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a  b  s  t  r  a  c  t

The  effect  of  annealing  temperature  on the  electrical  and  optical  properties  of indium  zinc  oxide  (IZO)
(In2O3:ZnO  =  90:10  wt.%)  thin  films  has  been  investigated.  The  IZO  thin  films  were  deposited  on  glass
substrates  by  radio  frequency  magnetron  sputtering  and  then  subjected  to  annealing  in  a mixed  ambient
of air  and  oxygen  at  100,  200  and 300 ◦C.  All  the  IZO  films  were  found  to  have  amorphous  structure.
eywords:
nZnO
nnealing temperature
ptical band gap
urstein-Moss effect

With  the  increase  of the  annealing  temperature,  the  carrier  concentration  decreased  and  the  resistivity
increased.  The  average  transmittance  of  IZO  thin  films  decreased  slightly  with  annealing  temperature.
Interestingly,  a systematic  reduction  of  the  optical  band-gap  from  3.79  eV  to 3.67  eV  was  observed  with
annealing  temperature.  The  change  in  optical  band-gap  was  observed  to be  caused  predominantly  by
Burstein-Moss  band-gap  widening  effect  suggesting  unusual  absence  of  band  narrowing  effect.  The  effects
on optical  and  electrical  properties  of  IZO  films  have  been  discussed  in  detail.
. Introduction

Indium zinc oxide (IZO) is one of the important transparent
onducting oxide (TCO) materials and is widely used as transpar-
nt electrode in various kinds of devices such as solar cells, thin
lm transistors and organic light emitting diodes. The electrical
onductivity, transparency, thermal stability, durability, etchabil-
ty and resistance to hydrogen plasma make this material suitable
or a wide range of device applications [1–5]. IZO is preferred
ecause of its superior work function, higher transmittance and
igher etching rate [6].  Additionally, amorphous IZO films pre-
ared by the sputtering method under the similar conditions could
ave a smoother surface morphology and smaller stress concen-
ration than other TCO films [7].  The properties of IZO and other
COs are largely related to their band-gaps. For the application of
ZO in optoelectronic devices, one of the most relevant properties
s the optical band-gap. The optical band gap closely depends on
he change of carrier concentration, which might have caused by
rowth conditions as annealing treatment, and doping. In degen-

rated semiconductors the relation between the optical band-gap
nd the carrier concentration is explained by the Burstein-Moss
BM) effect and band-gap narrowing effect [8,9]. The band-gap
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narrowing results from band-gap renormalization due to many-
body interaction in the conduction band and valence band. The BM
effect leads to optical band-gap widening by the blocking of lower
(higher) states in the conduction (valence) band of n-type (p-type)
semiconductors. In degenerate semiconductors with high carrier
concentration band gap narrowing effect is generally expected.
Apparent absence of narrowing effect or domination of the BM
effect is not common.

In this study, we report the anomalous observation of domina-
tion of the BM effect on the optical band gap of IZO thin films. The
effects of annealing temperature on the optical and electrical prop-
erties of IZO thin films deposited by radio frequency magnetron
sputtering were studied. The optical band-gap was shifted system-
atically due to the change of the carrier concentration with the
annealing temperature. The shift of band gap is discussed in detail
and could be explained without resorting to band gap narrowing
effects.

2. Experimental

The IZO films were deposited on glass substrates (Corning EAGLE 2000) at room
temperature by radio frequency magnetron sputtering using a mixed oxide tar-
get of In2O3 and ZnO with a weight ratio of 9:1 (4 in., 99.99% pure). The films were

deposited under argon ambient with the substrate-to-target distance of 10 cm.  Dur-
ing the deposition the radio frequency power and the gas pressure were maintained
at  260 W and 10 m Torr, respectively. The thickness of the as-deposited IZO films was
found to be ∼200 nm.  The as-deposited films were annealed at different tempera-
tures in a ceramic tube furnace for 1 h in a mixed atmosphere of air and oxygen. The
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show a noticeable change compared to the as-deposited film. The
transmittance of the IZO films varied depending on the annealing
temperature and the average transmittance decreased from 83.1%
ig. 1. XRD patterns of the as-grown IZO film and the films annealed at RT, 100, 200
nd  300 ◦C.

rystal structure of the films was characterized by X-ray diffraction (XRD, Philips
’pert X-ray diffractometer). The electrical resistivity, carrier concentration and Hall
obility were determined by Hall effect measurements (Biorad HL5500) using the
an der Pauw geometry at a constant magnetic field of 0.5 T. The optical transmit-

ance was  measured in the wavelength range of 300–800 nm using a UV–vis–NIR
ouble beam spectrophotometer (UV-3100 PC, Shimadzu).

. Results and discussion

Fig. 1 shows the XRD pattern of the as-deposited and the IZO
lms annealed at 100–300 ◦C. All the films were amorphous, as

ndicated by the broad low-intensity hump at 2� = 33◦ [4].  The
RD results are in agreement with the studies by Ito et al. regard-

ng the crystallization temperature of amorphous IZO [11]. It was
eported that amorphous IZO exhibited higher thermal stability up
o 400–500 ◦C compared to amorphous ITO having a crystallization
emperature of 170–180 ◦C [11,12].

The electrical properties of IZO thin films were found to vary
epending on the annealing conditions. The measured changes in
lectrical resistivity, carrier concentration, and Hall mobility with
nnealing temperature are presented in Fig. 2. One can observe
hat the above parameters show slight change when the thin
lm was annealed at 100 ◦C. The as-deposited IZO film had the

owest resistivity compared to the annealed IZO films. However
here was an increase in resistivity by an order of magnitude from
.3 × 10−4 � cm2 (as-deposited IZO films) to 2.9 × 10−3 � cm2,
nd reduction of carrier concentration from 5.8 × 1020 cm−3 to
.6 × 1019 cm−3 as the annealing temperature was raised to 300 ◦C.
he increase in resistivity can be attributed to the decrease of carrier
oncentration. In amorphous IZO films, intrinsic oxygen vacancies
r interstitial Zn2+ ions act as dominant donors [11,13].  The results
uggest that oxygen vacancies or interstitial Zn2+ ions could have
nnihilated due to oxygen incorporation during the annealing pro-
ess leading to decrease in the carrier concentration of amorphous
ZO films. The observation indicates the dependence of electrical
onductivity of oxide materials on oxygen vacancies or interstitial
n2+ ions and is in agreement with previous report [11,14]. The Hall
obility of the annealed IZO thin films did not change as noticeably

s the carrier concentration and the resistivity did with anneal-
ng temperature. The Hall mobility showed a slight increase with
he annealing temperature up to 200 ◦C and a subsequent decrease
t 300 ◦C. The mobility in highly degenerated TCOs is affected by
cattering centers such as ionized and neutral impurities, grain

oundaries, lattice vibrations and dislocations. Among the above
cattering centers, the ionized impurity scattering is the dominant
cattering mechanism in amorphous IZO or ITO films and is closely
elated to the carrier concentration [11,15,16].  At higher carrier
Fig. 2. (a) Hall mobility, (b) carrier concentration, (c) resistivity of the IZO films at
different annealing temperature.

concentration (>2.0 × 1020 cm−3 in this result) the decrease of the
Hall mobility with increasing the carrier concentration is attributed
to the limitation imposed by ionized impurities scattering to the
electron transport [16]. Ionized impurities originate from the oxy-
gen vacancies in IZO. The oxygen vacancies are filled by oxygen
during annealing in presence of oxygen resulting in the influence
on mobility. In the present case the charge carriers in the IZO films
might be affected by other scattering mechanism and exhibited
smaller mobility than those previously reported by Ito et al. [11].

In Fig. 3 the optical transmittance of the IZO films in the wave-
length range of 300–800 nm is displayed. The transmittance of the
bare glass substrate was also measured for comparison and had
a transmittance of 90%. The transmittance of the film annealed at
100 ◦C exhibited a similar trend to electrical properties, i.e. it did not
Fig. 3. Transmittance spectra of the as-grown IZO film and the films annealed at
100,  200 and 300 ◦C.
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ig. 4. (�h�)2 as a function of photon energies for the IZO films prepared under
ifferent conditions.

as-deposited IZO film) to 76.7% (IZO film annealed at 300 ◦C) with
he increase of the annealing temperature. It is further noted that
he transmission edge progressively shifted toward lower energy
ith annealing temperature. The absorption coefficient (˛) for a
irect band-gap semiconductor can be evaluated using the follow-

ng equation [17]:

 = ln
(1/T)

d

here T is the transmittance and d is the film thickness. The optical
and-gap is related to the absorption coefficient (˛) and photon
nergy (h�) and can be calculated using the following relation [18]:

˛h�)2 = A(h� − Eog)

here A is a constant and Eog is the optical band-gap of the material.
herefore the values of Eog can be determined by plotting (�h�)2

s. photon energy and then extrapolating the linear regions of the
lots to zero absorption. Fig. 4 shows the variation of (�h�)2 as a
unction of photon energy. The measured optical band-gap of the
s-deposited film and the film annealed at 100 ◦C was observed to
e nearly identical to each other. The optical band-gap was shifted
oward the lower energy from 3.79 eV to 3.67 eV as the annealing
emperature rose to 300 ◦C. In the case of degenerated semiconduc-
ors such as ITO, IZO and ZnO the optical band-gap is influenced by
he change in carrier concentration and can be explained by either
urstein-Moss shift or band-gap narrowing effect. The widening
BM shift) of the optical band-gap occurs because lower states in the
onduction band are blocked by the band filling for higher carrier
oncentration. The band-gap narrowing is known to be associated
ith various many-body interactions between the carriers in the

onduction band and valence band called band-gap renormaliza-
ion [9,21].  This operates simultaneously with the BM band-gap
idening effect and reduces the magnitude of the optical band-

ap. The many-body interactions are considered for high carrier
ensities i.e., >1019 cm−3 [9,19,20]. In the present study, the carrier
oncentrations for all the IZO films are greater than 1019 cm−3 and
herefore the optical band-gap shift as represented in Fig. 4 could
esult from the BM effect as well as band-gap renormalization. The
elation between BM shift �Eg and the effective mass m* is given
s:

Eg = h2(KF)2

(8�2m∗)
,

here KF = (3�Ne)1/3 is the Fermi wave number, m* is the effective
ass, and Ne is the carrier concentration [21]. Since the IZO films

re degenerated and have a large effective mass around 0.3m0 (m0

[

Fig. 5. Optical band-gap shift as a function of carrier concentration.

being the effective mass of the free electron) [10], the optical band-
gap shift is expected to be influenced more by the renormalization
effect than the BM band-gap widening. However, in this case, even
though IZO has a large effective mass of around 0.3m0, the shift of
the optical band-gap was  proportional to Ne

2/3 as shown in Fig. 5 as
if only the BM band-gap widening effect was  prevalent and that the
renormalization did not play significant role in band-gap shifting.
Though exact cause of such uncommon effect is not clear, this phe-
nomenon could occur due to the overcompensation of band-gap
narrowing effect by the BM widening effect which may happen for
high carrier concentration [20].

4. Conclusion

Amorphous IZO films were deposited on glass substrates by
radio frequency magnetron sputtering using the oxide ceramic
In2O3–ZnO target. The changes in optical, structural, and electrical
properties of the IZO films were investigated with the annealing
temperature. The IZO films maintained the amorphous structure
even after annealing at 300 ◦C. With the increase of the anneal-
ing temperature the resistivity decreased from 3.3 × 10−4 � cm2

(as-deposited IZO films) to 2.9 × 10−3 � cm2 and the optical band-
gap shifted toward lower energy from 3.79 eV to 3.67 eV. Although
all the IZO films were the degenerated semiconductors which had
the high carrier concentration over 1019 cm−3 and large effective
mass, the optical band-gap shift behaved as if only the BM band-gap
widening effect is prevalent.
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