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Introduction:

The Center for Advanced Microelectronics Manufacturing (CAMM) is a roll to roll
flexible electronics research facility located at Binghamton University [1]. As part of the
research needs of the CAMM and its member companies a method of depositing high
quality Indium Tin Oxide (ITO) films onto polymer webs has been developed. High
quality ITO thin films have a desirable combination of high conductivity and high optical
transmission in the visible spectrum. ITO thin films are widely used in the electronics
industry as a transparent conducting oxide (TCO’s) in active matrix backplanes, solar
cells and OLED lighting. ITO thin films have been deposited in the past on roll-to-roll
sputter deposition tools with properties suitable for solar cells, organic lighting,
touchscreen and OLED’s [2,3]. In this paper we present ITO thin films deposited on
PEN substrates that have properties that meet or exceed those reported in the literature
[2,3].

Experimental:
ITO thin films were deposited onto 5 mil Teonex Q65FA PEN using the CHA Industries

High Vacuum Coater (CHA) [4]. The CHA is a diffusion pumped roll-to-roll sputter
deposition tool. (See figure 1 for coating layout design) Each target in the CHA is
powered by two 10kW Pinnacle Plus+ pulsed DC power supplies. ITO thin films were
deposited from a 90/10 In,03/Sn0O; ceramic target with a matrix of O, flow and
deposition pressure to investigate effects of each on ITO film properties. Following
deposition films were annealed at 110° C in an atmospheric oven to further improve the
film quality. Film thickness values were measured in a Phase-Modulated Spectroscopic
Ellipsometer from Horiba Jobin Yvon. Film crystallinity was measured in a
PANalytical’s X Pert Pro Materials Research Diffractometer. The glancing scan
technique was used and an angle of 0.7 degrees was used for all films. A Filmetrics F-20
UV-Vis spectrophotometer was used to measure the transmission of the ITO films and
and the PEN substrate. Sheet resistance measurements were made with a Jandel RM3-
AR source measure unit fitted with a handheld 4-point probe unit.
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Figure 1. CHA chamber design, web can be run in forward and reverse directions

Results and Discussion:

ITO thin films were deposited with a mix of Ar:0, gas ratios and at different deposition
pressures to determine ideal settings to operate the CHA tool. Films were deposited at a
constant web speed, resulting in the varying film thicknesses reported in Table 1. It can
be seen from Table 1 and Figure 2 that the transmission increased as the oxygen gas
percentage increased. This is consistent with the band structure proposed by Hamberg
and Granqvist [5], wherein oxygen vacancies and Sn** ions create shallow donor levels in
the conduction band. With an increase in the number of oxygen vacancies, this donor
level becomes more prominent and the result is a decrease of the band gap. These donor
levels give rise to the shoulder in the transmission curves at lower oxygen percentages
shown in Figure 2. The transmission values reported in Figure 2 are

Average Sheet

Sample | Pressure | Ar:0, 02 Thickness transmission in Resistance

ID (mTorr) ratio | percentage (nm) visible (ohms/sq)
ITO-1 4 99:1 1.0 167.23 66.44 87.61
ITO-2 4 65.7:1 1.5 158.93 66.81 72.73
ITO-3 4 49:1 2.0 153.05 70.69 57.43
ITO-4 4 39:1 2.5 145.68 72.99 50.47
ITO-5 4 32.3:1 3.0 153.73 73.63 53.74
ITO-6 4 27.6:1 3.5 152.50 74.53 63.22
ITO-7 4 24:1 4.0 151.13 74.99 62.99
ITO-10 2 49:1 2.0 164.66 65.34 88.82
ITO-11 4 49:1 2.0 153.91 68.98 61.00
ITO-12 6 49:1 2.0 152.62 72.19 55.96
ITO-13 8 49:1 2.0 146.51 73.78 46.42
ITO-14 10 49:1 2.0 142.47 75.19 48.99

Table 1. As deposited properties of the ITO thin films.
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of the Substrate and ITO film stack. As is typical for ITO thin films peak transmission
values are seen around 550 nm with films ITO 6 and ITO 7 having values greater than
80%.

Transmittance Measurements for 02% matrix
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Figure 2. Transmission vs Wavelength for O,% matrix. Transmission values are of
substrate and ITO film.

Transmission Measurements for Deposition Pressure Matrix
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Figure 3. Transmission vs Wavelength for the deposition matrix experiment.
While O, % has the largest effect on the quality of deposited films it is also known that
deposition pressure plays a role in final film quality. We selected 2% O, and investigated
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the effect of deposition pressure on the resultant film properties. The average
transmission value for the film and substrate are included in Table 1 — samples ITO-10 —
ITO-14 and is plotted in Figure 3. It can be seen that an increase in pressure leads to an
increase in the transmission and a decrease in sheet resistance, with films deposited at 8

mTorr having the best overall film properties.

Post deposition annealing has been shown by many investigators to improve the quality
of their films [6-14]. To investigate the effect of post deposition annealing samples were
removed from the web and placed in a 110°C atmospheric oven for 30 minute
increments. Table 2 is a summary of the properties following 90 minutes of annealing.
Table 2 and Figures 3 show a clear trend of improvement upon post deposition annealing.

Average Sheet

Sample Pressure Ar:0, 02 Thickness | transmission in Resistance

ID (mTorr) ratio percentage (nm) visible (ohms/sq)
ITO-1 4 99:1 1.0 167.23 67.71 71.44
ITO-2 4 65.7:1 1.5 158.93 69.54 59.31
ITO-3 4 49:1 2.0 153.05 72.78 47.50
ITO-4 4 39:1 2.5 145.68 75.52 41.61
ITO-5 4 32.3:1 3.0 153.73 76.20 42.85
ITO-6 4 27.6:1 3.5 152.50 76.92 57.17
ITO-7 4 241 4.0 151.13 78.46 54.17
ITO-10 2 49:1 2.0 164.66 68.08 75.39
ITO-11 4 49:1 2.0 153.91 71.83 50.89
ITO-12 6 49:1 2.0 152.62 76.04 27.47
ITO-13 8 49:1 2.0 146.51 77.10 38.46
ITO-14 10 49:1 2.0 142.47 78.02 41.16

Table 2. ITO properties following 90 minute anneal at 110° C.

As Deposited 90 Minute Anneal

Sample | Bulk Resistivity Figure of Merit Bulk Resistivity Figure of Merit

ID (10"-4 ohm*cm) | (107-3 ohm”-1) (10"-4 ohm*cm) (107-3 ohm”-1)
ITO-1 14.65 0.23 11.95 0.37
ITO-2 11.56 0.29 9.43 0.59
ITO-3 8.79 0.74 7.27 1.28
ITO-4 7.35 1.34 6.06 2.28
ITO-5 8.26 1.44 6.59 2.50
ITO-6 9.64 1.50 8.72 2.23
ITO-7 9.52 1.71 8.19 2.96
ITO-10 14.63 0.19 12.41 0.37
ITO-11 9.39 0.53 7.83 1.00
ITO-12 8.54 1.10 419 4.01
ITO-13 6.80 1.95 5.63 3.61
ITO-14 6.98 2.54 5.86 4.21

Table 3. Comparison of bulk resistivity and figure of merit values for as deposited and
90 minute annealed samples. Figure of merit calculated using method proposed by
Haacke in [15].
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Bulk resistivity and figure of merit values were calculated for as deposited and 90 minute
annealed films. The figure of merit was calculated using the equation proposed by
Haacke in [15]:

Orc = TR, Equation 1
Where T is the transmission at 550 nm and R; is the sheet resistance. The bulk resistivity
values for the 90 minute annealed samples show a significant improvement over the films
as deposited. In all cases the figure of merit increased and for ITO-12 it increased by
nearly a factor of 4. We see a similar effect when looking at the bulk resistivity values
for the as deposited and annealed samples, with the decrease in the bulk resistivity of
ITO-12 a factor of 2.

Transmission measurements for annealed ITO samples
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Figure 4. Transmission measurements for ITO film and substrate following after 90
minute anneal at 110° C.

Following sheet resistance and transmission measurements films were measured in a
PANalytical’s X’Pert Pro Materials Research Diffractometer to determine whether the
films were amorphous or polycrystalline. The XRD graphs for ITO 12 as deposited and
following 90 minutes of annealing are shown in Figure 4. Samples 4, 11, 12, 13 and 14
were all measured in the XRD, but due to space and clarity issues only sample 12 is
shown here. A summary of relevant properties is provided in table 4 for all 5 ITO films
measured in the XRD. It can be seen from Figure 4 and Table 4 that the ITO films as
deposited were polycrystalline and that this crystallinity increased upon annealing. One
interesting thing to note, after samples had been annealed they showed an apparent
decrease in grain size for all films but ITO 13 as inferred by the diffraction peak width.
These measurements correlate with previous work done by several authors that indicate
the dominant scattering method in ITO films is not lattice scattering, but ionized impurity
scattering [16-23]. If the dominant method of scattering were lattice scattering a decrease
in the grain size as seen following annealing would likely have resulted in an increase of
the sheet resistance, not a decrease as we have seen. Of note, all films show a strong
preference for the [111] plane, with the ratio of the intensities of the [222]/[400] peaks
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remaining similar for ITO 4 and 11 and increasing for 12, 13 and 14.
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Figure 4. X-ray Diffraction measurement of the PEN substrate, ITO 12 as deposited and
ITO 12 after 90 minutes of annealing.

Intensity | Intensity
Lattice Lattice Ratio Ratio Grain Grain
Pressure Parameter | Parameter | (222:400) | (222:400) | Size (A) | Size (A)
ID | (mTorr) | 0,% | a(A)Omin | a(A) 90min Omin 90min Omin | 90min
4 4 2.5 10.20 10.21 8.85 8.63 545.79 | 218.27
11 4 2.0 10.23 10.20 6.24 5.72 722.42 | 311.89
12 6 2.0 10.20 10.15 8.15 9.97 722.22 | 397.07
13 8 2.0 10.19 10.16 9.43 12.40 240.68 | 256.87
14 10 2.0 10.18 10.15 10.15 16.39 541.68 | 363.95

Table 4. Summary of XRD data collected for samples as deposited and following 90
minute anneal times.

Conclusion:

The CAMM has deposited ITO thin films with bulk resistivity’s of 6.8x10™ ohm*cm
with transmission values at 550 nm of 78%. After a 90 minute anneal at 110° C these
values improved to 4.19x10™ ohm*cm and 84%. This decrease in resistivity is believed

to be due to improved crystallinity upon annealing. XRD measurements indicate

deposition of polycrystalline films with a [111] preferred orientation that increases with
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annealing. Future work includes investigation into the etching of the ITO films, use of
the ITO as a gate layer in a thin film transistor and developing a process for amorphous
ITO film growth.
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