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Hopping conduction in Mn-doped ZnO
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The dc and ac conductivities of Mn-doped ZnO were investigated at temperatures from 10 to 100
K. The temperature dependence of the dc conductivity from 10 to 100 K shows an abrupt change
at ;18 K, manifesting a much lower activation energy for conduction below 18 K. From 10 to 18
K, the ac conductivity,sac(v), varies assac(v)5Avs in the frequency range from 102 to 106 Hz
with s in the range of 0.6–1. The dc and ac conductivity observations suggest that the dominant
conduction mechanism at temperatures between 10 to 18 K in these samples is a hopping
conduction. ©2003 American Institute of Physics.@DOI: 10.1063/1.1535262#
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Hopping conduction occurs in a wide range
materials,1–5 such as doped semiconductors, amorph
semiconductors, high temperature superconductors, gla
polymers, and many low-dimensional materials. Therefore
has become an increasing important topic in materials ph
ics. For a doped semiconductor~considering ann-type semi-
conductor for convenience!, at sufficiently low temperatures
most of the free electrons are recaptured by the donors.
result, the free-electron band conduction becomes less
portant, and electron hopping directly between donors in
impurity band will make the main contribution to the co
ductivity. An obvious phenomenon is that the conductiv
exhibits a remarkable decrease from band conduction to h
ping conduction. The hopping conduction is associated w
electron jumping from occupied donors to empty ones, a
therefore the presence of empty donors is necessary.
condition can be fulfilled only by donor-acceptor compen
tion at low temperatures. Hopping conductivity is govern
by the hopping probability between impurity sites. At rel
tively high temperatures, the hopping probability is dom
nated by the random spatial distribution of the impuritie
Consequently, the hopping conductivity is determined prim
rily by nearest-neighbor hops. This is so-called neare
neighbor hopping~NNH! mechanism. At lower tempera
tures, typical resistances between nearest-neigh
impurities become larger than those between impuri
whose energy levels are within a few kilotesla of the Fer
level. Therefore, electron hops between these impuri
dominate the conductivity. Due to the fact that the impurit
with levels close to the Fermi level are not necessarily c
relation in the spatial positions, the hopping length co
vary for each hop. This is so-called variable-range hopp
~VRH! mechanism.

Hopping conduction was extensively studied on num
ous semiconductors,1–4 such as Ge, Si, GaAs, GaSb, InS
InP, CdS, and diamond. However, except one earlier work
hopping conduction in In-doped ZnO,5 few investigations on
hopping conduction in ZnO were reported. In the pres
work, hopping conduction in Mn-doped ZnO were verifie
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and studied by analyzing the dc and ac conductivity data
Reagent grade ZnO powders~Aldrich, 99.9% purity!

were used. Mn doping was incorporated using alcohol so
tions of Mn(NO3)2•4H2O. Powder compacts of ZnO dope
with 0.1, 0.3, and 0.6 mol % Mn, respectively, were prepa
by conventional ceramic process~see Ref. 6 for the detailed
procedure!. The compacts were quickly inserted in the cen
of the furnace which has already been raised to 1200
After being sintered at 1200 °C for 2 h, the samples w
quenched to room temperature in air. No second phase
observed in these sintered samples from x-ray diffracti
scanning electron microscopy with energy dispersive x-
spectroscopy~EDS!, and transmission electron microscop
with EDS analyses. All the samples show uniform equiax
grains. The average grain sizes are between 5 and 10mm,
and their relative densities range between 95% and 97%

Sintered samples were polished on both sides, and
vacuum deposited with gold electrodes or covered w
In–Ga electrodes. Using a computer aided system, the
conductances of these samples were measured in a cryo
system by an impedance analyzer~Solartron 1260, England!.
Temperature control and measurement were performed
a calibrated silicon diode and a microprocessor cryoge
temperature controller. The low temperature dc conducta
was measured in the same cryogenic system by an elect
eter.

Figure 1 shows the temperature dependence of the

FIG. 1. Temperature dependence of the dc conductivity of ZnO sam
doped with 0.1, 0.3, and 0.6 mol % Mn, respectively.
© 2003 American Institute of Physics
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conductivity for ZnO doped with different Mn contents.
can be observed that two regimes with differe
conductivity-temperature dependence can be easily dis
guished. One is from about 18 to 100 K with an activati
energy of about 0.04 eV, and the other is from 10 to 18
with a much lower activation energy of 1023 eV. On the
other hand, we found that the measured dc and ac con
tances in the present work are independent of the type o
electrodes~Au or In–Ga! and are also inversely proportion
to the thickness of the samples, and that all the sam
showed linear dc current–voltage behavior at ro
temperature.6 Hence, the measured conductivities should
flect the bulk properties of the materials. The activation
ergy determined in the temperature range from 18 to 10
is close to the ionization energy of the main shallow dono
these samples,7,8 which indicates that this temperature ran
corresponds to the freezing of the free electrons. Theref
in Fig. 1, the abrupt change in the temperature dependenc
conductivity at;18 K and the much lower activation energ
for conduction below 18 K indicate a transition from band
hopping conduction,1–3 i.e., hopping conduction becomes th
dominant conduction mechanism below 18 K.

For a NNH mechanism, the dc conductivity,sdc, is de-
scribed by4

sdc5CT21 exp~2«3 /kT!, ~1!

whereC is a constant independent of temperatureT, and«3

is the activation energy for hops. According to Eq.~1!, the
plots of ln(sdcT) vs 1/T from 10 to 18 K are shown in Fig. 2
which exhibit well linearity. The activation energies («3) and
the pre-exponential coefficients (C) determined from these
plots are presented in Table I.

The defect chemistry calculation8 showed that in the
present samples, Mn dissolved into ZnO forming a deep
nor with an energy level of;2.0 eV below the conduction
band bottom at room temperature, and the main shallow
nor and acceptor are zinc interstitial and zinc vacancy,

FIG. 2. Plots of ln(sdcT) vs 1000/T, for ZnO samples doped with 0.1, 0.3
and 0.6 mol % Mn, respectively.
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spectively. The existence of Mn deep donors depresses
concentration of the main shallow donor, Therefore, the m
the Mn concentration, the less the shallow donor concen
tion and the conductivity~Fig. 1!. The main donor (ND) and
acceptor (NA) concentrations obtained from the defect che
istry calculation8 are given in Table I. In Table I, the effectiv
Bohr radius of the shallow donor in ZnO~a! was calculated
from a52« r«0h/(m* e2) with « r58 andm* 50.28m0 (m0

is free electron mass!,2 the theoretical value of«3 was ob-
tained by«350.99e2ND

1/3/(4p« r«0) for very weak compen-
sation (NA /ND!1),2,4 the critical temperature for transitio

FIG. 3. Plots of logsac vs log f at several temperatures, for ZnO sampl
doped with~a! 0.1, ~b! 0.3, and~c! 0.6 mol % Mn, respectively.
or
O
n en-
r
ely.
TABLE I. Parameters for Mn-doped ZnO samples, whereND andNA are the main shallow donor and accept
concentrations,NA /ND is the compensation ratio,a is the effective Bohr radius of the shallow donor in Zn
(;1.51 nm),C and«3 (exp.) are the experimental determined pre-exponential coefficient and activatio
ergy in Eq.~1!, «3 (theory) is the theoretical calculated activation energy,TC8 andTC9 are the temperatures fo
transition from NNH to VRH determined by Shklovskii and Efros’s model and Pollak’s model, respectiv

Sample
~%!

ND

(cm23)
NA

(cm23)
NA /ND

~%! aND
1/3

C
(V21 cm21 K)

«3 (exp.)
~meV!

«3 (theory)
~meV!

TC8
~K!

TC9
~K!

0.1 1.7931015 2.0331013 1.13 1.8431022 1.7931025 5.63 2.16 0.16 2.42
0.3 6.4331014 3.6731013 5.71 1.3031022 2.9131026 5.11 1.54 0.08 1.22
0.6 3.4431014 5.3731013 15.6 1.0631022 2.6431028 3.02 1.25 0.05 0.81
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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from NNH to VRH proposed by Shklovskii and Efros2 (TC8 )
is determined byTC8 50.34e2aND

2/3/(4p« r«0k), and this
critical temperature proposed by Pollak9 (TC9 ) is determined
by TC9 55.2e2aND

2/3/(4p« r«0k). As shown in Table I, the
value ofaND

1/3 is much less than Mott’s critical value of 0.2
for a metal–insulator transition1 so that the condition for
theory of hopping in lightly doped semiconductors is fu
filled. The sample temperatures in the present w
(>10 K) are much higher than the critical temperature
transition from NNH to VRH proposed either by Shklovsk
and Efros or by Pollak. In fact, VRH in crystalline semico
ductors was often reported to occur at temperatures below
K.1–4 Therefore, we believe that NNH other than VRH is t
dominant conduction mechanism at temperatures from 1
18 K in the present samples. On the other hand, the ac
tion energies obtained from experiments are in the same
der of magnitude with the theoretical ones. With increas
Mn content, the activation energy and the pre-exponen
coefficient decrease. Defect concentration calculati8

showed that the shallow donor concentration decreases
the increase of the Mn content in these samples. There
the dependence of the activation energy and the
exponential coefficient on the donor concentration is qual
tively consistent with the theoretical prediction for the ho
ping conduction.1–3 Further experimental support for th
occurrence of the hopping conduction in the temperat
range from 10 and 18 K arises from the ac conductivity da

It is well known that the ac conductivity for hoppin
conduction,sac(v), in the intermediate frequency regim
~usually kilohertz range! can be expressed as10,11

sac~v!5Avs, ~2!

where v is the angular frequency of the ac signal (v
52p f ), and the power s is normally in the range of 0.6–
which slightly increases with frequency. Figure 3 shows
plots of logsac vs logf at several temperatures for Zn
doped with 0.1, 0.3, and 0.6 mol % Mn, respectively. Clea

TABLE II. Experimentally determined values ofs and logA from the fre-
quency dependence of the ac conductivity at 10, 14, and 18 K, for
doped ZnO samples.

Sample

10 K 14 K 18 K

s log A s log A s log A

0.1% Mn 0.65 210.02 0.59 29.45 0.53 28.95
0.3% Mn 0.71 210.34 0.70 210.05 0.66 29.67
0.6% Mn 0.85 211.67 0.85 211.51 0.82 211.27
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for each sample in the temperature range of 10–18 K,sac in
the frequency range of 102– 106 Hz follows an apparent
power law @Eq. ~2!# in which the power weakly increase
with frequency. The determined average values ofs and
logA from the plots at 10, 14, and 18 K for each sample
summarized in Table II. As shown in this table, the values
s are in the range of 0.6–1, except two slightly smaller v
ues. With increasing temperature,s slightly decreases andA
increases for each sample. When the Mn content is
creased, which results in decreasing the shallow donor c
centration,s increases andA decreases. In addition, Fig.
shows that the temperature dependence ofsac becomes
weaker with increasing frequency. All of these results a
consistent with the theoretically predicted features of the
conductivity for hopping conduction,10,11 and therefore fur-
ther support the conclusion that hopping conduction beco
the dominant conduction mechanism at temperatures from
to 18 K.

In conclusion, the data of the dc and ac conductivities
Mn-doped ZnO samples suggest that hopping conduction
comes the dominant conduction mechanism in the low te
perature range between 10 and 18 K. With increasing
content, the activation energy and pre-exponential coeffic
for the dc hopping conductivity decrease, and the power
ac conductivity increases. This is due to the fact that
shallow donor concentration decreases with the increas
the Mn content in these samples.
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