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ABSTRACT

Sandia National Laboratories has demonstrated significant performance gains in crystalline
silicon solar cell technology through the use of plasma-processing for the deposition of silicon
nitride by Plasma Enhanced Chemical Vapor Deposition (PECVD), plasma-hydrogenation of the
nitride layer, and reactive-ion etching of the silicon surface prior to the deposition to decrease the
reflectivity of the surface. One of the major problems of implementing plasma processing into a
cell production line is the batch configuration and/or low throughput of the systems currently
available. This report describes the concept of a new in-line plasma processing system that could
meet the industrial requirements for a high-throughput and cost effective solution for mass
production of solar cells.

INTRODUCTION

GT Solar Technologies, Inc. is a manufacturer and supplier of equipment and turnkey
fabrication lines for manufacturing photovoltaic multi-crystalline wafers and solar cells.
Internationally recognized for its experience and knowledge of the photovoltaic business,
including wafer and cell processing, the company maintains a high level of entrepreneurial spirit
with a fast response capability to serve the rapidly growing photovoltaic industry.

GT Solar recognizes that reliability and low cost of manufacturing are keys to the
continued growth of the PV industry. Therefore, GT Solar has identified certain wafer and cell
processing steps that with further development will result in higher efficiency and lower cost.
One of these steps is the deposition of silicon nitride by Plasma Enhanced Chemical Vapor
Deposition (PECVD). Silicon nitride has an advantage in the cell process in that it provides an
antireflective coating and a means to passivate the cell in one operation. As part of its
development effort, GT Solar has entered into a contract with Sandia National Laboratories to
provide this preliminary conceptual design and cost estimate of a high-throughput PECVD
system. GT Solar has placed a special emphasis on cost-savings in the solar cell production
process.

PECVD and hydrogenation processes for solar cells have historically been done in batch
systems using tube-type or parallel plate reactors. In a tube-type reactor, wafers are typically
loaded into a carrier made of parallel graphite plates. After the carrier is inserted into a furnace
tube and connected to a RF power supply, the tube is evacuated and the temperature and gas
flows are stabilized. The RF power provides the energy to aHow deposition of silicon nitride
films at low temperature, typically around 350 C. The actual deposition process is only a few
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engage the pull-tab while the normal force, lateral force and displacement are recorded. The normal force is maintained
throughout the test to prevent the conical shaped diamond from ‘being pushed upwards by the pull-tab engagement reaction.
Once engaged, the tip continues to move laterally, which loads the thin polysilicon ligament in tension. Figure 3 shows two
samples: the one in the foreground has been tested. The samples and recorded force-displacement data are analvzed after
test;ng to calculate the stress&ain response and to identify the~ample failure mode. “

-

.—
gure 3. Two Polysilicon samples. The gage length

They are straightened before testing. is 25 ~m long, the sample in the foreground has been
tested.

A total of 48 samples was tested, 25 with 25 pm long gage lengths and 23 with 15 ~m long gage lengths. Measurement of
the cross-section dimensions is very important for accurate calculation of the stress. With calibration, the sample dimensions
can be measured in an SEM to 0.1 ~m. The thickness is expected to be very close to nominal, and the width should reflect a
150 nm undercut during the patterning of the polysilicon. The samples measured, on average, 1.8pm wide and 2.6pm thick,
slightly less than the nominal cross-section dimensions of 2 ~m wide by 2.5 pm thick.
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Fig. 4. Typical load-displacement graphs.
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Fig. 5. Section of load-displacement curve showing
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3. l&JLTS

Fig. 4 shows load-displacement curves from four tests, two from samples with 15 ~m gage lengths and two from samples
with gage lengths of 25 ~m. The load displacement curves show four distinct regions. The first region reflects the indenter
contacting the surface. The second region reflects the tip sliding along the substrate, maintaining the 10 nm deep surface
contact (this requires a normal force of approximately 5 mN). The tilrd region shows engagement with the pull tab and
tensile loading. The lateral displacement continues until the sample fractures. Finally, the fourth region shows the post-
fracture tip motion until it finishes the 20 pm traverse across the substrate. Figure 5 shows a small section of one load-
displacement graph illustrating the precision of the measurements. Load accuracy is =50 pN and displacement accuracy is
=50 nm.

In each case, the broken sample is trapped on the end of the indenter tip and remains in place at the end of the test. The
fracture surfaces can be examined to characterize the failure mode. Three distinct modes were identified in all of the tested
samples. The samples with the highest fracture strength failed as intended in the gage section. Those in the intermediate
strength group failed at the fillet between the gage length and the pivot end of the sample. The samples with the lowest
strength failed in the pivot-ring from an apparent stress concentration of a dimple on the underside of the ring. Samples that
show these typical modes are illustrated in Figure 6.

(c)
[b) fillet (c) at dimple in pivot.

The average strength of all the samples was 2.24 GPa with a standard deviation of 0.35 GPa. No volume effect was
measured between the 15 and 25 pm long samples; the number of samples in each population was small as is the difference
in volume. The strength of the shorter samples is 2.24 & 0.37 GPa and the longer samples 2.28 & 0.39 GPa. Considering
only the seven samples that failed perfectly within the gage section the average strength is 2.77 & 0.04 GPa. Figure 7 is a
Weibull plot of all the data, including data from the literature for the strength of polysilicon fabricated at MCNC and tested

by Yuan and Sharpe [4, 5] in the form of probability of failure, pj = (j – 0.5)/~ [9], versus strength. Figure 8 is a

Weibull plot of the same data in the form of ln(ln(l/(1- PJ)) versus In(strength) [10]. For comparison, the MCNC samples
were 3.5 ~m thick, 600pm wide and 4 mm long.

4. DISCUSSION .

These early results show that this technique will be able to contribute a significant amount of data to assess the
reliability of MEMS devices. New designs that have a much stiffer pivot, with gage lengths ranging from 15 to 1000 microns
as well as modified designs that incorporate critical MEMS features are currently being fabricated. Future work will also
focus on isolating the variation in measurements due to material properties and those due to geometry. Polycrystal elastic
finite element models of these ligaments will focus on characterizing the critical flaws. Elastic Modulus is not reported in
this investigation since the compliance of the pivot was very large compared to the samples, and the difference in gage length
was not large enough to provide useful information using a differential stiffness technique [11]. Considering only the tests
that failed in the gage section provides a measurement of strength of 2.77 * 0.04 GPa. Previous tensile tests [4-6], without
the benefit of a pivot, and on material from another source, reported strengths of 1.20 &0.15 GPa and 1.45 &0.19 depending
on sample size. Tests using beam bending techniques [1, 12] have reported strengths of 2.7 to 3.4 GPa.
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Figure 7. Probability of failure of polysilicon samples.
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Figure 8. Weibull distribution of strength data for polysilicon samples.
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Analyzing the data using Weibull statistics and assuming a cut-off stress of zero, the probability of failure at or below a given
stress, a, is given by the equation:

~(~j = l–exp[–(O/cO)m]

The Weibull modulus was evaluated by calculating the slope of the data in Figure 8, and 0 ~was is the strength in Figure 7

that corresponds to a probability of failure of 0.632. The Weibull modulus for the Sandia “samplesis 7.2 with 0 ~= 2.4 GPa.

For comparison, the Weibull modulus for the data for the samples fabricated at MCNC is 9.6 with 0 ~= 1.3 GPa. The Sandia

samples exhibit much higher strengths, (perhaps due to the pi and a broader distribution. The broader distribution is believed
to be due to the multiple failure modes;
failure modes are expected to report a
modulus.

results from new samples that are designed to eliminate some of the unexpected
much narrower distribution in strength, with a correspondingly higher Weibull
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