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Abstract−Aluminum-doped ZnO (AZO) thin films are grown by ultrasonic-mist deposition method for the transpar-

ent conducting oxides (TCO) applications at low temperatures. The AZO films can be grown at a temperature as low

as 200 oC with zinc acetylacetonate and aluminum acetylacetonate sources. The lowest resistivity of grown AZO films

is 1.0×10−3Ω·cm and the lowest sheet resistance of 1 µm thick films is 10Ω/□ , which is close to that of commercial

indium tin oxide (ITO) or Asahi U-type SnO2 : F glass. The highest carrier concentration and mobility are 5.6×1020

cm−3 and 15 cm2/V·sec, respectively. Optical transmittance of the AZO films is found over 75% for all growth con-

ditions. We believe that the properties of grown AZO films in this study are the best among all reported previously

elsewhere by solution processes.
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INTRODUCTION

Zinc oxide (ZnO) is one of the most widely studied oxide semi-

conductors, since it is optically transparent, electrically conductive

with impurity doping, safe and versatile material for a number of

optical and electrical applications. While indium tin oxide (ITO) is

the most popular transparent conductive oxide (TCO), ZnO is con-

sidered as a prospective candidate for substituting expensive ITO

due to the limited reserves of indium (In). Especially, ZnO thin film

has attracted much attention in recent years since ZnO is known to

be an adequate TCO for solar cells due to its low material cost and

the possibility of textured surface.

For the intentional impurities to enhance the electrical conduc-

tivity of ZnO thin films, the elements such as aluminum (Al), gallium

(Ga) and fluorine (F) have been commonly utilized. To prepare ZnO

thin films, various deposition processes have been used such as sput-

tering [1], laser ablation [2], chemical vapor deposition (CVD) [3],

sol-gel [4-6], atomic layer deposition [7], and spray pyrolysis [8-

18]. Among these, spray pyrolysis has several advantages over the

others due to simplicity, safety and low-cost of the apparatus and

raw materials. In this study, we have utilized the pyrolysis method

with ultrasonically pulverized mist to deposit Al-doped ZnO (AZO

or ZnO : Al) thin films.

In case of the deposition of AZO thin films by spray pyrolysis,

most studies have utilized zinc acetate (Zn(C2H3O2)2) and alumi-

num chloride (AlCl3) as zinc and aluminum sources, respectively.

The electrical resistivity and optical transmittance of AZO thin films

grown at temperatures over 300 oC were in the range from 10−3 to

10−2
Ω·cm and from 70 to 90%, respectively [8-18]. The growth

temperature, optical and electrical properties are not as good as con-

ventional TCOs for solar cell applications. To utilize the transparent

conducting AZO thin films on flexible substrates such as polyimide

films for flexible solar cell applications, the deposition temperature

should be reduced below 300 oC. Also, for AZO thin films to be

utilized as TCO for solar cell applications, the deposition process

should be scalable to large-area and the sheet resistance of the films

should be in the range of 10-20Ω/□, which is the typical value of

Asahi U-type SnO2 : F substrate. To accomplish the requirements,

we have used different source materials for AZO film growth, which

are zinc acetylacetonate (Zn(C5H7O2)2) and aluminum acetylaceto-

nate (Al(C5H7O2)3) as zinc and aluminum sources, respectively. It

was found in this study that the deposition of AZO thin films using

the sources could give lower electrical resistivity than the case using

other sources such as zinc acetate and aluminum chloride. We also

report here a low-temperature deposition process of transparent and

highly conducting AZO thin films by using ultrasonic mist, which

is scalable to large-area deposition.

EXPERIMENTAL

Transparent conducting aluminum-doped ZnO thin films were

prepared by an ultrasonic-mist deposition method. An ultrasonic-

mist generation apparatus used in this study is equipped with three

piezoelectric vibrators. Zinc acetylacetonate, aluminum acetylacet-

onate and methanol were used as zinc source, aluminum source and

solvent, respectively. Zinc acetylacetonate and aluminum acetylac-

etonate were first dissolved in a fixed amount of methanol solvent

for the total concentration of acetylacetonate sources to be 0.1 M.

The aluminum doping concentration is defined as Al/(Zn+Al) atomic

percent and varied from 0 to 10 at%. To stabilize the precursor solu-

tion, an amount of acetic acid (CH3COOH) was added.

Bare glasses (5 cm×5 cm) were used as substrates. Nitrogen was

used as a carrier gas. The flow rate was fixed at 20 liter/min. The
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AZO films were then deposited in atmospheric environment at sub-

strate temperatures ranging from 200 oC to 350 oC for a fixed depo-

sition time of 40 min. All the measurements were carried out with

as-grown films which were not annealed after the deposition. We

have shown the ultrasonic-mist deposition apparatus in Fig. 1. As

shown, the generated mist from the precursor solution is delivered

to multiple linear nozzles by the carrier gas and showered through

the nozzles to the heated glass substrate. The distance between the

nozzles and substrate is set to 5 mm, which has been chosen for

the mist to reach the substrate at the flow rate. To improve film uni-

formity, a substrate holder is installed on a moving stage. For all

experiments the moving speed is set to be 2.5 cm/min.

The thickness of AZO films was measured with a KLA-TEN-

COR α-step profilometer. The sheet resistance and resistivity of

the films were measured using a CMT-series four point probe system.

Transmittance spectra were recorded by an Agilent 8453 UV-VIS

spectrometer. Carrier concentration and mobility of the films were

measured with a Hall effect measurement system.

RESULTS AND DISCUSSION

We have grown aluminum-doped ZnO thin films using ultrasonic-

mist deposition method at six different deposition temperatures from

200 oC to 350 oC. In the temperature range the growth rate of AZO

thin films was found to be in the range from 7.9 to 30.6 nm/min.

As shown in Fig. 2, the growth rate increases as growth tempera-

ture increases until the temperature reaches 300 oC, and then the

growth rate tends to saturate above the temperature because the rate

of deposition reaction starts to be limited by the rate of mass trans-

port of precursor mist. From the Arrhenius plot given in Fig. 2, the

activation energy of the decomposition reaction of zinc acetylacet-

onate was found to be about 34 kJ/K·mol from the slope of ln(rate)

versus 1/T graph. For comparison, the activation energy of the de-

composition reaction of zinc acetate has been reported as 20.6 kJ/

K·mol previously by the chemical vapor deposition (CVD) experi-

ment of AZO thin films [19]. Even though we have not shown XRD

(X-ray diffraction) data of grown AZO films here, the AZO films

have been found to begin being crystallized even at the low growth

temperature of 200 oC and the films showed peaks identified as (100),

(002), (101), (102), (103) and (112) reflections of wurtzite structure

at higher growth temperatures. We have also shown a photograph

measuring the electrical resistance of grown AZO films on glass

substrate in the figure, which shows the transparency and electrical

resistance of the films.

Fig. 3 shows the variation in electrical resistivity, carrier concen-

tration and carrier mobility as functions of substrate temperature

for the AZO films doped with 2.5 at% aluminum. As the substrate

temperature increases from 200 oC to 300 oC, the electrical resistivity

decreases from 8.6×10−2
Ω·cm to 1.3×10−3

Ω·cm and then increases

again slightly above 300 oC. The decrease in resistivity is due to

the increase in both carrier concentration and mobility. Carrier con-

centration in the AZO films was observed to gradually increase as

deposition temperature increased. This increase in carrier concen-

tration may be due to an increase in diffusion of aluminum atoms

from interstitial locations and grain boundaries into the Zn cation

sites [2,20]. Similar results have been reported previously in the

literature [16], even though the reported resistivity is higher and the

carrier concentration and mobility are lower than those obtained in

this study.

Fig. 1. Schematic diagram of ultrasonic mist deposition apparatus
utilized in this study.

Fig. 3. Resistivity (■), Hall mobility (○) and carrier concentra-
tion (▲) as functions of temperature for AZO films pre-
pared by ultrasonic-mist deposition with 2.5 at% aluminum
doping.

Fig. 2. Arrhenius plots for the decomposition reaction of zinc acety-
lacetonate to form AZO films.
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As the doping concentration of aluminum increases, the electri-

cal resistivity is found to decrease as shown in Fig. 4. The resistiv-

ity reaches the minimum close to 1.0×10−3
Ω·cm around at 4 at%

aluminum doping concentration and then increases again at higher

doping concentrations due to the decrease in both the carrier con-

centration and mobility. As the doping concentration increases above

3 at%, the carrier concentration starts to decrease from the maxi-

mum of 7×10−20 cm−3 possibly due to the aggregation of aluminum

impurities. The mobility shows similar behavior on the variation of

the doping concentration. Since there exists a maximum carrier con-

centration at the aluminum concentration of 3 at%, the excessive

aluminum doping might cause the aggregation or accumulation of

aluminum impurities at the grain boundaries and subsequently could

result in the decrease in the carrier mobility.

Fig. 5 shows the optical transmittance spectra of AZO films on

glass substrates for various doping concentrations. Here, in the meas-

urement, we used a glass substrate as a reference sample. It is clearly

seen that the transmittance in the visible range was more than 70%,

showing good transparency. As shown in the figure, the absorption

edge shifts to a shorter wavelength region as the aluminum doping

concentration increases. This shift can be attributed to an increase

in the carrier concentration and blocking of low energy transitions,

which causes a Burstein-Moss effect [21]. This blue-shift means

that the optical band gap of AZO films increases with increasing

carrier concentration. The optical band gap is defined as the mini-

mum energy needed to excite an electron from the valence band to

the conduction band. In pure undoped crystals the optical gap equals

the energy separation between the band edges. On heavy doping,

the donor electrons occupy states at the bottom of the conduction

band, since the Pauli principle prevents states from being doubly

occupied, the optical band gap is given by the energy difference

between the states with Fermi momentum in the conduction and

valence band. This type of blocking of low energy transitions is known

as the Burstein-Moss effect [22,23]. It should be mentioned here

that the optical transmittance is low for pure ZnO film compared

with those of AZO films and it increases as the doping concentration

increases. As reported in the literature [10], the films with lower

doping concentrations had more granular microscopic structure,

while those with higher doping concentration had more columnar

microscopic structure, so that the films with lower doping concen-

trations showed hazier appearance due to increased internal light

scattering. Optical transmittance of the AZO films with 2.5 at% alu-

minum doping was found to decrease as the growth temperature

increased, as shown in Fig. 6. We think that at higher temperatures

the acetylacetonate precursors decompose prior to arriving at the

heated substrate, resulting in contaminated AZO films with lower

transmittance.

Even though we have not shown the results in this study, we have

also carried out ultrasonic-mist deposition experiments for AZO

films using zinc acetate and aluminum acetylacetonate sources for

comparison. It has been found from the experiments that the growth

of AZO films occurs at similar temperatures, but the resistivity turns

Fig. 4. Resistivity (■), Hall mobility (○) and carrier concentra-
tion (▲) as functions of aluminum concentration for AZO
films prepared by ultrasonic-mist deposition at a tempera-
ture of 300 oC.

Fig. 6. Optical transmittance spectra of AZO films for different
growth temperatures.

Fig. 5. Optical transmittance spectra of AZO films for different
aluminum concentrations.
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out to be much higher than the case using zinc acetylacetonate by

a factor of ten. We think that the low resistance and resistivity of

AZO films is responsible to the zinc source material which is zinc

acetylacetonate.

The optimal growth condition of the AZO films for the ultrasonic-

mist deposition and the resulting film properties are listed in Table 1.

We believe that the sheet resistance and resistivity are the lowest

among all reported data in the previous literature at a low deposi-

tion temperature of 270 oC. The carrier concentration and mobility

were also found higher than those reported elsewhere. We have com-

pared the film properties with those of Asahi U-type SnO2 : F film

(numbers in parenthesis) in the table. As can be seen in the table,

the properties were found almost identical to the commercial TCO

film. The ultrasonic-mist deposition process used in this study is

considered an advantageous method for preparing good TCO films

at low cost. Also, since the process can be applied to roll-to-roll de-

position and scalable to large-area, we think that this process is suitable

for fabricating TCO films for flexible solar cell applications.

CONCLUSIONS

We have grown highly conductive and transparent aluminum-

doped ZnO films using ultrasonic-mist deposition process at low

temperatures. The electrical and optical properties of grown AZO

films are found the best among reported in the literature. We attribute

the results to the source materials, which are zinc acetylacetonate

and aluminum acetylacetonate. The ultrasonic-mist deposition of

AZO films carried out in this study would be a useful process to

prepare TCO films for flexible solar cell applications since the growth

temperature is low enough to use flexible substrates and the pro-

cess is scalable to roll-to-roll and large area.
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Table 1. The optimal operating conditions and properties of grown
AZO films in comparison to commercial ASAHI U-type
SnO2 : F films (numbers in parentheses) [22]

Optimal operating conditions

Zinc source

Aluminum source

Carrier gas

Growth temperature

Aluminum doping concentration

Deposition time

Zinc acetylacetonate

Aluminum acetylacetonate

nitrogen

270 oC

4.0 at%

40 min

Film properties

Average total transmittance

(400-800 nm)

Film thickness

Sheet resistance

Resistivity

Surface roughness (RMS)

75% (79.5%)

1.0 µm (0.9 µm)

15 Ω/□ (13Ω/□ )

1.2 mΩ·cm (1.2 mΩ·cm)

20.4 nm (34.7 nm)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /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 /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /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 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /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 ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


