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The Ga-doped ZnO thin films were deposited on glass substrate by sputtering and annealed at 350 °C in
hydrogen atmosphere for 1 h. The optical bandgap of thin films showed the lower blueshift than the
theoretical value of the Burstein–Moss (BM) effect. The shift of bandgap was dependent on the carrier
concentration and acquired by combining the nonparabolic BM effect and bandgap narrowing (BGN). The
modified BM effect equation was proposed to substitute the nonparabolic BM effect and BGN. The exponent
in the modified BM equation was affected by carrier concentration and it was decreased with carrier
concentration.
+82 2 313 2879.
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1. Introduction

Transparent conductive oxide (TCO) films have been widely used
for electrodes in optoelectronic devices such as solar cells, organic
light emitting diodes and flat-panel display devices. Various oxide
materials including CdO, In2O3, SnO2 and ZnO have been studied for
TCO applications [1]. Among them, Sn-doped indium oxide (ITO) thin
films have been practically commercialized due to its low resistivity
and high transparency in visible range [2]. However, ZnO is recently
emerged to be an alternative material for ITO, because ZnO has the
advantage such as low cost, non-toxicity and high stability in
hydrogen plasma. ZnO is also a wide bandgap semiconductor
(3.37 eV)with high exciton binding energy (60 meV) and its electrical
and optical properties may be changed by doping with group-III
impurities such as Ga, In and Al [3–5]. Moreover, doped ZnO thin films
show the high conductance and high transparency by thermal
annealing [6,7].

It was well known that bandgapwidening and narrowing occurred
in heavily doped semiconductors [8,9]. Bandgap widening is referred
to as the Burstein–Moss (BM) effect, the conduction band becomes
significantly filled at high doping concentration and the lowest energy
states in the conduction band are blocked. Bandgap narrowing (BGN)
has been explained by many-body effect of free carriers on the
conduction and valence bands, which is known as bandgap renorma-
lization. Many research groups have been suggested the equation to
define the bandgap shift in highly doped n-type semiconductor [10–
12]. Recently, it was reported that the BM effect and BGN affect to
optical bandgap of semiconductor simultaneously and BGN emerges
above the critical value [13]. In this paper, the electrical and optical
properties of ZnO:Ga thin films are analyzed and the optical bandgap
shift depending on carrier concentration is investigated. The modified
BM effect equation is proposed to explain the optical bandgap shift of
ZnO:Ga thin films.

2. Experimental details

ZnO:Ga thin films were prepared on glass substrate by RF
magnetron sputtering method. GZO ceramics (ZnO:95 wt.%,
Ga2O3:5 wt.%) was used as a source target. The chamber was
evacuated to a base pressure of 2×10−6 Torr and the deposition
was carried out at working pressure of 3 mTorr. Ar was used as a
carrier gas. The growth temperature was maintained at room
temperature and the RF sputtering power was kept at 100 W. The
thickness of thin film was controlled by the deposition time with the
deposition rate of 0.1 nm/s and it was in the range between 160 and
185 nm. After the deposition, thermal annealing was performed in the
temperature of 350 °C in hydrogen atmosphere for 1 h. The carrier
concentration of ZnO:Ga thin film was measured by the hall
measurement using Van der Pauw method. The transmittance of
ZnO:Ga thin film was also measured by the spectrophotometer in the
wavelength range of between 270 and 800 nm.

3. Results and discussion

3.1. Optical and electrical properties

The transmission characteristics in UV–Vis-IR regions of as-
deposited and annealed ZnO:Ga thin films with the thickness of
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Table 1
The experimental data of the optical bandgap and carrier concentration in ZnO:Ga thin
films.

Thickness
(nm)

N (cm−3) Optical Bandgap
(eV)

Process

160 1.45×1021 3.672 as-deposited
170 8.14×1020 3.659
173 3.82×1020 3.648
185 4.94×1020 3.651
160 1.83×1021 3.801 annealed
170 2.01×1021 3.818
173 3.95×1021 3.799
185 3.69×1021 3.805
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160 nm and 185 nm are shown in Fig. 1. The plots of (αhν)2 versus hν
of ZnO:Ga thin films are also shown in the inset of Fig. 1. When the
ZnO:Ga thin films were annealed, the average transmittance was
enhanced up to 85% and the absorption edge was shifted to shorter
wavelength. It is indicated that the carrier concentration of the thin
films was increased after annealing. The relationship between the
absorption coefficient (α) and the optical bandgap of semiconductor
(Eg) is described by the following equation:

αhν = C hν−Eg
� �x

; ð1Þ

where C is the constant, hν is the energy of incident photons, and x is a
parameter and its value is 0.5 for a direct semiconductor [14]. The
optical bandgap was obtained by the intercept of the linear region in
plotting (αhν)2 versus hν [14]. The optical bandgap and the carrier
concentration depending on the thickness of ZnO:Ga thin film were
summarized in Table 1. After the annealing process, the optical
bandgap and the carrier concentrationwere increased. The increase of
carrier concentration by annealing was explained by the generation of
oxygen vacancies and interstitial Zn metals due to thermal energy
[15]. The increase of the optical bandgap was explained by BM effect
due to the increased carrier concentration. However, the previous
research reported that BM equation does not fit to the bandgap shift in
ZnO:Ga thin films [16].

3.2. BM effect and bandgap narrowing

The experimental data of the bandgap shifts in ZnO:Ga thin films
are presented in Fig. 2(a). After the annealing, the dramatic increase of
the optical bandgap was observed at the position between 1.5×1021/
cm3 and 1.8×1021/cm3 and the bandgap shift was decreased slightly
at the region above 3×1021/cm3. It is denoted that the optical
bandgap was affected by BGN as well as BM effect. The various effect
plots for the bandgap shift to consider the BM effect and BGN are
shown in Fig. 2(b). In themodel of BM effect, the bandgapwidening in
n-type semiconductor with parabolic band is given by the following
equation:

ΔEBM =
h2

8π2m*
3π2n

� �2=3
; ð2Þ

where ΔEBM is the blueshift of the optical bandgap, h is Plank's
constant, n is the carrier concentration, and m⁎ is the electron
Fig. 1. The transmittance in UV–Vis-IR regions of ZnO:Ga thin films. The inset shows the
plot of (αhν)2 versus hν.
effective mass in the conduction band [8]. The dotted line in Fig. 2(b)
was acquired by Eq. (2). The result shows that the theoretical values of
BM effect were larger than the experimental data. It is due to the
variation of electron effective mass which is dependent on the carrier
concentration at degenerate semiconductor because of the
Fig. 2. (a) The experimental bandgap shift with carrier concentration in ZnO:Ga thin
films and (b) the function of bandgap shift on carrier concentration. The dotted line, the
dashed line, and solid line were the result of theoretical BM effect, the nonparabolic BM
effect, and the nonparabolic BM effect and BGN, respectively.



Fig. 3. (a) The calculated exponent in the modified BM effect by using the experimental
data, (b) the exponent and quadratic polynomial equation in the modified BM effect in
the region under 1.5×1021/cm3, and (c) the exponent and linear equation in the
modified BM effect in the region above 1.5×1021/cm3.
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nonparabolic conduction band [13]. The electron effective mass in our
study was proportional to n2/3 and was expressed by [13]:

m*ð Þnon = m* 1 + D
h2

2π2m*
3πnð Þ2=3

" #1=2

; ð3Þ

where D is a constant. By replacing them⁎ in Eq. (2) with (m⁎)non , the
nonparabolic BM effect was acquired and represented by the dashed
line in Fig. 2(b).

The difference between the theoretical values of nonparabolic BM
effect and the measured data was explained by BGN. Here, the many-
body interaction effects were the main mechanism of BGN where it
occurs either between free carriers or between free carriers and
ionized impurities. In n-type semiconductor, electron–electron inter-
actions, electron–hole interactions, and electron–donor interactions
are effective terms and described by the following equation [9]:

ΔEBGN =
1:83Λ

rsN
1 = 3
b

R +
0:95

r3=4s

R +
π

2r3 = 2
s Nb

1 +
mmin*

m*
maj

0
@

1
AR; ð4Þ

whereR is theRydberg energy,Λ is the correction factorwhichaccounts
for anisotropy of the bands, Nb is the number of equivalent band
extrema and m⁎min/m⁎maj is the ratio of the minority carrier effective
mass to the majority carrier effective mass. Here, rs is the average
distance between electrons and expressed as the following equation:

rs =
3
4π

� �1=3
n−1=3 × a*ð Þ−1

; ð5Þ

where a⁎ is the effective Bohr radius.
The solid line in Fig. 2(b) was the result of considering the

nonparabolic BM effect and BGN, which can agree well with the
experimental data. Here, the first and last terms of Eq. (4) were
considered in the region under 1.5×1021/cm3 and the first term was
solely effective in the region above 1.5×1021/cm3. The second term,
which was related with the electron–hole interactions, was not
considered because the all samples were highly n-type and has very
low hole concentration. When the carrier concentration was lower
than the critical value, the electron–donor interactions as well as the
electron–electron interactions should be considered and the bandgap
shift was dependent on the terms of n2/3, n1/3, and n1/2. However, it is
observed that the carrier concentration in the annealed samples was
over the critical values due to the carrier generation such as oxygen
vacancies and zinc interstitials [17]. Since the number of the
generated electrons is extremely larger than the number of donors
in the annealed sample, the effect of donor is relatively lower than
that of electrons. Therefore, the electron–donor interactions were
neglected and electron–electron interactions were dominant. As a
result, the bandgap shift was related with n2/3 and n1/3.

3.3. Modified BM effect

ThemodifiedBMeffect is proposed to substitute the combination of
nonparabolic BM effect and BGN. The exponent in Eq. (2) is calculated
by using the experimental data and it is shown in Fig. 3(a). The label of
y-axis in Fig. 3 is the numerator of exponent when the denominator of
exponent is considered to be 60 as a reference value. The exponent in
theoretical BM effect is fixed at 2/3. Based on the results in this study,
the exponent was dependent on carrier concentration. It was
decreased with carrier concentration up to 1.5×1021/cm3 and it was
abruptly increased where carrier concentration is near 2×1021/cm3

and then re-decreased with carrier concentration up to 4×1021/cm3.
The decrease of exponent was attributed to the bandgap narrowing by
the many-body effect. The reason of abrupt increase in the region of
1.5×1021/cm3 was that the electron–electron interactions term in



Table 2
Summary of constants in the modified BM effect equation.

when n b 1.5×1021/cm3 when n N 1.5×1021/cm3

a 39.83/60 α 38.97/60
b −2.06×10−21/60 β −2.90×10−22/60
c 6.37×10−43/60
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many-body effect was dominant above critical point. Fig. 3(b) and (c)
show the equation of exponent in BM effect depending on the carrier
concentration. The modified BM effect equations were represented by
the following equations:

ΔEBM =
h2

8π2m*
3π2n

� � a + bn + cn2ð Þ
; for n b 1:5 × 1021

= cm3 ð6Þ

ΔEBM =
h2

8π2m*
3π2n

� �ðα + βnÞ
; for n N1:5 × 1021

= cm3 ð7Þ

where a, b, c, α, and β are constants and summarized in Table 2. In the
equations for the modified BM effect, the variation of each exponent
term was due to the change of significant interactions in many-body
effect. The carrier concentration in ZnO:Ga thin films is originated
from the oxygen vacancies, the interstitial Zn metal and the donor
electrons of Ga. Therefore, the electron–electron and the electron–
donor interactions were effective in the as-deposited thin films under
1.5×1021/cm3. As a result, the exponent term of the modified BM
equation was represented by quadratic polynomial function of carrier
concentration. Abovementioned, the increase of carrier concentration
after the annealing was due to the increase of oxygen vacancies and
zinc interstitials [15]. The number of electrons generated by oxygen
vacancies and zinc interstitials was extremely larger than the number
of donors. Therefore, the electron–electron interactions were domi-
nant compared with the other interactions. Consequently, the
exponent term of the modified BM equation was described by linear
function of carrier concentration.

4. Conclusion

In summary, ZnO:Ga thin films were deposited on glass substrate
by sputtering at room temperature and annealed in the temperature
350 °C in hydrogen atmosphere for 1 h. Based on the results, the
blueshift of the optical bandgap was observed but it was smaller than
the theoretical value of the BM effect. The experimental data was then
explained by BM effect considering the nonparabolic conduction band
and BGN due to many-body effect. In addition, the modified BM effect
equation was proposed and described at which the exponent was
dependent on carrier concentration. It can be concluded that the
electron–electron interactions and the electron–donor interactions of
BGN were considered in the region under 1.5×1021/cm3 and the
electron–electron interactions was solely effective in the region above
1.5×1021/cm3.
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