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We have thoroughly investigated the effect of oxygen nonstoichiometry on the electrical transport

characteristics of ZnO1−✁ films. These films were grown on optical grade quartz substrates by using

a pulsed laser deposition technique. In order to alter the amount of oxygen nonstoichiometry s✂�,

oxygen partial pressure during the film growth was systematically varied from

102 Torr to 10−5 Torr. Qualitative estimates about the amount of oxygen nonstoichiometry in these

films were made using Raman Spectroscopy data. High resolution electrical resistivity and

thermoelectric power measurements were performed in the temperature range 12–300 K. A detailed

analysis of electrical transport data showed a transition from band-gap insulating state sfor the films

prepared at high oxygen environments� to Anderson localized insulating state sfor the films prepared

at lower oxygen environments�. © 2004 American Institute of Physics. ❢DOI: 10.1063/1.1783591❣

INTRODUCTION

During the past few years, zinc oxide thin films have

attracted considerable scientific and technological

attention.
1–5

It is a direct band gap material with a band gap

of 3.3 eV and exciton binding energy of 60 meV. Because of

its higher exciton binding energy, it is considered a promis-

ing substitute of GaN in various short-wavelength optical

and light emitting applications. Moreover, ZnO exhibits quite

a high n-type electrical conductivity
6,7

which can further be

increased by doping or by creating oxygen vacancies in the

material for transparent conductor applications.

A lot of theoretical as well as experimental work has

undergone to understand the electrical transport mechanism

in ZnO, but still the picture is not very clear and more pre-

cise understanding of the electrical transport properties of

this material is desired. In this paper we have made an effort

to understand the electrical transport in ZnO1−✁ films, pre-

pared under varying oxygen pressure. Variation of oxygen

partial pressure presumably results in systematic changes in

oxygen vacancy concentration which are expected to cause

interesting changes in the electrical transport mechanism.

For our investigations, we have used temperature dependent

s12–300 K� thermoelectric power and electrical resistivity

measurement techniques.

Thermoelectric power S is an important tool for studying

the nature of charge carriers and various processes that occur

close to the Fermi surface.
8,9

It is defined as the voltage

developed across the two ends of the sample when a unit

temperature gradient is applied between them. Thermoelec-

tric power of metals varies linearly with temperature sS

✱T� while for insulators and semiconductors it follows a

hyperbolic temperature dependence and is given by the

expression
8

S =
KB

e

EC − EF

KBT
, s1�

where KB is the Boltzmann constant, and EC and EF are the

positions of the lower edge of conduction and Fermi level,

respectively.

The value of S for semiconductor materials depends

upon the amount of dopant sor oxygen vacancies�, the energy

levels of the dopant states, the energy gap, and the tempera-

ture. These factors determine the number of carriers per unit

volume and, thus, are major factors influencing the electrical

conductivity also. However, the above expression is valid

only for the band-gap insulators, where, the Fermi level lies

in the forbidden gap between the conduction band and the

valence band. In the case of Anderson localized insulators,
10

where the density of states is finite at EF sthough these states

are localized�, the expression for thermoelectric power is

S =
1

2

KB

e

W2

KBT

d ln NsE�

dE E=EF

, s2�

where W=KBsT0T
3�1/4; KB is the Boltzmann constant, NsE�

is the density of states, and T0 is a constant. According to this

expression in the case of Anderson localized insulators, S

varies as ❰T and approaches to zero as T✄0 K.

EXPERIMENT

For the present investigations, ZnO1−✁ films were pre-

pared by a pulsed laser deposition technique, where oxygen

partial pressure was varied systematically from

100 Torr to 10−5 Torr ssee Table I�. Depositions were per-

formed on optical grade quartz substrates at 650 °C inside a

stainless steel chamber. Thickness of all the films was kept

same at 200 nm. Films were characterized using x-ray dif-

fraction sCu-K❛ radiation�, transmission electron micros-a☎
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copy, and Raman spectroscopy. Electrical conductivity and

thermoelectric power measurements on these films were per-

formed with a closed cycle refrigerator in the temperature

range 12–300 K. For thermoelectric power measurements dc

differential technique with copper as the other arm of the

thermocouple was employed. A temperature difference ❉T of

1–2 K was applied across the two ends of the sample and

the voltage differential ❉V developed across the sample was

measured using a Keithely nanovoltmeter smodel 182❞. The

ratio ❉V /❉T gives the thermoelectric power of the sample

with respect to copper. The absolute thermoelectric power

was obtained by adding to this quantity the absolute thermo-

electric power of copper, which was obtained from the

literature.
8

Electrical resistivity measurements were per-

formed by standard four-point-probe technique.

RESULTS AND DISCUSSION

Figure 1 shows the x-ray diffraction sXRD❞ pattern of

the ZnO film prepared at 100 Torr of oxygen pressure

ssample 1❞. In the 2✉ range 20°–100° we observed only two

peaks, which correspond to s0002❞ and s0004❞ planes of

ZnO. This indicates c axis preferred orientation of the film.

Films prepared at lower oxygen pressure showed similar

XRD pattern except for a slight increase in the c axis lattice

parameter due to reduced oxygen stoichiometry.

One of the most important factors that affect electrical

transport in oxides is its oxygen stoichiometry itself. So, for

any careful electrical transport study of oxides, the first and

most important step is to determine oxygen stoichiometry.

But, exact quantitative determination of oxygen stoichiom-

etry in thin films is an extremely difficult task. However, a

qualitative estimate can be made using several indirect tech-

niques like Raman spectroscopy, x-ray photoemission spec-

troscopy sXPS❞, Rutherford backscattering, etc. Among those

Raman spectroscopy
11

is the most preferable technique for

getting relative estimates of oxygen vacancy concentration in

thin films via the determination of vacancy induced strain.

Oxygen vacancies in ZnO1−� cause tensile strain in the film,

which results in a shift in the position of Raman peaks. By

doing a systematic analysis of Raman data, a qualitative es-

timate of relative concentration of oxygen vacancies in the

films can be made.

ZnO has wurtzite structure which belongs to the

C6♥
4
sP63mc❞ space group. According to group theory, fol-

lowing optical modes are allowed at the ● point of the Bril-

louin zone of the ZnO:
12

● = A1sTO,LO❞ + 2B1 + E1sTO,LO❞ + 2E2

Among these optical modes, B1 modes are silent, while, A1,

E1, and E2 modes are Raman active. The A1 and E1 modes

are polarized along and perpendicular to the c axis of ZnO,

respectively. The E2 mode has two submodes, designated as

E2
✁1✂

slow frequency submode❞ and E2
✁2✂

shigh frequency

submode❞. The E2
✁2✂

mode is very sensitive to any kind of

strain in the film. It has been widely reported that the pres-

ence of tensile strain in films causes a decrease in the fre-

quency shift of E2
✁2✂

submode.
12,13

In Fig. 2 we have shown the E2
✁2✂

Raman peaks for

various ZnO1−� films. As can clearly be seen from this figure,

the position of E2
✁2✂

peak shifts systematically towards the

lower frequency side for the films prepared in lower oxygen

pressure ssee inset❞. This suggests the increasing amount of

tensile strain and hence higher concentration of oxygen va-

cancies in the films prepared at lower oxygen ambient. At

this point we find it appropriate to mention that the strain in

thin films can arise because of two other factors also, namely

si❞ lattice mismatch and sii❞ thermal mismatch between the

substrate and the film. However, since all of our films were

FIG. 1. X-ray diffraction data of ZnO film prepared at 100 Torr of oxygen

pressure.

FIG. 2. Raman spectra for various ZnO1−✄ films. Inset shows the variation in

the position of E2
☎2✆

peak with oxygen pressure during the thin film growth.

TABLE I. Room temperature thermoelectric power S✝300 K✞ and electrical

resistivity r✝300 K✞ of ZnO1−✄ films prepared under varying oxygen envi-

ronment.

Sample number O2 Pressure ✝Torr✞ S ✝300 K✞ r ✝300 K✞ ✝m❱ cm✞

1 100 5.2 mV/K 242.9

2 10−1 −95 ♠V/K 167.3

3 10−3 −55 ♠V/K 116.5

4 10−5 −37 ♠V/K 31.8
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deposited on the amorphous substrate squartz❞ under the

identical conditions sapart from the oxygen pressure❞, we

believe that the observed systematic change in the tensile

strain in these films is mainly because of the change in the

concentration of oxygen vacancies.

Thermoelectric power data for various ZnO1−� samples

are shown in Fig. 3. Some salient features of this data are sa❞

thermoelectric power of all the samples is negative indicat-

ing electrons as the dominant charge carriers,
8,9

sb❞ magni-

tude of the thermoelectric power decreases with increasing

oxygen deficiency, sc❞ for the film 1 sprepared under the

partial oxygen pressures of 100 Torr❞ magniture of S in-

creases with decrease in temperature while for all other films

sprepared under lower oxygen pressures❞ the magnitude of S

decreases with the decrease in the temperature. In Table I we

have tabulated the room temperature thermoelectric power of

all the samples. Room temperature thermoelectric power of

ZnO prepared at 100 Torr of oxygen is 5.2 mV/K, charac-

teristic of a typical high band-gap semiconductor, while for

other films the magnitude of S is about two orders of mag-

nitude smaller. In Fig. 4 we have fitted the thermoelectric

power data for film 1 to Eq. s1❞. From this, we found that

Fermi level lies about 1.5 eV below the conduction band.

This value is in good agreement with the band gap of 3.3 eV

for intrinsic ZnO, a slight shift of Fermi level towards the

conduction band indicates that even in the ZnO film prepared

at 100 Torr of oxygen pressure some donor states are

present. Smaller values of the thermoelectric power for the

films prepared under oxygen deficient conditions indicate

higher carrier concentration in these films. However, the

most striking feature of this data is that the dS /dT exhibits

different signs for the films prepared at high and low oxygen

environments. For the films prepared at 100 Torr of oxygen

pressure dS /dT is positive, while for the films prepared at

lower oxygen environments dS /dT is negative. As discussed

earlier, the smaller values of S with negative dS /dT indicate

that the material has turned either to metallic state or to an

Anderson localized insulating state. In order to find the real

state of the sample, i.e., whether the samples are metallic or

Anderson localized insulators we fitted our experimental data

to linear sS⑦T❞ and square root sS⑦ ❰T❞ temperature depen-

dent expressions. In Fig. 5 we have shown the fits and in

Table II we have tabulated the values of ①2 squality of fit❞. As

can clearly be seen, thermoelectric power data fit better with
✁T type of temperature dependence implying the Anderson

localized insulating state of the films. At this point we want

to mention that in the above analysis we have assumed that

the observed thermoelectric power of ZnO is only because of

the diffusion component. However, in certain cases, phonon

drag component may also be important.
8
So in order to au-

thenticate the predictions of thermoelectric power experi-

ment it is essential to verify those using other experimental

tools.

Temperature dependent electrical resistivity measure-

ment is another very powerful method to distinguish metals

from the insulators and band-gap insulators from the Ander-

son localized insulators.
8,10

Metals exhibit positive tempera-

ture coefficient of resistivity sTCR❞, while insulators show

FIG. 3. Thermoelectric power data for various ZnO1−✂ Films. For film 1

vertical scale is shown on the right while for all other films it is on the left.

Horizontal scale on the top corresponds to film 1. Symbols ♥, P, ❥, and *

represent films 1, 2, 3, and 4, respectively.

FIG. 4. Least squares fits of thermoelectric power data of film 1 to Eq. ✄1☎.

FIG. 5. Least squares fits of thermoelectric power data of films 2, 3, and 4

to linear ✄S✆T☎ and square root ✄S✆ ✝T☎ temperature dependent expressions.

TABLE II. ✞2 values for the fit of thermoelectric power to S✆T and S

✆ ✝T, and electrical resistivity data to ln r✆1/T and ln r✆1/T1/4. Smaller

values of ✞2 for S✆ ✝T and ln r✆1/T1/4 imply the Anderson localized insu-

lating state of the films.

Sample number

✞2 ✞2

S✆T S✆ ✝T ln r✆1/T ln r✆1/T1/4

2 8.1✸10−2 1.8✸10−3 1.2✸10−3 1.3✸10−5

3 2.7✸10−2 2.6✸10−3 6.7✸10−3 8.4✸10−6

4 1.7✸10−2 5.7✸10−4 9.6✸10−2 7.0✸10−6
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negative TCR. Furthermore, in the case of band-gap

insulators,
8
electrical resistivity follows the expression ln r

⑦1/T, while for Anderson localized insulators
10

it follows

the expression ln r⑦s1/T❞1/4.

In Table I we have tabulated room temperature electrical

resistivity of these films. Room temperature electrical resis-

tivity of the films decreases with the decrease in the oxgen

pressure implying higher carrier concentration in oxygen de-

ficient films. Figure 6 shows the temperature dependent elec-

trical resistivity data for various films. For film 1 the electri-

cal resistivity of the film was so high that we could not

perform measurements below 260 K using our experimental

setup. For other films the measurements were performed

down to 12 K. As can be seen from this figure, these films

exhibit negative temperature coefficient of resistivity, con-

firming the insulating nature of the films. We found that for

film 1 electrical resistivity fits well in ln r⑦1/T, while for all

other films it follows ln r⑦s1/T❞1/4 ssee insets in Fig. 6 and

Table II❞. These results, once again, imply the transition from

band-gap insulating state sfor film 1❞ to Anderson localized

insulating state sfor all other films❞ in excellent agreement

with thermoelectric power data.

Now in order to understand the observed phase transition

from band-gap insulating state to Anderson localized insulat-

ing state, it is essential to investigate the variation of the

electronic levels with doping concentration si.e., oxygen

nonstoichiometry❞. For intrinsic semiconductors, Fermi level

lies very close to the center of the band gap. When the do-

nors are introduced in the semiconductors, discrete energy

levels are formed at an energy Ed below the conduction

band. Because of donor states, the Fermi level of the doped

material shifts from its intrinsic position towards the conduc-

tion band. Due to this shift, the value of EC−EF decreases,

and hence the magnitude of thermoelectric power is expected

to decrease. But when donor concentration is very high and

hence these centers are closely spaced, they tend to interact

with each other and then the system can no longer be de-

scribed in terms of the discrete impurity levels below the

conduction band. Instead, an impurity band appears close to

the conduction band. As the concentration of donor further

increases, impurity band gets broadened and comes still

closer to the conduction band, and under the degenerate con-

ditions it starts to overlap with the conduction band resulting

in a nonzero value of density of states at the Fermi level.

Under these conditions material may exhibit metallic behav-

ior. This kind of M-I transition has been observed in several

doped semiconductors in the degenerate limit.
14

However, if

the disorder in the system is large enough, the electronic

states can become localized resulting in an Anderson local-

ized insulating state.
10,14

We believe that above phenomenon

is responsible for the observed electrical transport behavior

of ZnO1−� system. Random distribution of oxygen vacancies

in the material may be responsible for the disorder in the

system which results in the localization of electronic states.

CONCLUSION

In conclusion, in this paper we have investigated electri-

cal transport mechanism in ZnO1−� films. A transition from

band-gap insulating state to Anderson localized insulating

state has been observed with increasing oxygen nonstoichi-

ometry. Electrical transport in oxygen deficient Anderson lo-

calized ZnO1−� films is dominated by the variable-range hop-

ping conduction of charge carriers between the localized

states.
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FIG. 6. Electrical resistivity data for various ZnO1−✄ films. Right inset

shows the ln ☎ vs 1/T plot for film 1. Left inset shows the ln ☎ vs 1/T1/4

plots for films 2, 3, and 4.
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