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Abstract Ga-doped ZnO (GZO) thin films were pre-

pared by rf magnetron sputtering and dependence of

the electrical resistivity and the transmittance of the

GZO films on the oxygen partial pressure (R = the O2/

Ar gas flow ratio) and the substrate temperature were

investigated. The resistivity of the GZO film decreases

first and then increases with an increase in the substrate

temperature (T). A minimum resistivity obtained with a

substrate temperature of 300 �C is 3.3 · 10–4 Wcm. The

resistivity nearly does not change with R for R < 0.25.

The decrease in the resistivity for R < 0.25 is attributed

to enhancement in crystallinity, whereas the increase in

the resistivity for R > 0.25 to precipitation of gallium

oxides at grain boundaries. Optical transmittance of the

GZO films is enhanced by increasing R up to 0.75. This

enhancement in the transmittance is due to a decrease

in oxygen vacancy concentration and a decrease in

surface roughness with R.

Introduction

Indium tin oxide (ITO) has been most widely used as a

transparent conducting oxide (TCO) electrode in li-

quid crystal displays (LCDs), organic light emitting

diodes (OLEDs) and solar cells since it has high visible

transmittance (~90% at 550 nm), low electrical resis-

tivity (~2 · 10–4 Wcm), and relatively high work func-

tion (~4.8 eV) [1]. Nevertheless, ITO is an expensive

TCO since indium in ITO is a rare and expensive

element. Therefore, impurity-doped zinc oxide (ZnO)

has been actively investigated as an alternative to ITO.

Impurity-doped ZnO is cheaper, and easier to etch

than ITO. ZnO is nontoxic and much more resistant to

hydrogen plasma reduction and can be grown at lower

temperatures. Thus, impurity-doped ZnO is more

favorable than ITO particularly for amorphous-silicon

solar cells fabricated on TC substrates, since the TC

substrates are exposed to hydrogen plasma [2, 3].

Group IIIA elements such as Al, In, Ga, and B have

been widely used as n-type dopants for ZnO [4–6].

Among these elements Ga has a couple of advanta-

ges. One is that defect generation is minimized when

ZnO is doped with Ga since the atomic radius of Ga is

the most similar to that of Zn. Another one is that it

makes less diffusion-related problems since the diffu-

sivity of Ga is lower than those of Al and B at the same

temperature. In spite of these advantages GZO has

been relativity less studied than Al-doped ZnO (AZO).

The deposition temperature of a TCO film is strictly

limited depending upon its applications. In the case of

LCD applications it should be lower than 140 or 250 �C

depending on whether the substrate material is plastic

or glass [7]. For plasma display panels (PDP) applica-

tions it should be lower than 400 �C. Also for solar cell

applications it should be lower than 200 or 500 �C

depending on whether the TCO film is deposited on

other films such as a semiconductor film or deposited

directly on glass. Because of this deposition tempera-

ture limit for TCO films most studies on the effect of
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the substrate temperature on the electrical and optical

properties of TCO films have been investigated in the

temperature range below 200 �C [7–10]. However, for

the applications of solar cells and PDPs with various

device structures it is necessary to investigate the effect

of the substrate temperature for a wider range of

temperature. In this work we report the effects of the

substrate temperature and atmosphere on the electrical

and optical properties of GZO thin films prepared by rf

magnetron sputtering in a temperature range up to

400 �C.

Experimental

GZO thin films were deposited on (002) sapphire and

glass substrates using an rf magnetron sputtering

technique. A target (ZnO: 97 wt% and Ga2O3: 3 wt%)

with a 2-inch diameter was used. The maximum hori-

zontal component magnetic field strength at the target

surface was 5 · 10–2 T. The substrate surfaces were

cleaned in an ultrasonic cleaner for 10 min with ace-

tone and methanol, respectively and then blown dry

with nitrogen before they were introduced into the

sputtering system. The deposition chamber was ini-

tially evacuated to 1 · 10–6 torr and oxygen and argon

gas was introduced into the chamber to maintain the

desired pressure (1 · 10–3 torr). The gas flow ratio

(R = oxygen:argon) was varied like 0:30, 10:20, 15:15,

20:10, and 30:0. The rf sputtering power was fixed at

80 W. The substrate temperature was varied in a

temperature from room temperature (RT) to 400 �C.

For the prepared samples X-ray diffraction (XRD)

was performed to investigate the crystallinity of the

GZO films. The full width at half maximum (FWHM)

of ZnO (002) XRD peaks was measured from the XRD

diffraction spectra to assess the crystallinity. An a-step

(Dektak-3) was used to measure the film thickness.

Atomic force microscopy (AFM) was used to investi-

gate the surface roughness of the film. The carrier

concentration, carrier mobility and electrical resistivity

of the films were determined by Hall measurement

(HEM-2000). The optical transmittance measurements

were made using a UV/VIS spectrophotometer. Pho-

toluminescence (PL) spectra were obtained using

40 mW He–Cd (325 nm) at room temperature.

Results and discussion

Figure 1 shows the variation of carrier concentration,

carrier mobility and electrical resistivity with the sub-

strate temperature for the GZO thin films deposited by

rf magnetron sputtering. The rf power and O2/Ar flow

ratio were fixed at 80 W and 10:20, respectively and the

film thickness was 300 nm. The electrical resistivity of

the GZO thin film deposited at room temperature was

measured to be 2.2 · 10–3 Wcm It decreases slowly first

and then rapidly as the substrate temperature increases

from room temperature to 300 �C. A minimum resis-

tivity of 3.3 · 10–4 Wcm is obtained at 300 �C and then

the resistivity increases with a further increase in the

substrate temperature to 400 �C. The decrease in the

resistivity with an increase in the substrate temperature

from room temperature to 300 �C is due to increases

both in the carrier concentration and the carrier

mobility. The increases of both the carrier concentra-

tion and carrier mobility with the substrate tempera-

ture may be, in turn, attributed to enhancement in the

crystallinity of the GZO film. As can be seen in Fig. 2,

the FWHM of the XRD (002) peak for the GZO film

decreases in a temperature range from room temper-

ature to 400 �C suggesting that the crystallinity is

enhanced with temperature. On the other hand, the

increase in the resistivity with an increase in the sub-

strate temperature from 300 to 400 �C is due to dete-

rioration in the crytallinity of the ZnO film as can be

seen from an increase in the FWHM of the XRD (002)

peak for the GZO film. It is well known that the

crystallinity of a conducting material makes strong

effects on the carrier concentration and mobility of the

material. There are many crystallographic defects

affecting the crystallinity. These defects include grain

boundaries, dislocations, interstitials, vacancies, and

solute atoms such as Ga atoms. All these defects

induce scattering of carriers e.g. impurity scattering

and grain boundary scattering and act as traps for

carriers which reduces the effective carrier concentra-

tion by making carriers inactive.

5

10

15

20

25

100 200 300 400

C
ar

ri
er

 c
on

ce
nt

ra
ti

on
 (

10
20

/c
m

3 )

M
ob

ili
ty

 (
cm

2 /
V

s)

R
es

is
ti

vi
ty

(Ω
cm

)

Carrier concentration
Mobility
Resistivity 30

Substrate temperature ( )
RT

10-2

10-3

10-41

10

°C

Fig. 1 The carrier concentration, carrier mobility and electrical
resistivity of GZO films as a function of the substrate
temperature with an O2/Ar flow ratio (R) of 0.75
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Variation of the carrier concentration, the carrier

mobility and the electrical resistivity of the GZO film

with the O2/Ar gas flow ratio, R is shown in Fig. 3. In

this figure real O2 and Ar gas flow rates in sccm for

R = 0, 0.25, 0.5, 0.75, and 1 are O2:Ar = 0:30, 10:20,

15:15, 20:10, and 30:0, respectively. The electrical

resistivity nearly does not change with R for R < 0.25

but increases rapidly with R for R > 0.25. This change

in the resistivity can be explained as follows: The

crystallinity of the GZO film seems to be enhanced as

the oxygen partial pressure (R) increases from 0 to 0.5,

because Fig. 4 shows that the FWHM decreases with R

in this range of R. However, the decreasing rate of the

FWHM for 0.25 < R < 0.5 is lower than that for

0 < R < 0.25 and the FWHM increases with R in the R

range from 0.5 to 1.0. Particularly the increasing rate of

the FWHM for R > 0.75 is very high. This change in

the FWHM with R suggests that precipitation of gal-

lium oxides starts at R = 0.25 as R increases. According

to Yamamoto et al.’s report, if the oxygen partial

pressure is higher than a certain level, nonconducting

gallium oxides precipitate at grain boundaries due to

segregation of oxygen atoms, which causes a crystalline

disorder in the films [11]. These gallium oxides at grain

boundaries act as carrier traps rather than electron

donors. In other words, acceptors such as Zn vacancies

and oxygen interstitials, which kill Ga donors are

generated by excess oxygen. Carrier mobility also in-

creases for R < 0.25 and then decreases for R > 0.25

with an increase of R, which is attributed to the for-

mation of gallium oxides at grain boundaries acting as

scattering centers.

Figure 5 shows the transmittance spectra for GZO

thin films 300 nm thick prepared with different O2/Ar

flow ratios (Rs). The transmittance of the GZO thin

film is higher than 90% except that of the GZO film

Fig. 2 X-ray diffraction
patterns and the full width at
half maximum (FWHM) of
the (002) peak of GZO thin
films deposited at different
substrate temperatures with
the O2/Ar flow ratio of 0.75
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Fig. 3 The carrier concentration, carrier mobility and electrical
resistivity of GZO films deposited at 300 �C as a function of the
O2/Ar flow ratio (R)

Fig. 4 X-ray diffraction
patterns and the FWHM of
the (002) peak of GZO thin
films deposited with different
O2/Ar ratios (Rs) at 300 �C
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prepared with R = 0. The lower transmittance for

lower Rs is attributed to the high densities of point

defects such as oxygen vacancy and Zn interstitial in

the GZO films. The transmittance tends to increase

with R for R < 0.75, which may be due to a decrease in

the oxygen vacancy concentration with R. Variation of

surface roughness with R is shown in Fig. 6. The sur-

face roughness of the GZO film decreases with R for

R < 0.5 but increases with R for R > 0.5. The AFM

images in Fig. 7 confirms us that the surface roughness

is lowest for R = 0.5. The decrease in the surface

roughness for R < 0.5 may also contribute to the in-

crease in the transmittance.

Conclusions

The electrical resistivity of Ga-doped ZnO (GZO) films

decreases first and then increases as the substrate

temperature increases from room temperature to

400 �C. A minimum resistivity of 3.3 · 10–4 Wcm is

obtained at 300 �C. The resistivity nearly does not

change with the O2/Ar flow ratio, R for R < 0.25 but

increases rapidly with R for R > 0.25. Changes in

resistivity with the substrate temperature and R are

intimately related to the crystallinity of GZO films. The

crystallinity is enhanced as R increases, but if the oxy-

gen partial pressure is higher than a certain level

(R = 0.25) gallium oxides precipitate at grain bound-

aries, which decrease both carrier concentration and

mobility. Optical transmittance increases as R increases

for R < 0.75. This change in transmittance with R is

related to changes in oxygen vacancy concentration and

surface roughness with R.

Acknowledgements This work was supported by KOSEF
through OPERA (R11-2003-022).

References

1. Hartnagel HL, Dawar AL, Jain AK, Jagadish C (1995)
Semiconduction transparent thin films. Institute of Physics
Publishing, Bristol and Philadelphia

2. Mayer S, Chopra KL (1998) Solar Energy Mat 17:319
3. Wanka HA, Lotter E, Shubert MB (1994) Mat Res Soc

Symp Proc 336:657

100
T

ra
ns

m
it

ta
nc

e 
(%

)

80

60

40

20

0
300 400 500 600 700 800

Wavelength(nm)

R= 0
R= 0.25
R= 0.5
R= 0.75
R= 1

Fig. 5 The optical transmittance of GZO films deposited at
300 �C for different O2/Ar flow ratios (Rs)

0.25 0.5 0.75 1
R

0

R
M

S 
ro

ug
hn

es
s 

(n
m

)

1

2

3

4

5

6

Fig. 6 The RMS surface roughness of GZO films deposited at
300 �C as a function of the O2/Ar flow ratio (R)

Fig. 7 The atomic force microscopic (AFM) images of GZO films deposited at 300 �C with different O2/Ar flow ratios (Rs): (a) R = 0,
(b) R = 0.5, and (c) R = 1.0

4848 J Mater Sci (2007) 42:4845–4849

123



4. Hiramatsu M, Imaeda K, Horio N, Goto T (1998) J Vac Sci
Technol A 16:669

5. Chen M, Pei ZL, Sun C, Gong J, Huang RF, Wen LS (2001)
Mat Sci Eng B85:212

6. Minami T, Sato H, Nanto H, Takata S (1985) Jpn J Appl
Phys 24:L781

7. Miyazaki M, Sato K, Mitsui A, Nishimura H (1997) J Non-
Cryst Sol 218:323

8. Park KC, Ma DY, Kim KH (1997) Thin Solid Films 305:201
9. Chen M, Pei ZL, Sun C, Gong J, Hwang RF, Wen LS (2001)

Mat Sci Eng B56:212
10. Lin Su-Shia, Huang Jow-Lay, Sajgalik t (2005) Surf Coat

Technol 190:39
11. Yamamoto Y, Sakemi T, Awai K, Shirakata S (2004) Thin

Solid Films 451–452:439

J Mater Sci (2007) 42:4845–4849 4849

123


	Dependence of the resistivity and the transmittance of sputter-deposited Ga-doped ZnO films on oxygen partial pressure and sputtering temperature
	Abstract
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


