and experimental ob
vation of the dielectric behavior of ZnO varistors. The
analysis and observation were limited to temperatures gre
than 80 K, where the shallow donors in ZnO varistors ha
already been ionized. Therefore, only the relaxation of
deep bulk traps and of the interface states can be observ
the admittance spectra of ZnO varistors. For example, s
eral «9 peaks, arising from the relaxation of several de
bulk traps, were observed in the temperature range f
around 80 to 400 K.1 The Mn-doped ZnO samples slowl

FIG. 3. Effects of the Mn concentration on the~a! real («8) and~b! imagi-
nary («9) parts of the complex permittivity.
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cooled from the sintering temperatures in the present w
also exhibit varistor behavior.15 As expected, when we ex
tended the admittance spectrum measurements up to 30
the temperature spectra similar to those in Greuter and B
ter’s work have been observed in these samples, as show
Fig. 4. The temperature spectra exhibit a series of«9 peaks
arising from several deep bulk traps, and most of the ene
levels of these deep traps are the same as those obtaine
Greuter and Blatter~the detailed analysis on these deep tra
was presented elsewhere!.18 It can be observed in Fig. 4 tha
the «9 peak in Fig. 1 is the lowest temperature one and
the highest amplitude in the temperature range up to 300
Since the lower«9 peak temperature corresponds to t
lower ionization energy of the trap, and the height of the«9
peak represents the trap concentration, the«9 peak in Fig. 1
can be assigned to the shallowest donor with the high
concentration, i.e., to the main shallow donor. This point
further confirmed by the following experimental results.

The temperature dependence of the dc electrical cond
tivity was measured for samples with the same compositi
but quenched rather than slowly cooled from the sinter
temperature. Different from the case of the slowly cool
samples, there is no time enough to oxide the grain bou
aries during quenching. As a result, electrical barriers w
not formed at the grain boundaries and these quenc
samples showed ohmic behavior at room temperature,14 with
conductivities around 1021– 1022 V21 cm21, i.e., a typical
semiconductor property. Therefore, the measured condu
ity should reflect the property of the bulk. Figure 5 shows t

FIG. 4. Temperature dependence of the real («8) and imaginary («9) parts
of the complex permittivity from 10 to 300 K at 1 kHz for the sample
ZnO doped with 0.6 mol % Mn.

FIG. 5. Arrhenius plot of the dc conductivity of the sample of ZnO dop
with 0.6 mol % Mn, quenched from 1200 °C.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Arrhenius plot of the dc electrical conductivity of the samp
doped with 0.6 mol % Mn. An activation energy of 0.03
0.04 eV was found at temperatures above 30 K. Similar te
perature dependence of the dc electrical conductivity w
also observed in undoped ZnO samples with room temp
ture conductivities of;1021 V21 cm21 and an activation
energy of 0.03–0.04 eV at temperatures above 30 K.14 It is
well known that the main intrinsic shallow donor in pu
ZnO has an ionization energy of about 0.05 eV.19,20 Further
analysis will show that the activation energy of the relaxat
process in the admittance measurements is also about
eV. The defect chemistry calculation in a previous wor16

showed that the main shallow donor in undoped and M
doped ZnO samples is the zinc interstitial. Therefore, ba
on the above ac and dc experimental results, it becomes
that the main shallow donor, i.e., zinc interstitial, begins
significantly ionize in the temperature range from 20 to 50
This phenomenon gives a relaxation response of the mat
showing in the admittance spectroscopy measurement
samples with electrically active grain boundaries, and i
also responsible for the activation energy of 0.03–0.04
obtained by dc electrical conductivity measurements
samples with ohmic behavior.

C. Expression for the admittance of an electrically
active grain boundary at low temperatures

In the following, a theoretical analysis of the admittan
of an electrically active grain boundary is presented for
low temperature range where the main shallow donor is o
partly ionized in the bulk, i.e., the shallow donor level ener
E0 is very close to the Fermi levelj in the bulk. In other
words, the absolute value of«s8 , defined byu«s8u5uj2E0u in
the bulk, is very small. Note that the shallow donor level c
be below or above the Fermi level in the bulk, i.e.,«s8 can be
positive or negative. The energy-band diagram of this kind
grain boundary is schematically shown in Fig. 6~the zero
energy is assumed to be at the top of the valence band!. In
this figure,EC is the energy level of the conduction ban
edge,«s5EC2E0 , FB is the potential barrier, the interfac
is atx50, and the band bending,F(x), ends atx52xl and

FIG. 6. Schematic energy band diagram of an electrically active g
boundary at low temperatures~only the upper part of the diagram is repre
sented!.
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x5xr on the left and right side, respectively. Note also th
the«s8 is shown as being positive in the diagram and its va
is exaggerated to better show its presence.

In the temperature range under consideration, if«s8 is
positive, it must be small enough to have the shallow don
significantly ionized in the bulk. Otherwise, the grains b
come insulating and the space charge regions will ext
into the bulk so that the influence of the grain boundaries
better viewed as a large perturbation on the bulk Fermi le
rather than a double Schottky barrier,21 while in the case of
«s8<0, the absolute value of«s8 must also be small enough t
have some shallow donors not ionized in the bulk, otherw
its dielectric relaxation cannot be observed.1,4,5

Assuming thatN0 is the total concentration andf 0 the
electron-occupation probability of the shallow donors, in t
bulk the concentrations of the unionized and ionized shal
donors should bef 0N0 and (12 f 0)N0 , respectively. In this
case f 051/(11g exp(2«s8/kT)), whereg is the degeneracy
factor of the shallow donors (g50.5 for a simple defect do-
nor!. In the depletion region, when«s8.0, the Fermi level
crosses the shallow donor level at two points,xlc andxrc in
Fig. 6, and these points are close to the edges~pointsxl and
xr) of the depletion region due to the very small value of«s8 .
Therefore, it is reasonable to assume that in the part of
depletion region where the donor level is above the Fe
level, i.e., for2xlc,x,xrc , the donors are completely ion
ized, while in the other parts, the concentration of the uni
ized donors isf 0N0 . On the other hand, when«s8<0, the
shallow donors are completely ionized in the whole dep
tion region.

When a small ac signal,dV5dVm exp(ivt), is applied to
the grain boundary, the response of the shallow donors m
be analyzed for the two above cases,«s8.0 and«s8<0, sepa-
rately. For each case, due to the symmetry of the dou
Schottky barrier without a dc bias applied at the grain bou
ary, the response of both sides of the grain boundary sho
be equal, and therefore, one can first consider the respon
one of the sides, say the right side.

In the case of«s8.0, when the applied voltage i
changed from 0 todV the crossing point moves fromxrc to
xrc1dxrc , and the edge of the depletion region moves fro
xr to xr1dxr . As a result, electrons are emitted from th
shallow donors to the conduction band when the mov
direction ofxrc is to the right, while when the moving direc
tion is opposite, electrons are recaptured from the conduc
band to the shallow donors. The charge emitted or recaptu
dQ is

dQ5e f0N0Agbdxrc , ~1!

wheree is the electron charge, andAgb the grain-boundary
area. Due to the fact thatxrc is very close toxr , it can be
assumed thatdxrc is equal todxr . Therefore,

dQ5e f0N0Agbdxr . ~2!

In the case of«s8<0, when the applied voltage i
changed from 0 todV the edge of the depletion regio
moves fromxr to xr1dxr , which results in the electron
emission and recapture between the shallow donors and
corrduction band. The charge emitted or recaptured,dQ, is

in
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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equal toe f0N0Agbdxr . In other words, for both cases, th
charge emitted or recaptured has approximately the s
value.

The emission and recapture of electrons between
shallow donors and the conduction band leads to an a
tional current in the external circuit of the grain bounda
The expression for this current can be found with the exp
sion of the charge emitted or recaptureddQ @Eq. ~2!#. Con-
sidering the similar case in Ref. 22 which calculated
current associated with traps in GaP Schottky barriers,
use the calculation method described in Ref. 22 to calcu
the current in the present samples. The obtained current
two components, one in phase and the other in quadra
with dV

I phase5
env2

en
21v2

f 0N0

n
AS e««0N1

2FB
D 1/2

•dVm exp~ ivt ! ~3!

I quad5
en

2v

en
21v2

f 0N0

n
AS e««0N1

2FB
D 1/2

dVm expF i S vt1
p

2 D G ,
~4!

where en is the emission rate of electrons in the shallo
donors,v the angular frequency of the applied voltage,n the
free-electron concentration in the bulk,N1 is the positive-
charge concentration in the depletion region,« is the dielec-
tric constant of ZnO, and«0 is the vacuum dielectric permit
tivity. Therefore, this current introduces a conductanceGs

and a capacitanceCs given by

Gs5
I phase

dV
5CHF

f 0N0

n
v2

t0

11v2t0
2 , ~5!

Cs5
1

v

I quad

dV
5CHF

f 0N0

n

1

11v2t0
2 , ~6!

whereCHF is the high-frequency capacitance of the barrie

CHF5AgbS e««0N1

2FB
D 1/2

~7!

and the characteristic relaxation timet0 of the shallow do-
nors is given by

t05
1

en
5

e

2gA* T2c0
exp~«s /kT!. ~8!

A* is the effective Richardson constant~;30 A cm22 K22

for ZnO, considering the electron effective mass,me*
50.28m0 , wherem0 is the free electron mass!,1 andc0 and
«s are the capture cross section and the ionization energ
the shallow donors, respectively.

Up to now only one side of the double Schottky barr
was considered. For two sides of the double Schottky bar
the conductanceGs , the capacitanceCs , and the high-
frequency capacitanceCHF, should become half of the abov
values due to the serial connection of two symmetric side
the circuit. Thus, the expression forCHF should be changed
to

CHF5
1

2
AgbS e««0N1

2FB
D 1/2

~9!
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and then the expressions forGs andCs can keep their forms
of Eqs. ~5! and ~6!, respectively. The expressions forCHF,
Gs , andCs should be the same for the two cases of«s8.0
and «s8<0, due to the fact that they arise from the sam
emitted or recaptured chargedQ. Hence, in the following
discussion, the two cases are no longer distinguished.

Considering both the dc conductanceGdc arising from
the electron flow over the barrier, and the frequenc
independent barrier capacitanceCHF, the full expression for
the admittance of the grain boundaryYa(v,T), defined as
Ya(v,T)5Gac(v,T)1 ivC(v,T), under zero bias is

Gac~v,T!5Gdc1CHF

f 0N0

n
v2

t0

11v2t0
2 , ~10!

C~v,T!5CHF1CHF

f 0N0

n

1

11v2t0
2 , ~11!

with CHF and t0 in the forms of Eqs.~9! and ~8!, respec-
tively. Gdc is usually very small in the low temperatur
range, and thus can be neglected in Eq.~10!.

If the donor–acceptor compensation in the materia
small enough to be negligible,n and N1 are equal to (1
2 f 0)N0 and N0 , respectively. From the defect equilibrium
analysis,16 we know that the concentrations of the accepto
the zinc vacancies, in the Mn-doped samples are less
10% of the concentrations of the donors, thus the compe
tion is not important here. Therefore, Eqs.~9!, ~10!, and~11!
become

CHF5
1

2
AgbS e««0N0

2FB
D 1/2

, ~12!

Gac~v,T!5Gdc1GHF

f 0

12 f 0

v2t0

11v2t0
2

5Gdc1CHFg
21 expS «s8

kTD v2t0

11v2t0
2 , ~13!

C~v,T!5CHF1CHF

f 0

12 f 0

1

11v2t0
2

5CHF1CHFg
21 expS «s8

kTD 1

11v2t0
2 . ~14!

In a similar way, the expression for the admittance under a
bias can also be obtained, but it is omitted here since
present experiments are under the zero-bias condition.

D. Comparison of the experimental results with the
theoretical analysis

Equations~13! and ~14! indicate that the zero-bias ad
mittance exhibits a Debye-like relaxation, which is in agre
ment with the experimental observations in the pres
samples~Note that «85C/Ce and «95Gac/(vCe), with
Ce5«0A/H, where«0 is the vacuum permittivity, andH and
A are the thickness and the electrode area of the sam
respectively!. Therefore, as shown in Figs. 1 and 2, the
laxation peaks were observed in both temperature and
quency spectra, whenever the condition ofvt0'1 is satis-
fied, and the peaks shift to higher frequency with increas
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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temperature because of the thermal activation of the re
ation timet0 . Note that the termg21 exp(«s8/kT) may also
lead to a slight shift of the peaks, but its influence is neg
gible due to the very small value of«s8 .

According to Eq.~8!, the ionization energy,«s , and the
capture cross section,c0 , of the shallow donor can be dete
mined from the slope and intercept of an Arrhenius plot
ln(vP /TP

2) versus 1/TP , wherevP andTP are the relaxation-
peak angular frequency and temperature. The values ofvP

andTP can be obtained from the frequency spectra in Fig
These plots are shown in Fig. 7, and the determined ion
tion energies and capture cross sections are presente
Table I. With the values of«s andc0 , the relaxation times
t0 , at room temperature~300 K! were calculated from Eq
~8! and were also presented in Table I. It can be seen tha
ionization energies of the shallow donors are;0.04 eV for
all the samples, which are in good agreement with the va
obtained from the temperature dependence of the dc con
tivity in the quenched samples, and also close to the ion
tion energy of the intrinsic shallow donor in pure ZnO. T
capture cross sections for all the samples are aro
10212 cm2, a reasonable value for a shallow donor in sem
conductor materials.23

Figure 3~a! shows that«8 at 1 MHz decreases with in
creasing Mn concentration. At relatively high temperatur
i.e., T.60 K, «8(1 MHz)'CHF/Ce due to the nearly com
plete ionization of the shallow donor, it is thus expected t
CHF decreases with the increase in Mn concentration. On
other hand, as shown in Fig. 3~b!, the maximum value of the
«9 peak, denoted as«p9 , at 1 MHz also decreases with in
creasing Mn concentration. Since

FIG. 7. Arrhenius plots of ln(vP /T P
2) vs 1000/TP , wherevP andTP are the

relaxation-peak frequency and temperature, respectively.

TABLE I. Determined ionization energies,«s , capture cross sections,c0 ,
and relaxation times,t0 , at 300 K of the shallow donors in the slowl
cooled samples.

Sample
«s

~eV!
c0

~cm2!
t0 at 300 K

~s!

0.1%Mn 0.039 2.64310212 1.02310213

0.3%Mn 0.040 1.43310212 1.95310213

0.6%Mn 0.041 0.72310212 4.03310213
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21 expS «s8

kTD D ~due to vt0'1!

~15!

andGdc/v is very small at 1 MHz, it is again expected th
CHF decreases with the increase in Mn concentration. Fr
Eq. ~12!, it can be seen that the decrease ofCHF arises
mainly from the decrease ofN0 and/or the increase ofFB . It
means that when the Mn concentration is increased,
shallow-donor concentration,N0 , decreases, and/orFB in-
creases. In a previous work,16 we showed that Mn depresse
the concentration of the shallow donor in the Mn-doped Z
samples at the sintering temperatures, which results in
decrease of the shallow-donor concentration at and be
room temperature with increasing Mn concentration. This
consistent with the present result. It is also observed in F
3~b! that the«9 peak slightly shifts to higher temperatur
with the increase in Mn concentration, which indicates th
the apparent ionization energy of the shallow donor sligh
increases with increasing Mn concentration, in agreem
with the results in Table I. This phenomenon further suppo
the conclusion that the concentration of the shallow do
decreases with increasing Mn concentration, due to the
that the apparent ionization energy of the shallow do
should increase slightly with decreasing shallow-donor c
centration in a semiconductor material.24 Based on the above
analysis, it is reasonable to believe that the phenomen
Fig. 3, i.e., the decrease of«8 and«9 and the slight shift of
«9 peak with increasing Mn content, are due to the decre
of the shallow donor concentration.

One last point should be mentioned here. The above
oretical analysis is concerned with a single electrically act
grain boundary. In fact, ceramic samples contain a la
number of grain boundaries. The difference among th
grain boundaries could result in a distribution of the rela
ation time. Therefore, the curves in Fig. 2 show some stro
distribution. The detailed discussion about this distribution
out of scope of the present article and will be addressed
forthcoming article.

IV. CONCLUSIONS

From the experimental observation and theoreti
analysis of the dielectric properties of the Mn-doped Zn
samples with electrically active grain boundaries, it is fou
that the main shallow donor, zinc interstitial, in ZnO exhib
a Debye-like dielectric relaxation behavior with a therma
activated relaxation time in the low temperature range fr
20 to 50 K, which is related to the ionization process of th
donor. With increasing Mn concentration, the relaxation pe
in the temperature spectrum decreases and also slightly s
to higher temperature, which probably arises from the
crease of the shallow-donor concentration.

Based on the theoretical analysis, an expression for
admittance of an electrically active grain boundary at lo
temperatures was obtained. Furthermore, the activation
ergy for the relaxation, i.e., the ionization energy of the sh
low donors, was determined to be about 0.04 eV, the cap
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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cross section of the shallow donors to be around 10212 cm2,
and the relaxation time at room temperature to be ab
10213 s.

ACKNOWLEDGMENTS

This research was supported by the Foundation of S
ence and Technology of Portugal and by the Hong Ko
RGC under Grant No. 9040636.

1G. Blatter and F. Greuter, Phys. Rev. B33, 3952~1986!.
2L. M. Levinson and H. R. Philipp, Am. Ceram. Soc. Bull.65, 639~1986!.
3J. L. Baptista and P. Q. Mantas, J. Electroceram.4, 215 ~2000!.
4G. E. Pike, Phys. Rev. B30, 795 ~1984!.
5J. Werner,Polycrystalline Semiconductors~Springer, Berlin, 1985!, pp.
77–94.

6J. Daniels, Philips Res. Rep.31, 505 ~1976!.
7M. Matsuka, Jpn. J. Appl. Phys.10, 736 ~1971!.
8T. K. Gupta, J. Am. Ceram. Soc.73, 1817~1990!.
9D. R. Clarke, J. Am. Ceram. Soc.82, 485 ~1999!.

10R. Einzinger, inGrain Boundaries in Semiconductors, edited by H. J.
Leamy, G. E. Pike, and C. H. Seager~Elsevier, New York, 1982!, p. 343.
Downloaded 25 Jun 2003 to 128.118.103.146. Redistribution subject to A
ut

i-
g

11M. H. Sukkar and H. L. Tuller, inNon-stoichiometric Compounds: Sur
faces, Grain Boundaries, and Structural Defects, edited by J. Nowtny and
W. Wepper~Kluwer, Dordrecht, 1989!, p. 237.

12A. Smith, J. Baumard, P. Abelard, and M. Denanot, J. Appl. Phys.65,
5119 ~1989!.

13N. Ohashi, Y. Terada, T. Ohgaki, S. Tanaka, T. Tsurumi, O. Fukunaga
Haneda, and J. Tanaka, Jpn. J. Appl. Phys., Part 138, 5028~1999!.

14J. Han, Ph.D. thesis, University of Aveiro, Aveiro, Portugal, 2001.
15J. Han, A. M. R. Senos, and P. Q. Mantas, J. Eur. Ceram. Soc.22, 1653

~2002!.
16J. Han, P. Q. Mantas, and A. M. R. Senos, J. Eur. Ceram. Soc.22, 49

~2002!.
17A. K. Jonscher,Dielectric Relaxation in Solid~Chelsea Dielectric Press

Ltd., London, 1983!, p. 361.
18J. Han, A. M. R. Senos, and P. Q. Mantas, Mater. Chem. Phys.75, 117

~2002!.
19K. I. Hagemark and L. C. Chacka, J. Solid State Chem.15, 261 ~1975!.
20A. R. Hutson, Phys. Rev.108, 222 ~1957!.
21G. E. Pike and C. H. Seager, J. Appl. Phys.50, 3414~1979!.
22G. Vincent, D. Bois, and P. Pinard, J. Appl. Phys.46, 5173~1975!.
23K. Boer,Survey of Semiconductor Physics—Electrons and Other Parti

in Bulk Semiconductors~van Nostrand Reinhold, New York, 1990!.
24B. I. Shklovskii and A. L. Efros,Electronic Properties of Doped Semicon

ductors~Springer, Berlin, 1984!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp


