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Transparent and conducting ITO/Cu/ITO multilayered films were deposited by magnetron sputtering on 
unheated polycarbonate (PC) substrates. The thickness of the Cu intermediate film was varied from 5 to 20 
nm. Changes in the microstructure and optoelectrical properties of ITO/Cu/ITO films were investigated with 
respect to the thickness of the Cu intermediated layer. The optoelectrical properties of the films were 
significantly influenced by the thickness of the Cu interlayer. The sandwich structure of ITO 50 nm/Cu 5 
nm/ITO 45 nm films had a sheet resistance of 36 Ω/Sq. and an optical transmittance of 67% (contain 
substrate) at a wavelength of 550 nm, while the ITO 50 nm/Cu 20 nm/ITO 30 nm films had a sheet resistance 
of 70 Ω/Sq. and an optical transmittance of 36%. The electrical and optical properties of ITO/Cu/ITO films 
were determined mainly by the Cu film properties. From the figure of merit, it is concluded that the 
ITO/Cu/ITO films with a 5 nm Cu interlayer showed the better performance in transparent conducting 
electrode applications than the conventional ITO films. [DOI: 10.4313/TEEM.2009.10.5.165] 
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1. INTRODUCTION1 
 

The Sn doped indium tin oxide (ITO) thin films are highly 
degenerate, wide-gap semiconductors with good 
conductivity and high optical transmission across the visible 
spectrum [1]-[4]. Recently, there has been considerable 
interest in the use of ITO films deposited on polymer 
substrates for application as flexible display devices due to 
the fact that they more lightweight and flexible than ITO 
films prepared on glass substrates. However, it is difficult to 
deposit high quality ITO thin films on polymer substrates as 
there is a restriction on the substrate temperature during the 
deposition process.  

One way to improve the optical and electrical properties 
of ITO films deposited on polymer substrates is to use 
ITO/metal/ITO (IMI) multilayer films, which have lower 
resistivity than ITO single-layer films of the same thickness 
[5], [6]. In recent years, Ag metal films, which have the 
highest conductivity of all metals, have been used for ITO-
based multilayers for low resistance and transparent 
electrodes [7]. However, there are few reports related to Cu 
and ITO based multilayers for application in low resistance 
transparent electrodes.  

In this study, ITO single-layer and ITO/Cu/ITO multilayer 
films were deposited on polycarbonate (PC) substrates by 
RF and DC magnetron sputtering. The thickness of the Cu 
interlayer was varied from 5 to 20 nm. Changes in the 
microstructure and opto-electrical properties of the 
ITO/Cu/ITO films with various thicknesses of Cu interlayer 
were investigated using X-ray diffraction (XRD), Hall Effect 
measurements, and UV-Visible spectrometry, respectively.  
 
 
2. EXPERIMENTS  
 

Thin films of ITO and ITO/Cu/ITO were deposited on PC 
substrates using an ITO (99.99 purity, 7.62 cm diameter,  
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0.5 cm thickness) and metal Cu target (99.9 purity, 7.62 cm 
diameter) in a magnetron sputter plant equipped with two 
cathodes. RF (13.56 MHz) and DC power were applied to 
ITO (purity; 99.99%) and Cu (purity; 99.99%) targets, 
respectively. The target was a 4-in diameter, 0.25-in thick, 
sintered In2O3 (90%) + SnO2 (10%) pure Cu disk. 
ITO/Cu/ITO layered films were deposited on an unheated 
PC substrate (10×10 cm2 size, 100 µm thick). Although the 
PC substrate was not heated intentionally, the substrate 
temperature increased to 70ºC during deposition. The 
substrate temperature was monitored using a k-type 
thermocouple directly in contact with the substrate surface. 
Figure 1 shows the experimental magnetron sputtering 
system. 

Prior to deposition, the chamber was evacuated to 1.3×10-4 
Pa. The ITO films were deposited in an argon (Ar) and 
oxygen (O2) gas mixture adjusted for minimum resistivity 

 

 
 
Fig. 1. Schematic diagram of the RF and DC magnetron sputtering system. 
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Table 1. Deposition conditions of ITO and Cu thin films. 

 
Table 2. Composition of ITO/Cu/ITO multilayer films. 

 
films at 3×10-1 Pa. The intermediate Cu films were deposited 
in a pure Ar atmosphere at 1×10-1 Pa. A deposition distance 
of 10 cm between the target and substrate was maintained 
and the substrate rotation speed was set to 10 rpm for all 
depositions. By controlling the deposition time, a thickness 
of 100 nm was achieved in both ITO and ITO/Cu/ITO films. 
In ITO/Cu/ITO films, the thickness of the intermediate Cu 
film was 5, 10 or 20 nm. Table 1 and 2 show the 
experimental deposition conditions and composition of the 
ITO/Cu/ITO films, respectively. 

The film thickness and presence of Cu in IMI films were 
confirmed with a surface profilometer and secondary ion 
mass spectroscopy (SIMS, IMS 6f, CAMECA) at the Korea 
Basic Science Institute (KBSI). The optical absorption and 
transmittance were measured between wavelengths of 300 
and 900 nm for all IMI films and uncoated PC substrates by 
a UV-Vis. spectrophotometer referenced with air. The 
transmission of the multilayers, including the PC substrate, 
is presented in this paper. The optical transmittance of the 
uncoated PC substrate is also shown for comparison. XRD 
was used to observe the thin film crystallinity of ITO and 
IMI films. In addition, prior to intermediate Cu deposition, 
50 nm thick ITO films in the IMI structure were also 
measured by XRD. Electrical properties of the films were 
evaluated by Hall Effect measurements. After deposition, 
the performance of the ITO/Cu/ITO films as transparent 
conducting films was evaluated using a figure of merit. 
 
 
3. RESULTS AND DISCUSSION 
 

In a conventional magnetron sputtering process, a high 
substrate temperature or annealing temperature of 200 - 
300ºC is required to provide polycrystalline ITO films. Sun 
et al. [8] investigated the initial growth mode of ITO on a 
glass substrate within a substrate temperature range of 20 - 
400ºC and suggested that ITO films with an amorphous 
structure formed at substrate temperatures below 150ºC. 

 
 
Fig. 2. XRD spectra of the ITO and ITO/Cu/ITO multilayer films. 
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Fig. 3. Optical transmittance of ITO and ITO/Cu/ITO multilayered films. 

 
Figure 2 shows the XRD pattern of ITO and ITO/Cu/ITO 

films. 
None of the ITO and ITO/Cu/ITO films showed any 

strong diffraction peaks in the XRD pattern. This was due to 
the low substrata temperature and too thin films to form 
crystalline phase. It is supposed that the Cu interlayer in 
ITO/Cu/ITO films is not effective in the crystallization of 
the ITO films at low substrate temperatures. 

Figures 3 and 4 show optical transmittance and absorption 
respectively for a wavelength range of 300 - 800 nm.  

 ITO  Cu 

Deposition pressure (Pa) 

Power density (W/cm2) 

Deposition rate (nm/min) 
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Fig. 4. Optical absorption of ITO and ITO/Cu/ITO multilayered films. 

 
In Fig. 2, a bare PC substrate and ITO film had 90% and 

74% (contains PC substrate) transmittance respectively at 
550 nm, relative to the transmittance air. This is consistent 
with previously reported conventional magnetron sputtering 
results without substrate heating [9]. ITO films with 5 nm 
Cu interlayer showed the highest observed optical 
transmittance of 67% at 550 nm. The transmittance 
decreased with increasing Cu interlayer thickness. ITO films 
showed lower optical absorption and as the Cu thickness 
increased the absorbance of the films increased, as shown in 
Fig. 4.  

Along with optical analysis, the electrical properties of the 
films were evaluated with Hall Effect measurements. Table 
3 shows the electrical properties of ITO and ITO/Cu/ITO 
films such as carrier density, carrier mobility and electrical 
resistivity. As the thickness of the Cu interlayer increased, 
the carrier concentration increased initially from 2.7× 
1020/cm3 (Type 1) to 5.4×1021/cm3 (Type 2) and decreased to 
1.2×1020/cm3 for the Type 3 film. 

In this study, Cu interlayer was prepared with different 
thicknesses ranging from 5 to 20 nm in ITO/Cu/ITO films. 
Since Cu films have a high diffusion coefficient, the metal 
can diffuse into the ITO films. The diffused Cu substitutes 
the indium site of the ITO films and Cu produces Cu2+ ions, 
while the indium produces In3+. Because of the difference in 
valances of Cu2+ and In3+, the Cu substitutions may reduce 
 

 
 
Fig. 5. SIMS depth-profile of a typical ITO 50 nm/Cu 5 nm/ITO 45 nm film. 

 
electrons in the ITO matrix [10]. Thus the decrement in 
carrier density (1.2×1020/cm3) in ITO 50 nm/Cu 20 nm/ITO 
30 nm films was attributed to Cu substitution at the In site of 
the ITO films. 

The electrical resistivity, which was influenced by carrier 
concentration, also decreased from 3.6×10-4 Ωcm (Type 1) 
to 1.5×10-4 Ωcm (Type 2). However, the electrical resistivity 
of Type 3 increased to 7×10-4 Ωcm due to reduced carrier 
density.  

Figure 5 shows the SIMS depth profile obtained from the 
ITO 50 nm/Cu 5 nm/ITO 45 nm films. The Cu ion intensity 
in the middle indicates the presence of a Cu interlayer in the 
IMI films. 

The figure of merit (FTC) is an important index for 
evaluating the performance of transparent conducting oxide 
films. The FTC is defined as 
 

FTC = T 10 / Rs                                                    (1) 

 
where T is the optical transmittance (at 550 nm) and Rs is 
the sheet resistance [11]. In Table 3, the FTC reached a 
maximum of 5.2×10-4 Ω-1 for ITO 50 nm/Cu 5 nm/ITO 40 
nm multilayer films. This value was greater than the FTC of 
ITO single layer films (1.6×10-4 Ω-1) and other compositions 
considered in this study. Type 3 in Fig. 3 had a thicker Cu 
layer in the interlayer and did not exhibit sufficient optical  
 

Table 3. Comparison of carrier density (×1020/cm3), carrier mobility (cm2/Vs), electrical resistivity (×10-4 Ω cm), optical transmittance at 550 nm and 
figure of merit (×10-4 Ω-1, φ TC) of ITO single and ITO/Cu/ITO multilayer films. 

 ITO Type 1 Type 2 Type 3 

Concentration 0.2 2.7  54.0  1.2  

Mobility 85 65 39 79 

Resistivity 31.2 3.6  1.5  7.0 

Transmittance  74 67 54 36 

Figure of merit  1.6 5.2 1.4 0.005 
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transmittance to be used as a transparent conducting 
electrode. A greater FTC results in better transparent 
conducting oxide (TCO) films. Thus the ITO/Cu/ITO films 
with a 5 nm Cu interlayer showed a better performance than 
ITO films in transparent conducting electrode applications.  
 
 
4. CONCLUSIONS 
 

ITO single and ITO/Cu/ITO multilayered films were 
deposited without intentional substrate heating on PC 
substrates using a magnetron sputtering processes. The 
influence of the thickness of Cu interlayer in ITO/Cu /ITO 
films on opto-electrical properties was investigated. A high 
quality, transparent ITO film with a 5 nm Cu intermediate film 
in an IMI electrode with a resistivity as low as 3.6×10-4 Ω cm 
and a high optical transmittance of 67% at 550 nm with respect 
to air was obtained. Based on the figure of merit, it is clear that 
ITO/Cu/ITO multilayer films with a 5 nm Cu intermediate 
film have a better performance in transparent conducting 
electrode applications than have ITO single-layer films.  
 
 
 

REFERENCES 
 

[1] A. Nakasa, M. Adachi, H. Usami, and E. Suzuki, Thin Solid Films, 
498, 240 (2006). 

[2] A. Mohammadi Gheidari, E. Asl Soleimani, M. Mansorhoseini, S. 
Mohajerzadeh, N. Madani, and W. Shams-Kolah, Mater. Res. Bull. 
40, 1303 (2005). 

[3] Z. Z. You and J. Y. Dong, Microelectron. J. 38, 108 (2007). 
[4] U. Betz, M. Kharrazi Olsson, J. Marthy, M. F. Escolá, and F. Atamny, 

Surf. Coat. Technol. 200, 5751 (2006). 
[5] Y. S. Kim, J. H. Park, D. H. Choi, H. S. Jang, J. H. Lee, H. J. Park, J. 

I. Choi, D. H. Ju, J. Y. Lee, and D. Kim, Appl. Surf. Sci. 254, 1524 
(2007). 

[6] A. Klöppel, W. Kriegseis, B. K. Meyer, A. Scharmann, C. Daube, J. 
Stollenwerk, and J. Trube, Thin Solid Films, 365, 139 (2000). 

[7] Y. S. Jung, Y. W. Choi, H. C. Lee, and D. W. Lee, Thin Solid Films, 
440, 278 (2003). 

[8] X. W. Sun, H. C. Huang, and H. S. Kwok, Appl. Phys. Lett. 68, 2663 
(1996).  

[9] C.-H. Yang, S. C. Lee, T.-C. Lin, and W.-Y. Zhuang, Mater. Sci. 
Eng., B, 134, 68 (2006). 

[10] T.-C. Lin, S. C. Chang, and C. F. Chiu, Mater. Sci. Eng., B, 129, 39 
(2006).  

[11] G. Haacke, J. Appl. Phys. 47, 4086 (1976).

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /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 false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /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 false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /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 1200
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /KOR <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


