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Ga-doped ZnO (GZO) films are prepared on amorphous glass substrates at room temperature by radio frequency

magnetron sputtering. The results reveal that the gallium doping efficiency, which will have an important influence on

the electrical and optical properties of the film, can be governed greatly by the deposition pressure and film thickness.

The position shifts of the ZnO (002) peaks in X-ray diffraction (XRD) measurements and the varied Hall mobility and

carrier concentration confirms this result. The low Hall mobility is attributed to the grain boundary barrier scattering.

The estimated height of barrier decreases with the increase of carrier concentration, and the trapping state density is

nearly constant. According to defect formation energies and relevant chemical reactions, the photoluminescence (PL)

peaks at 2.46 eV and 3.07 eV are attributed to oxygen vacancies and zinc vacancies, respectively. The substitution of

more Ga atoms for Zn vacancies with the increase in film thickness is also confirmed by the PL spectrum. The obvious

blueshift of the optical bandgap with an increase of carrier concentration is explained well by the Burstein–Moss (BM)

effect. The bandgap difference between 3.18 eV and 3.37 eV, about 0.2 eV, is attributed to the metal–semiconductor

transition.
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1. Introduction

Transparent conducting oxides (TCOs) have at-

tracted extensive attention due to their versatile ap-

plications such as light emitting diodes, random ac-

cess memories, low-emissivity windows, and transpar-

ent electrodes for solar cells or flat panel displays.[1−4]

ZnO, a promising alternative to the high cost and

scarce TCO (In2O3:Sn), has been investigated due

to its benign nature, low cost, direct bandgap of

about 3.37 eV, and large work function.[5−7] To real-

ize the higher conductivity, transparency, and stabil-

ity, various dopants have been introduced to prepare

the high-quality n- or p-type ZnO films.[8−11] In fact,

some aspects must be considered as follows:[12−15] the

mismatch dopants that cause interstitial donors or

the host lattice relaxation, solubility limit, strengths

of complex bonds, surface segregations of dopants,

and self-compensating effects from native defects. In

theory, Group III elements such as In, Al, and Ga

can be n-type doping candidates by substituting Zn

in a ZnO host lattice. Among them, Ga is con-

sidered as the best dopant due to its nearly ionic

radius and its oxidation resistance ability. There-

fore, a variety of techniques have been used such as

magnetron sputtering,[16] pulsed laser deposition,[17]

chemical vapour deposition,[18] and spray pyrolysis.[19]

Magnetron sputtering is widely used for fabricating

TCOs due to easy control, high efficiency, and econ-

omy. Although many research findings have been re-

ported for the doped ZnO films, the discrepancies still

exist. Currently, most electrical resistivity results re-

ported are in a range of 10−4 Ω · cm in magnitude.

However, the measured Hall mobility can vary sev-

eral times, even in the films having a similar carrier or

doping concentration.[20] The photoluminescence (PL)

spectra also show some controversies,[21,22] which are a

convenient method to detect radiative defects in ma-

terials. In spite of the variations in the values re-

ported by different authors, there might be a correla-
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tion between deposition parameters and properties of

the films. In fact, it has been suggested that the depo-

sition parameter can also have an important influence

on composition homogeneity, defect chemistry, and

crystal microstructure of the film.[23,24] In the present

work, some deposition parameters and physical mech-

anisms are investigated to clarify some controllable

factors of the optical and electrical behaviours for the

doped ZnO films.

In this study, we chose Ga as the dopant and the

Ga-doped ZnO (GZO) films are prepared at room tem-

perature. The lower deposition temperature will ex-

tend the application fields of the TCOs. The struc-

ture, the electrical and optical data of the ZnO films

are analysed to clarify some controllable factors within

the properties of the films with deposition parame-

ters such as the deposition pressure and film thick-

ness. Our results show that the doping efficiency, the

grain boundary barrier, the status of defects, and the

optical bandgap can be modulated significantly by the

growth process.

2. Experiment

GZO films were grown on glass substrates at room

temperature by radio frequency magnetron sputter-

ing. Two thickness ranges of 80 nm–720 nm and

60 nm–580 nm were obtained at the sputtering pres-

sures of 0.6 Pa and 4 Pa, respectively. The sintered

ceramic target, which is made from ZnO (99.995% pu-

rity) and 3 wt% Ga2O3 (99.999% purity), was used.

The size of the target was 2 inch in diameter. The base

pressure of the chamber was kept below 2 × 10−4 Pa

by a turbomolecular pump. The substrate was kept

at 300 K in the growth process. Argon gas was intro-

duced as the working gas, and the argon gas flow rate

was 20 SCCM (SCCM stands for cubic centimeter per

minute at standard temperature and pressure). The

sputtering power was kept at 80 W.

To analyse the properties of the films, film thick-

nesses were measured by a profilometer. Crystal struc-

ture was examined by an X-ray diffractometer (XRD)

with a Cu Kα1 radiation of 0.154 nm. A scanning

electron microscope (SEM) with a field emission gun

was adopted to characterize the film surface morphol-

ogy. Electrical properties were measured by a Hall

measuring system using the Van Der Pauw technique.

Ohmic contacts were achieved by soldering small dots

of indium onto the four corners of 10 mm× 10 mm

film. The optical transmittance was evaluated by a

UV-visible spectrophotometer. Low temperature PL

spectra at 77 K were obtained by using the 325-nm line

of an He–Cd laser with a power density of 1 W · cm−2.

3. Results and discussion

Figures 1(a) and 1(b) show the XRD patterns of

the films in the semilogarithmic scale. The films with

thicknesses of 80 nm–480 nm are prepared at 0.6 Pa,

and the films with thicknesses of 60 nm–580 nm are

prepared at 4 Pa. The absence of the segregated phase

excludes the possibility of large-size precipitates in the

films. However, it is very difficult for the XRD to de-

tect nanosized clusters and precipitates around grain

boundaries. Both figures show that the diffraction in-

tensity of the ZnO (002) peak increases and becomes

dominant with the increase of film thickness. It in-

dicates that the films are highly textured along the

c axis. However, other peaks emerge weakly. The

films grown at 0.6 Pa show relatively clear ZnO (101)

and (103) peaks. During the film growth, the depo-

sition pressure can change the growth mode and the

film quality, which are associated with the preferential

nucleation, sticking probability, and surface diffusion.

In fact, the preferential orientation of polycrystalline

films and associated morphologies and properties are

central topics for film growth. The relationship be-

tween growth conditions and the preferential orienta-

tion has been confirmed.[25] As shown in the figures,

the (002) face is more dominant at a higher sputter-

ing pressure of 4 Pa due to the lowest surface energy

growth mode. It is also observed that the position

of the ZnO (002) peak shifts toward the higher an-

gle with the increase of film thickness, regardless of

preparation conditions. The peak position shift of

the (002) orientation was also reported by Hong et

al.,[26] but it is the result of the post-annealing treat-

ment. The peak position shifts toward the higher an-

gle side from 33.8◦ to 34.16◦ at the sputtering pressure

of 0.6 Pa, and from 34◦ to 34.22◦ at the sputtering

pressure of 4 Pa. The full width at the half maxi-

mum (FWHM) value decreases with the increase of

film thickness. This should be attributed mostly to

the relaxed lattice strain and improved film quality,

which consequently favours the substitution of more

Ga atoms for Zn atoms in the ZnO host lattice. In

other words, the GaZn concentration will be enhanced

with the increase in film thickness as confirmed by the

electrical measurements.
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Fig. 1. The XRD patterns of the GZO films with differ-

ent thicknesses. In panel (a), the thicknesses of 80, 160,

260, and 480 nm are obtained at 0.6 Pa; in panel (b), the

thicknesses of 60, 200, 340, and 580 nm are obtained at

4 Pa. The inserts show the position shifts of (002) peaks.

The SEM images, which are given in Fig. 2, show

the influence of the film thickness and the deposition

pressure on the surface morphology. In the initial pe-

riod, the film thicknesses are 80 nm and 60 nm, and

the small crystallites are around 30 nm–40 nm in di-

ameter. The small crystallites are the origin of the

broadened diffraction peaks. As film thickness in-

creases, the grains begin to coalesce. However, the

grain shapes and surface morphologies are different

for the films deposited at 0.6 Pa and 4 Pa. The

films deposited at 0.6 Pa have more irregular mor-

phologies. This should be attributed to the different

growth modes, which arise from the different growth

rates and aggregation rates of the emerging crystal

faces.[27] This is in accordance with XRD measure-

ments. It is believed that in the initial period, the

randomly oriented nucleation will occur due to the

amorphous glass substrate. However, the deposition

pressure can change the preferential nucleation, the

(002) preferential nucleation will be more dominant

at 4 Pa, but the (101) and (103) orientations can sur-

vive weakly at 0.6 Pa. The difference between the

morphologies, due to the different growth rates and

aggregation rates of different crystal faces, becomes

more and more clear. Moreover, different surface mor-

phologies lead to a considerable difference in electrical

properties.

Fig. 2. SEM images of films with different thicknesses,

the films in panels (a) and (b) are prepared at 0.6 Pa and

have thicknesses of 80 nm and 260 nm respectively; the

films in panels (c) and (d) are prepared at 4 Pa and have

thicknesses of 60 nm and 200 nm respectively.

The dependences of the electrical resistivity on

the film thickness are shown in Fig. 3(a). As seen,

the electrical resistivity increases rapidly with the de-

crease of film thickness. It should be noted that the

electrical resistivity ρ of the film with a thickness of

60 nm, prepared at 4 Pa, is ∼ 1.67×10−2 Ω · cm. This

is attributed to the deactivation of Ga dopants due to

the higher deposition pressure.[28] Figure 3(b) shows

the resistivity, carrier concentration, and Hall mobil-

ity, each as a function of film thickness. The films with

thicknesses of 80 nm to 720 nm are prepared at 0.6 Pa.

A similar trend is also observed for the films prepared

at 4 Pa, but not shown here. The resistivity decreases

with the increase of film thickness. This results from

the increase in both carrier concentration and Hall mo-

bility. As shown in the figure, nc and µc can be mod-

ulated in ranges of ∼ 2.1× 1020 cm−3–4.3×1020 cm−3

and ∼6.7 cm2 ·V−1 · s−1–13.3 cm2 ·V−1 · s−1 by the

film thickness respectively. It is believed that the ob-

vious improvement arises from more Ga atoms having

been substituted for Zn atoms, which leads to a higher

quality of film. The result is consistent with that

shown by the regular position shifts of the ZnO (002)

peaks in XRD measurements. Actually, it is not desir-

able for TCO to have too high a carrier concentration

(nc > 1021 cm−3), which can have a strong absorp-

tion effect in the near infrared region and will reduce

the wide optical bandpass needed. From this view-

point, the mobility plays a more important role. The
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current challenges are how to enhance the carrier mo-

bility and how to find the main obstacles which affect

the mobility. Figure 3(c) sorts all the present data in a

plot of the Hall mobility versus the carrier concentra-

tion. The films with various carrier concentrations are

prepared at 0.6 Pa and 4 Pa, respectively. As demon-

strated above, the modulation of carrier concentration

from 1.09× 1020 cm−3 up to 5.17× 1020 cm−3 can be

achieved by adjusting the deposition pressure and the

film thickness. The top-right data point with nc of

∼ 5.17 × 1020 cm−3 and µc of ∼ 16.1 cm2 ·V−1 · s−1

represents the lowest resistivity ρ, ∼ 7.5×10−4 Ω · cm.

The figure also shows the upper limit of the semi-

empirical model developed by Masetti et al.[29] In this

model the ionized impurity scattering and impurity

cluster scattering effects are taken into consideration,

which can be described as

µin = µMa

= µmin +
µmax − µmin

1 + (n/nref1)
− µ1

1 + (nref2/n)
2 (1)

with µmax = 210 cm2 ·V−1 · s−1, µmin = 50 cm2

·V−1 · s−1, µ1 = 40 cm2 ·V−1 · s−1, nref1 = 2 ×
1018 cm−3, and nref2 = 6× 1020 cm−3,[7] µin has been

estimated (the fitted curve in Fig. 3(c)). As is known,

for heavily doped oxide films (nc > 1020 cm−3), the

ionized impurity scattering should be predominant

and the trend of mobility will be inverse to that of car-

rier concentration. However, our results show that the

mobility is enhanced with the increase of carrier con-

centration. The results suggest that the grain bound-

ary scattering is abundant in the film.[7,30,31] In fact,

it is also observed that the resistivity can fluctuate

slightly and randomly as soon as the film is exposed

to a high humid environment. This finding was also

reported by Tadatsugu.[30] Usually, the grain bound-

ary has remarkable effects on the properties of ma-

terials such as strength,[32] ferroelectric property,[33]

and magnetic property.[34] The grain boundary con-

sists of the disordered atom layers, impurities of di-

electric mismatch, and absorbed gas such as O2, which

can capture excess electrons from the conduction band

and can cause an upward band bending around grain

boundaries. The grain boundary scattering model was

proposed by John.[35] In the model there are consid-

ered trapping states located between the Fermi en-

ergy and the intrinsic Fermi energy and the limiting

of the electrical transport in the polycrystalline mate-

rial. The model can be expressed as

µc = µin exp(−Φb/kT ), (2)

Φb = e2N2
T/8εε0nc, (3)

Fig. 3. (a) The dependences of resistivity on film thickness. (b) The resistivity, carrier concentration, and Hall mobility

each as a function of film thickness, the films are prepared at 0.6 Pa. (c) All the present data in a plot of Hall mobility

versus carrier concentration, and the fitted curve is the Masetti model. (d) The barrier height and the trapping state density

each as a function of carrier concentration.
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where the dielectric constant ε is 8.5, µin represents

the in-grain mobility (the Masetti upper limit, which

is mainly from the ionized impurity scattering), NT

represents the trapping states density, and Φb is the

barrier height (meV). According to Eqs. (2) and (3),

the estimated height of the barrier Φb around the grain

boundary is shown in Fig. 3(d). As is shown in the

figure, the height of the barrier will decrease from

70.5 meV to 19.1 meV with the increase in carrier con-

centration. The trapping state density NT is nearly

constant, ∼ 1.7 × 1013 cm−2–2.2×1013 cm−2. The

results are similar to those reported previously.[35−37]

The optical properties of the films grown at 0.6 Pa

are investigated by PL spectra at 77 K. The films

have different carrier concentrations, which span from

2 × 1020 cm−3 to 4.18 × 1020 cm−3 (the maximal

measurement error of nc is less than 10%), and the

film thickness ranges from 80 nm to 480 nm. The

PL measurements show that the emission properties

vary with the variation in carrier concentration, which

is attributed to the film thickness effect. As is well

known, the PL spectrum can detect some radiative

defects by the optical emission of specific wavelength

and the uncertainties usually originate from the over-

lapped emissions, defect complex, and nonradiative or

low-emissive defects. The emission peaks can usually

be divided into some categories such as near-band-

edge emissions, bandgap tails, and deep-level emis-

sions. As shown in Fig. 4, no fine structures can be

detected. Indeed, no fine structures and red shifts

of near-band-edge peaks should be expected because

of impurities packing close together for heavily doped

systems. The dominant emission peaks and relative

variations of luminescence intensities can be detected

at 2.46 eV and 3.07 eV. For the GZO system, the de-

fect chemical reactions (4) and (5) can be described

as

Ga2O3
ZnO−−−→ 2Ga·Zn +O′′

i + 2OO, (4)

Ga2O3
ZnO−−−→ 2Ga·Zn +V′′

Zn + 2OO. (5)

As stated in the discussion given by Janotti and Van

de Walle,[14] the formation energies of zinc interstitials

and oxygen interstitials under n-type conditions are

high, but the formation energies of zinc vacancies and

oxygen vacancies are only 1.5 eV and 3.7 eV, respec-

tively. According to results reported by others,[38,39]

emission peaks of oxygen interstitials and zinc intersti-

tials are at ∼ 2.28 eV and 3.1 eV, respectively. There-

fore, the emission peaks at 2.46 eV and 3.07 eV are

assigned to oxygen vacancies and zinc vacancies, re-

spectively. The suppressed luminescence intensity of

zinc vacancies confirms the fact that more Ga atoms

will be substituted for zinc vacancies with the increase

in film thickness. As demonstrated above, it also

leads to the higher carrier concentration. In fact, the

anomalous defect concentration distribution along the

film growth direction has been observed by using the

positron annihilation spectrum by Zubiaga et al.[40]

The substitution can occur by the mediations of zinc

vacancies due to the lower self-diffusion energy in n-

type ZnO.[14,41] The suppressed luminescence from the

thicker film should be attributed to the relaxtion of the

ZnO host lattice. It results from the increased GaZn

concentration. Moreover, the luminescence from oxy-

gen vacancies becomes dominant when the thickness

is over 260 nm. The results imply that the defect sta-

tus in the film can be governed greatly by the growth

process.

Fig. 4. The PL spectra of the GZO films at 77 K. The

films with thicknesses of 80, 160, 260, and 480 nm are

prepared at 0.6 Pa.

Figure 5(a) shows that the film has a high trans-

mittance (> 90%) in the visible region. The oscillation

from the thicker film is due to the light interference at

the interface between the film and the substrate. The

inset plot shows the curves of α2 versus hν for the

films with the values of carrier concentration (nc) of

1.09× 1020 cm−3 and 5.17× 1020 cm−3, respectively.

Here, α represents the absorption coefficient and hν

represents the photon energy. The linear dependence

and the absorption coefficient greater than 104 cm−1

at the photon energy above the absorption edge obvi-

ously indicate that the GZO film is a direct bandgap

semiconductor. The optical bandgap is determined

by an extrapolation method, at the point where α2

is zero. Figure 5(b) shows the optical bandgap plot-

ted as a function of the carrier concentration n
2/3
c for
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all films. An obvious blueshift can be observed with

the increase of carrier concentration. The bandgap

Fig. 5. (a) Optical transmittances of the GZO films with

thicknesses of 80, 260, and 480 nm. The inset shows the

squared absorption coefficients each plotted as a function

of the photon energy with nc values of 1.09 × 1020 cm−3

and 5.17 × 1020 cm−3, respectively. (b) The optical

bandgap plotted as a function of the carrier concentration

n
2/3
c , and the solid line represents the results obtained

from the fitted BM model.

is extended from 3.3 eV up to 3.56 eV as the car-

rier concentration increases from 1.09× 1020 cm−3 up

to 5.17 × 1020 cm−3. In fact, the bandgap will shift

due to the Burstein–Moss (B-M) effect only in the de-

generate semiconductor.[42] It means that the carrier

concentration nc should be larger than the conduc-

tion band effective density of state Nc for the n-type

semiconductor. Usually, the Nc can be expressed as

Nc = 2(2πm∗
ekT )

3/2/h3. (6)

Here, m∗
e represents the effective mass of the electron

in the conduction band, which ranges from 0.28m0

to 0.5m0 as the carrier concentration varies. Ac-

cording to Eq. (6), the evaluated Nc spans from

3.7× 1018 cm−3 to 8.83× 1018 cm−3. Thus, the GZO

films (the lowest nc is over 1× 1020 cm−3) are degen-

erate for the conduction band and the blueshift will

have a remarkable relation with the BM effect. In the

parabolic band approximation, the shift of the optical

bandgap in the film can be described as

Eg = Eg0 +
~2(3π2nc)

2/3

2m∗
eh

, (7)

m∗
eh =

[
1

m∗
e

+
1

m∗
h

]−1

(8)

with m∗
e = 0.28m0, m∗

h = 0.59m0, Eqs. (7) and

(8),[7] Eg is expressed as (3.37 + 1.925) × 10−14n
2/3
c .

However, our fitted curve from the experimental data

is (3.18 + 0.61) × 10−14n
2/3
c . The discrepancy be-

tween the derived bandgap of 3.18 eV and the def-

inite bandgap of 3.37 eV can be attributed to the

metal–semiconductor transition. Indeed, the metal–

semiconductor transition effect should be considered

due to the heavy doping. The effect indicates that

the valence band will move up by the attraction from

the ionized electron gas of dopants, but the conduc-

tion band will move down by Urbach band tails due to

the merging of the conduction band and the impurity

band. As a criterion, the Mott critical concentration

is used to evaluate the onset of the bandgap narrowing

and can be described as[43]

n1/3
c a∗ = K. (9)

Here, K is a constant from 0.2 to 0.3 for different

materials. In the effective mass approximation, the

wavefunction extension of the electron bound to the

fixed ion can be expressed as

a∗ = εh2/m∗
eπe

2 (10)

with m∗
e = 0.28m0–0.5m0, Eqs. (9) and (10), the es-

timated nc varies from 1.81 × 1018 cm−3 to 3.48 ×
1019 cm−3. Therefore, the criterion is satisfied and

the transition can occur in the films. The smaller de-

rived bandgap of 3.18 eV is attributed to the metal–

semiconductor transition. The other smaller coeffi-

cient of 0.61 can arise from the used smaller and con-

stant effective mass of the electron. It will increase

with the increase of carrier concentration because of

the nonparabolic conduction band effect.

4. Conclusion

We investigate the modulations of structural,

electrical, and optical properties of the wurtzite GZO

films. The wurtzite structure is observed for all films

067306-6



Chin. Phys. B Vol. 21, No. 6 (2012) 067306

with a strong c-axis preferential orientation. The sub-

stitution of more Ga atoms for Zn atoms with the in-

crease of film thickness is confirmed by the regular po-

sition shifts of ZnO (002) peaks toward the higher an-

gle side, the varied carrier concentration, and the sup-

pressed zinc vacancies luminescence from the thicker

film. The low Hall mobility is attributed to the grain

boundary barrier scattering, and the height of barrier

decreases with the increase of carrier concentration.

The PL peaks at 2.46 eV and 3.07 eV are attributed

to oxygen vacancies and zinc vacancies, respectively.

The modulated defect status in the film is also con-

firmed by the PL spectrum. The obvious blueshift

of the optical bandgap can be explained by the BM

effect. The bandgap difference between 3.18 eV and

3.37 eV, about 0.2 eV, is attributed to the metal–

semiconductor transition.
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[28] Agashe C, Kluth O, Hüpkes J, Zastrow U, Rech B and

Wuttig M 2004 J. Appl. Phys. 95 1911

[29] Masetti G, Severi M and Solmi S 1983 IEEE Trans. Elec-

tron Dev. ED30 764

[30] Tadatsugu M 2008 Thin Solid Films 516 5822

[31] Takahiro Y, Aki M, Seiichi K, Hisao M, Naoki Y and Tet-

suya Y 2007 Appl. Phys. Lett. 91 051915

[32] Valerie R C and James P S 2008 Phys. Rev. B 77 144111

[33] Wen W C 2005 Nat. Mater. 4 727

[34] Yu X Z, Kanazawa N, Onose Y and Kimoto K 2011 Nat.

Mater. 10 106

[35] John Y W S 1975 J. Appl. Phys. 46 5247

[36] Cornelius S, Vinnichenko M, Shevchenko N, Rogozin A,
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