Infrared birefringence imaging of residual stress and bulk defects in multicrystalline
silicon

Vidya Ganapati, Stephan Schoenfelder, Sergio Castellanos, Sebastian Oener, Ringo Koepge, Aaron Sampson,
Matthew A. Marcus, Barry Lai, Humphrey Morhenn, Giso Hahn, Joerg Bagdahn, and Tonio Buonassisi

Citation: Journal of Applied Physics 108, 063528 (2010); doi: 10.1063/1.3468404

View online: http://dx.doi.org/10.1063/1.3468404

View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/108/6?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in

Variation of dislocation etch-pit geometry: An indicator of bulk microstructure and recombination activity in
multicrystalline silicon

J. Appl. Phys. 115, 183511 (2014); 10.1063/1.4876445

Transmission electron microscopy study of hydrogen defect formation at extended defects in hydrogen plasma
treated multicrystalline silicon
J. Appl. Phys. 105, 033506 (2009); 10.1063/1.3073893

Correlation between residual strain and electrically active grain boundaries in multicrystalline silicon
Appl. Phys. Lett. 93, 112105 (2008); 10.1063/1.2983649

Photoluminescence analysis of intragrain defects in multicrystalline silicon wafers for solar cells
J. Appl. Phys. 102, 054506 (2007); 10.1063/1.2776003

Complementary application of electron microscopy and micro-Raman spectroscopy for microstructure, stress,
and bonding defect investigation of heteroepitaxial chemical vapor deposited diamond films
J. Appl. Phys. 83, 187 (1998); 10.1063/1.366672

Chart recording FFT displays Trend analysis

- Intuitive front-panel operation -1 mHzto 2 MHz
- Touchscreen data display - 2.5 nV/yHz input noise
- Save data & screen shots to USB flash drive - 1 ps to 30 ks time constants
-Embedded web server and iOS app - 1.25 MHz data streaming rate
- Synch multiple SR865s via 10 MHz timebase I/O - Sine out with DC offset
SRS Stanford Research Systems - View results on a TV or monitor (HDMI output) - GPIB, RS-232, Ethernet & USB
www.thinkSRS.com - Tel: (408)744-9040



http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/990006414/x01/AIP-PT/SRS_JAPArticleDL_071316/SR865_Journal_2.jpg/434f71374e315a556e61414141774c75?x
http://scitation.aip.org/search?value1=Vidya+Ganapati&option1=author
http://scitation.aip.org/search?value1=Stephan+Schoenfelder&option1=author
http://scitation.aip.org/search?value1=Sergio+Castellanos&option1=author
http://scitation.aip.org/search?value1=Sebastian+Oener&option1=author
http://scitation.aip.org/search?value1=Ringo+Koepge&option1=author
http://scitation.aip.org/search?value1=Aaron+Sampson&option1=author
http://scitation.aip.org/search?value1=Matthew+A.+Marcus&option1=author
http://scitation.aip.org/search?value1=Barry+Lai&option1=author
http://scitation.aip.org/search?value1=Humphrey+Morhenn&option1=author
http://scitation.aip.org/search?value1=Giso+Hahn&option1=author
http://scitation.aip.org/search?value1=Joerg+Bagdahn&option1=author
http://scitation.aip.org/search?value1=Tonio+Buonassisi&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.3468404
http://scitation.aip.org/content/aip/journal/jap/108/6?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/115/18/10.1063/1.4876445?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/115/18/10.1063/1.4876445?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/105/3/10.1063/1.3073893?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/105/3/10.1063/1.3073893?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/93/11/10.1063/1.2983649?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/102/5/10.1063/1.2776003?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/83/1/10.1063/1.366672?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/83/1/10.1063/1.366672?ver=pdfcov

JOURNAL OF APPLIED PHYSICS 108, 063528 (2010)

Infrared birefringence imaging of residual stress and bulk defects in

multicrystalline silicon

Vidya Ganapati,' Stephan Schoenfelder, 123 Sergio Castellanos,’ Sebastian Oener,*
Ringo Koepge,> Aaron SamEson Matthew A. Marcus,® Barry Lai,® Humphrey Morhenn,*
Glso Hahn,” Joerg Bagdahn,” and Tonio Buonassisi'®

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

Fraunhofer Center for Silicon Photovoltaics CSP, 06120 Halle, Germany

3F, raunhofer Institute for Mechanics of Materials IWM, 06120 Halle, Germany

Umverslty of Konstanz, 78457 Konstanz, Germany

Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
®Advanced Photon Source, Argonne National Laboratory, Argonne, lllinois 60439, USA

(Received 24 May 2010; accepted 29 June 2010; published online 22 September 2010)

This manuscript concerns the application of infrared birefringence imaging (IBI) to quantify
macroscopic and microscopic internal stresses in multicrystalline silicon (mc-Si) solar cell
materials. We review progress to date, and advance four closely related topics. (1) We present a
method to decouple macroscopic thermally-induced residual stresses and microscopic bulk defect
related stresses. In contrast to previous reports, thermally-induced residual stresses in wafer-sized
samples are generally found to be less than 5 MPa, while defect-related stresses can be several times
larger. (2) We describe the unique IR birefringence signatures, including stress magnitudes and
directions, of common microdefects in mc-Si solar cell materials including: B-SiC and B-SizNy
microdefects, twin bands, nontwin grain boundaries, and dislocation bands. In certain defects, local
stresses up to 40 MPa can be present. (3) We relate observed stresses to other topics of interest in
solar cell manufacturing, including transition metal precipitation, wafer mechanical strength, and
minority carrier lifetime. (4) We discuss the potential of IBI as a quality-control technique in
industrial solar cell manufacturing. © 2010 American Institute of Physics. [d0i:10.1063/1.3468404]

I. INTRODUCTION

To first order, both solar cell manufacturing yield and
conversion efficiency are inversely related to the cost of pho-
tovoltaic power PV).! Significant resources have been in-
vested toward improving efficiencies, resulting in sophisti-
cated camera-based imaging techniques. Today, camera-
based photoluminescence imaging,z’3 electroluminescence
imaging,‘"5 and lock-in thermography&8 can detect and char-
acterize the distribution of efficiency loss mechanisms over
full wafers with submillimeter precision, under certain con-
ditions even predicting the performance of final devices from
measurements on wafers.”'

In comparison, our current understanding of solar cell
breakage and strength behavior is rudimentary. The strength
of wafers and cells is widely evaluated via bending tests and
Weibull statistics, using a continuum approachm_17 that as-
sumes spatially-invariant (homogeneous) material properties.
Hence, the strength of wafers can be described by statistical
parameters, but often the cause of breakage cannot be deter-
mined. Multicrystalline silicon (me-Si) contains heteroge-
neous residual stress distributions, which are caused by ther-
mal gradients during crystallization within confined
geometries, as well as microdefect-related stresses. Since
large internal stresses reduce the maximum external (ap-
plied) load a sample can withstand before fracture, the lack
of ability to image internal stresses has obscured the under-
lying defects causing wafer and cell breakage, and has con-
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tributed to the underdevelopment of PV technology path-
ways with cost reduction potential. For example, thinner
wafers represent a promising path toward reduced materials
costs and higher efﬁciency,18 yet these benefits have been
offset by lower production yields due to higher breakage.
Thus, there is a need to image and quantify inhomoge-
neously distributed stresses in crystalline silicon material, in
order to quantify the influence of local defects on strength.

In this contribution, we demonstrate the potential of in-
frared birefringence imaging (IBI) to characterize the spatial
distributions of internal stresses in mc-Si solar cell wafers on
the micron scale. We begin by demonstrating a method to
decouple bulk microdefect-related stresses and thermally in-
duced residual stress. Then, we isolate and decouple the
unique birefringence signals generated by common bulk mi-
crodefects [including dislocations, silicon carbide inclusions,
silicon nitride inclusions, grain boundaries (GBs), and twin
bands], elucidating the microscopic origins of the observed
birefringence signals. Lastly, we correlate internal stresses
observed using IBI with data obtained by other common
structural and electrical characterization techniques, high-
lighting the fact that mc-Si bulk microdefects have profound
and interrelated mechanical and electrical effects on solar
cells.

Il. MATERIALS AND METHODS
A. Materials
We investigated stress distributions in three mc-Si mate-

rials: directionally-solidified ingot me-Si,"’ string ribbon

© 2010 American Institute of Physics
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silicon,” " and dendritic web.”” The first two materials are

in commercial production, with ingot mc-Si accounting for
approximately half of all cells currently produced. Dendritic
web is not produced commercially today, but was included in
this study as a “model structure” (single crystalline with one
twin boundary, with well defined grain orientation and defect
distribution®).

Ingot mc-Si slabs 1 mm thick were sliced vertically from
near an ingot top and polished on both sides. String Ribbon
(180—-220 um thick) and Dendritic Web (70-113 um
thick) samples were measured as-grown; their surfaces are
typically microscopically smooth directly from growth.

B. IBI
1. Background: Birefringence and its measurement

Birefringent materials induce a phase difference in per-
pendicular components of light due to a difference in the
principal refractive indices (n, and n,); this phase difference
can be expressed as a “retardation” value (AN), in units of
length. In photoelastic materials, such as silicon, the differ-
ence in indices can arise due to stress.”* We denote the di-
rection of light propagation through the thickness of the
sample as z. The retardation, assuming a constant stress state
along z, is related to stress through the following equation:

AN
7=(n1_nz):C'(Ul_UZ):C'ZTmax’ (1)
where d is the thickness along z, C is the material-dependent
stress-optic coefficient, o and o, are the principal stresses in
the plane perpendicular to z, and 7, the corresponding
maximum shear stress.

The linear relationship between the difference in princi-
pal refractive indices and stresses in Eq. (1) is valid for op-
tically isotropic materials, in which the stress-optic coeffi-
cient, C, is constant regardless of principal stress direction.
In Appendix A, we describe the effects of optical anisotropy
on IBI measurements; for the purposes of this manuscript,
we assume C=1.8X 107" Pa!,

2. History of birefringence

Transmission visible and IBI has been widely applied to
study bulk defects in transparent cubic crystalline solids, ¢
including dislocations in sodium chloride,27_29 silver
chloride,**! magnesium oxide,* gallium phosphide,3 3 cad-
mium telluride,34 gallium zursenide,35 barium nitrate,3 6,37 ga-
dolinium gallium galrnet,3 38 and silicon,” typically using a
microscope with a cross polarizer. In the early 1980s, at-
tempts were made to study residual stresses in mc-Si using
point-by-point infrared birefringence mapping, but these
were abandoned due to large grain-to-grain variations in sig-
nal intensity,40 believed to be caused by anisotropic polarized
reflections or intrinsic anisotropic birefringence.‘“’42

In the mid-2000s, new attempts were made to use IR
birefringence mapping“’44 and imaging“’46 to measure bulk
residual stresses in mc-Si wafers, building on earlier suc-
cesses with single-crystalline wafers."”* It was proposed
that the large grain-to-grain variations in birefringence inten-
sities observed previously may be due to the presence of a
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variety of microdefects suspected or confirmed to exhibit a
birefringence signal, including dislocations™**  and
GBs. %! These initial investigations invite a comprehen-
sive, systematic, and statistically meaningful study to de-
couple different stress contributions, validated by micro-
structural measurements.

3. IBI apparatus

In our experiments, IBI was performed using a gray-field
polariscope (GFP) constructed by Stress Photonics Inc., de-
scribed in Ref. 47. A narrow (1101.5%+11.5 nm nominal)
band pass optical filter was placed above the light source to
achieve monochromatic light and a broad-response InGaAs
camera (320X 256 pixel array) was used for imaging. The
camera distance from the sample was varied to obtain both
full-wafer and detailed images; a 5X objective was utilized
for higher-resolution images. The spatial resolution of the
technique is limited by the camera optics and pixel array, and
is approximately 100 wm/pixel for full view and
5.7 um/pixel using the 5X microscope objective. A trans-
mission infrared (TIR) image of the sample was achieved
simultaneously, by averaging over an entire rotation of the
polarizing filter.

The GFP is able to measure both the magnitude of the
principal indices difference (n;—n,) and the direction of the
first principal refractive index (6). The quantity (n,—n,) is
measured by exposing a sample to monochromatic
circularly-polarized light, the mathematical equivalent of two
perpendicularly-polarized plane waves offset by a quarter
wavelength (N\/4). After the two perpendicularly-polarized
plane waves transit through a birefringent sample along dif-
ferent principal refractive indices, they will emerge with a
phase offset (A\/4+AN). A rotating linear polarizer can mea-
sure the ellipticity of the transmitted light, quantifying ANY
In the transmission mode described, the monochromatic
wavelength of light is chosen such that the sample is trans-
parent. For silicon, infrared light is used.

For the GFP, the linear relationship between stress and
retardation [Eq. (1)] persists while AN <\/4. Linearity holds
for shear stresses up to ~100 MPa distributed throughout
the wafer thickness, given standard mc-Si measurement con-
ditions (1100 nm light) and samples (d=180 wm). Higher
stresses can be measured if sample thickness is reduced,
longer wavelength light is used, or the stress is confined to a
fraction of the sample thickness. Higher stress values can
also be quantified by using a fringe counting technique.52

Under the assumption of a constant plane stress state
along z, the quantities measured by the GFP are directly
proportional to the components of stress typically associated
with Mohr’s circle ([0 =0,=2Tna], [27y,], and [o—0y]),
with a proportionality constant of C-d [from Eq. (1)], as
illustrated in Fig. 1(b) and described in Ref. 47. Appendix B
describes artifacts that can affect quantitative stress measure-
ments, and the steps taken in this study to increase measure-
ment accuracy.
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FIG. 1. (a) Mohr’s circle and (b) the quantities (oj—0,), (27,), and (o
—0y). The quantities in (b) can be measured by a single IBI measurement,
whereas quantities in (a) can be determined by comparing IBI measurements
before and after stress relief (Fig. 2).

C. Other characterization techniques

Data from IBI measurements were correlated with other
measurements from electrical, structural, and chemical char-
acterization techniques.

Minority carrier lifetime measurements were performed
using a SemilLab WT2000 microwave photoconductive de-
cay (u-PCD) tool at the University of Konstanz. Sample
cleaning was performed by a piranha (IMEC) clean based on
H,S0,/H,0, at 80 °C for 20 min followed by an HF (5%)
dip for 2 min and rinsing in de-ionized (DI) water. Samples
were measured while surface-passivated with an iodine eth-
anol solution described in Ref. 53.

To determine GB character and grain orientation, elec-
tron backscatter diffraction (EBSD, Ref. 54) was performed
using a Zeiss Neon 1540 EsB at the University of Konstanz.
For GB categorization, the maximum permissible angular
deviation was set according to the Brandon criterion [A@
=15°3712 (Ref. 59)].

Dislocations were revealed with chemical etching at the
Massachusetts Institute of Technology. Samples were pre-
cleaned in 9:0:1 (referring to the ratio of nitric:acetic:hydrof-
luoric acids) for 30 s to remove surface contamination,
etched in 2:15:36 (known as the Sopori etch56) for 30 s to
reveal dislocation etch pits, then quenched in 9:0:1 for less
than two seconds to prevent staining. Samples were then
rinsed with DI water. Dislocation etch pit maps were ob-
tained by imaging the samples using a CanoScan LiDE 700F
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flatbed scanner. To ensure linearity of this method, a com-
parison was performed between the grayscale intensity of the
scanned image and counts from optical micrographs; linear-
ity was observed in the range of ~10* to
~10° dislocations/cm?. The principal advantage of using a
flatbed scanner is the ability to quickly measure several
square decimeters of sample area with a spatial resolution as
small as ~3 wm (at 9600 dpi).

Impurity mapping was performed using synchrotron-
based x-ray fluorescence microscopy (u-XRF) at Beamline
2-ID-D (Refs. 57 and 58) of the Advanced Photon Source at
Argonne National Laboratory and Beamline 10.3.2 (Ref. 59)
of the Advanced Light Source (ALS) at Lawrence Berkeley
National Laboratory. These beamlines at third-generation
synchrotrons are capable of detecting submicron-sized
metal-rich precipitates and inclusions in me-Si.%" ALS
Beamline 10.3.2 was used for large-area maps with a spot
size of approximately 16X 7 um?. High-resolution maps
were obtained at APS Beamline 2-ID-D with a beam diam-
eter of 200 nm.

lll. DECOUPLING RESIDUAL STRESS AND
MICRODEFECT STRESSES

Each pixel of an infrared birefringence image captures
the two-dimensional projection of the sum of all stresses
within a given sample volume. The observed stresses can be
of different origins, including thermally induced residual
stress and microdefect-related stresses. For accurate IBI mea-
surement interpretation, it is desirable to distinguish between
these two types of stress.

We posit that thermally induced residual stress and
microdefect-related stress can be decoupled due to differ-
ences in their characteristic length scales: residual thermal
stresses vary gradually across the length of a sample,
whereas the stress of a microdefect is localized to within a
few microns to millimeters around the defect. The creation of
a free surface, e.g., by cleaving, relieves both microdefect-
related and residual thermal stresses normal to the surface.
However, due to differences in characteristic length scale, we
expect microdefect-related stresses to only be affected up to
a millimeter away from a free edge, whereas the residual
thermal stress field should experience a perturbation with a
characteristic length on the order of the size of the newly
created free surface.

To validate this hypothesis, we compared IBI measure-
ments before and after cleaving a sample of dendritic web
silicon—a model material that includes both dislocations and
residual stress. In an IBI measurement of a section of the
ribbon before cleaving [Fig. 2(a)], we observe a crosshatched
stress pattern that closely resembles the pattern of dislocation
bands [Fig. 2(b)]. After cleaving the ribbon perpendicular to
the growth direction, we observe a faint change in the IBI
stress pattern near the incision [Fig. 2(c)]. A subtraction of
IBI measurements performed before [Fig. 2(a)] and after
[Fig. 2(c)] cleaving is shown in Figs. 2(d)-2(f). These differ-
ence images illustrate stresses that vary over the length scale
of the cleaved edge, and do not exhibit a crosshatched pat-
tern. We thus conclude that Figs. 2(d)-2(f) illustrate ther-
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FIG. 2. IBI (27,,) measurements of a 4.4X7.5 cm? single-crystalline sili-
con ribbon wafer before cleaving (a) and after cleaving along the dashed
line (c) demonstrate the characteristic crosshatch pattern attributed to dislo-
cations, as confirmed by the etch pit density map (b). This crosshatch pattern
is not evident in the difference images [(d)—(f)], which illustrate the residual
stress relieved by cleaving. Coordinate system shown in (a).

mally induced residual stress in the y-direction relieved by
cleaving. By applying Eq. (1), we determined the stress relief
to be on the order of 4 MPa. Equivalent or lower stress
values are usually observed for other commercial mc-Si ma-
terials; in these cases, one can cleave a wafer by diamond
scribing or laser cutting.

The residual stress patterns we observe in Figs. 2(d)-2(f)
have been predicted by modeling&’63 and result from tem-
perature gradients across the ribbon during growth. Similar
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FIG. 3. (Color online) Normal absolute stress (o) evaluation of the ribbon
sample shown in Fig. 2, by comparing IBI measurements before and after
cleaving.

thermal residual stress patterns have been observed by stress
measurements before and after thermal annealing,63 indicat-
ing that other methods of residual stress relaxation besides
cleaving are possible (although high-temperature annealing
can also change the distribution® and the densityf’s_67 of bulk
microdefects).

As an aside, note that a single IBI measurement quanti-
fies shear stress, but not hydrostatic stress [see Fig. 1(b)].
Hydrostatic stress can be measured by comparing IBI before
and after cleaving. IBI measurements before cleaving deter-
mine the difference between normal stresses, i.e., (oy—0y).
Cleaving a sample requires that the stress normal to the free
surface relaxes, e.g., oy |ceavea=0. By taking the difference of
IBI measurements “before” and “after” cleaving, one can
cancel the oy contribution, and determine o. By analyzing
the measurements of Fig. 2 in this manner, one can deter-
mine that, as predicted by modeling, the edges of the ribbon
were in tension in the y-direction, and the middle of the
ribbon in compression in the y-direction, as shown in Fig. 3.

Thus, we conclude that one can distinguish between
thermally induced residual stress and bulk microdefect-
related stresses due to differences in their characteristic
length scales. Additionally, by performing IBI measurements
before and after cleaving, one can quantify both hydrostatic
and shear components of thermally induced residual stress.

Thermally-induced residual stresses on the order of 5
MPa or less are significantly lower than previous literature
reports on full wafers,”’ which do not decouple defect-
related stresses from thermally-induced residual stress. As
described in Sec. IV, full-wafer measurements are often
dominated by defect-related stresses.

IV. TAXONOMY OF MICRODEFECT STRESSES

In crystalline cubic solids, perturbations to the crystal-
line lattice caused by structural defects or second-phase par-
ticles are known to induce characteristic birefringence sig-
nals on micron or sub-micron length scales.?’ 233673868 wyith
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IBI, these microdefect-related stresses can be distinguished
from macroscopic residual thermal stresses by their smaller
length scales and their limited response to cleaving.

Given the plethora of microdefect types in mc-Si, we
systematically isolate and measure the most common types
with IBI, elucidating their stress “fingerprints.” In some
cases, we employ finite element analysis (FEA) in conjunc-
tion with microstructural information to identify the origin of
the stress.

A. SiC and Si3;N4 Microdefects

Under certain me-Si ingot growth conditions with super-
saturated carbon in the melt, 8-SiC particles up to a few
hundred microns in diameter can be present in the upper and
lower regions of the ingot.69_72 A similar phenomenon is ob-
served in melts supersaturated with nitrogen, with resulting
hexagonal rods of B-SizN, up to a few tens of microns in
diameter and a few millimeters in length.ég_71 Melts super-
saturated with both carbon and nitrogen can produce mc-Si
material with the presence of both microdefect types.@f7l

Using infrared transmission microscopy with a 5X ob-
jective, we detected several B-SiC particles in a 1 mm thick
vertical slice extracted from the upper region of an mc-Si
ingot. Infrared microscope and IBI measurements of a
B-SiC/ B-Si3N, microdefect cluster are shown in Fig. 4. A
false-color diagram [Fig. 4(b)] is provided to distinguish
B-SiC and B-Si3N, microdefects, based on the authors’ ex-
perience of a previous investigation.70

IBI measurements [Fig. 4(c)] indicate a radially decay-
ing stress surrounding each -SiC particle. The stress direc-
tion [Fig. 4(d)] indicates that the first principal stress com-
ponent o is oriented normal to the B-SiC/Si interface. In
comparison, very little stress is evident in the immediate vi-
cinity of B-SizN, rods.

These observations can be explained by considering the
origins and material properties of the embedded particles.
Because of the complex structure® of B-SiC microdefects,
their presence in “rashes,””" and kinetic limitations for car-
bon point defect transport in solid silicon,” it is believed that
these particles form in the melt and are incorporated into the
solid ingot at instabilities in the advancing solidification
front. ™ As the ingot cools from 1414 °C to room tem-
perature, the mismatch between the coefficients of thermal
expansion (CTE) of the B-SiC, B-Si;N,, and silicon matrix
results in stress surrounding these microdefects.

The relationship between interfacial stress and observed
birefringence can be understood as follows: for a spherical
B-SiC inclusion in an infinite Si matrix, the stress magnitude
at the Si interface is independent of particle size, depending
only on the CTE mismatch and elastic moduli. The radial
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FIG. 4. (Color online) Silicon carbide and nitride inclusions in ingot mc-Si.
Large tensile stresses, which decay in the radial direction, are observed
surrounding the B-SiC inclusions.

extent of the stress field is observed to be on the order of the
particle size. Since the birefringence measured by IBI at an
inclusion is a projection of a three-dimensional (3D) stress
field, as illustrated in Fig. 5(a), the birefringence is expected
to vary linearly with particle size, when the sample thickness
is much larger than the particle diameter.

The observed retardation is related to stress by re-
phrasing Eq. (1) as an integral over the thickness of the
sample

d
AN=C f 274 (2)dz, (2)
0

where d is the sample thickness, illustrated in Fig. 5(a). Via
Eq. (2), it is understood that larger inclusions should gener-
ate a larger birefringence signal, as seen in our experiments.
Additionally, inclusions close to a free surface are expected
to have smaller birefringence. For example, in Fig. 4(c), the
two B-SiC particles are of comparable size, though the upper
particle has a surrounding birefringence signal of smaller
magnitude. An optical microscope image shows that this par-
ticle is near the surface of the sample, so the retardation
integral of Eq. (2) is approximately halved. As the B-Si3N,
rods have sizes an order of magnitude smaller than the 8-SiC

TABLE 1. Sets of material parameters used to simulate radial birefringence linescans shown in Fig. 5(c). From

Refs. 43, 78, and 79.

Set 1 Set 2 Set 3
Stress-optic coefficient (Pa~") 1.8x 1071 1.4x 1071 14x 1071
Temperature above which stress relief occurs (°C) 550 550 300
B-SiC Young’s modulus (E) 370 GPa 314 GPa 370 GPa
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FIG. 5. (Color online) FEA of a model structure (a) predicts the stress field
surrounding a B-SiC sphere and a 3-Si;N, rod due to CTE mismatches (b).
Large stresses are predicted at the -SiC particle, as seen experimentally in
Fig. 4(c). The stress magnitude linescans starting at the 8-SiC/Si interface
(c) compare experimental IBI data (red dots) to FEA simulations using three
different sets of material parameters given in Table I.

particles, as well as a smaller stress magnitude at the inter-
face, we expect the birefringence signal due to the S-SiC
particles to dominate.

To confirm these deductions, we modeled an inclusion of
a f3-SiC sphere embedded in silicon [Fig. 5(a)] using the
FEA software ANSYS. It is assumed in the model that stress
generated by CTE mismatches above the silicon brittle-to-
ductile transition temperature (550 °C, Ref. 75) is relieved
via plastic deformation. Consequently, the model assumes
that all stress observed in room-temperature measurements
originates from linear elastic deformation generated below
the silicon brittle-to-ductile transition. All materials are as-
sumed to have linear-elastic, isotropic material behavior.
Hence, silicon is modeled with isotropic material parameters
using the averaging method following Voigt76 with the aniso-
tropic material parameters from Ref. 77, resulting in Young’s
modulus (E) of 166 GPa and Poisson ratio (v) of 0.217. For
silicon carbide, v=0.188 was assumed, and E was varied
according to Table I. For silicon nitride, E=300 GPa, v
=0.24 was used.®’ The temperature-dependent CTEs of
B-SiC and Si can be found in Refs. 81 and 82, respectively.
The CTE of 3-SisN, was assumed constant with respect to
temperature, according to Ref. 80. Note that the model is
very sensitive to small changes in CTE; if a temperature-
invariant CTE is used, stresses can deviate by 2-3X.

The simulated stress pattern [Fig. 5(b)] and direction are
in good qualitative agreement with our experimental results
[Fig. 4(c)], as well as birefringence images of inclusions in
other cubic crystals.25’68 These are also in good agreement
with recent calculations by M’Hamdi and Gouttebroze.® Al-
though M’Hamdi and Gouttebroze use different material pa-
rameters, the given analytical equations agree with our FEA
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simulation. Furthermore, their results regarding the effect of
plastic deformation above the brittle-ductile transition tem-
perature show that our assumption to neglect the formation
of stress above the brittle-ductile temperature is a good ap-
proximation.

To test quantitative agreement, radial linescans from the
B-SiC/Si interface from IBI measurements of an isolated
B-SiC inclusion were compared with the finite element
model [Fig. 5(c)]. The retardation values are linearly propor-
tional to particle diameter 2r at a distance k-2r from the
B-SiC/Si interface, where k is a constant. Thus, we normal-
ize the x- and y-axes of Fig. 5(c) to 2r, using the average
diameter of the actual B-SiC inclusion to normalize the IBI
measurements. Given the variation and anisotropy of B-SiC
material properties in the literature,* " two sets of mate-
rial constants were used to probe extreme upper and lower
bounds for stress. These two sets of material parameters are
provided in Table I, and correspond to curves 1 and 2 in Fig.
5(c).

We analyzed 40 B-SiC particles with this method; our
IBI data consistently falls below the lower bound (curve 2).
We achieve better agreement between FEA results and our
data if we assume stress relief can occur above 300 °C
[curve 3 in Fig. 5(c)], or if a different set of CTEs are used.
Using these assumptions, the average stress (o—0,) was
determined to be 24 MPa at the S-SiC/Si and 12 MPa
B-SisN,/Si interface. Possible mechanisms for stress relax-
ation below the brittle-to-ductile transition temperature in-
clude the formation of B-SiC microcracks and -SiC/Si in-
terface defects, which were previously observed®® in high-
resolution  transmission electron microscope (TEM)
measurements.

Our FEA calculations [curve 3 in Fig. 5(c)] indicate ten-
sile normal stress surrounding isolated B-SiC particles, and
compressive normal stress surrounding isolated 3-Si;N, par-
ticles. When S-SiC clusters and B-Si3N, microdefects are in
close proximity, the tensile stress state of the larger S-SiC
tends to dominate.

B. Dislocations

Dislocations, one-dimensional line defects®’ present in
mc-Si ribbons***° and ingots,(‘”’92 can form to relieve thermal
stresses during crystal growth. Previous studies imaged and
modeled the birefringence associated with screw,”’ edge,38
and mixed”®* dislocations in other cubic crystalline solids,
both as single dislocations and in bands. It has been pre-
sumed that dislocations in mec-Si should exhibit a detectable
birefringence signature,44 in agreement with other strain
measurement  techniques  such as  micro-Raman
spectroscopy93 and x-ray topography.23 Low-resolution IBI
measurements by Li"~ suggested a strong positive linear cor-
relation between dislocations and birefringence signal inten-
sity in ribbon mc-Si, although subsequent measurements by
Garcia” suggested a negative square-root dependence.

For this experiment, we analyzed dislocation-rich grains
in ingot mc-Si, string ribbon, and dendritic web materials.
Regions within large grains were selected to avoid the con-
volution of other defect types on IBI measurements. Regions
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FIG. 6. IBI (27,,) and dislocation etch pit density measurements for three
different silicon materials: dislocated single-crystalline silicon (dendritic
web), and two types of mc-Si (string ribbon and ingot mc-Si). Band-like
features in IBI measurements correlate well with dislocation bands.

of interest were imaged with a close-up 1X objective, to
cover a statistically meaningful sample area with high reso-
lution. The high resolution imaging nature of IBI combined
with a high-sensitivity camera enable a detailed understand-
ing of the relationship between microstructure and birefrin-
gence signal at dislocations in mc-Si.

IBI and dislocation density measurements are shown in
Fig. 6. The good qualitative agreement between these mea-
surements suggests the band-like intragranular features ob-
served in IBI indeed are associated with bands of disloca-
tions. IBI retardation values associated with mc-Si
dislocation bands are typically in the range of 0.1 to 13 nm
for wafers ranging between 100 wm and 1 mm thickness.

While qualitatively convincing (Fig. 6), the quantitative
relationship between birefringence and dislocation density is
observed to vary from grain to grain. It has been shown in
other materials that birefringence varies depending on dislo-
cation type and orientation.”® As mc-Si contains a variety of
grain orientations and dislocation types, a quantitative corre-
lation between IBI and dislocation density in mc-Si likely
requires a priori knowledge of grain texture, and possibly
even dislocation type distribution.

IBI measurements on whole ribbon Si samples indicate
that the first principal stress direction is typically parallel or
perpendicular to the direction of growth, as expected from
thermal modeling (Ref. 95). As the direction of maximum
shear stress is oriented 45° relative to the principal stresses,
it is not surprising that dislocation bands often appear to
form diagonal or cross-hatched patterns, along the slip plane
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FIG. 7. (Color online) The strong IR birefringence (o — o) signal in (a) is
attributed to nanotwinned regions, as confirmed by (b) dislocation etch pit
density and (d) lifetime maps. The direction of the first principal stress in (c)
is usually perpendicular to the direction of twin propagation.

most closely aligned to 45° relative to the growth
direction.*""’ Although 3D stress fields within ingots are
more comp]ex,m’92 a similar relationship between principal
stress direction and dislocation band formation is expected.

C. Twin bands

Ribbon Si thicker than 100 um and ingot mc-Si can
contain regions several millimeters wide with densely
packed twin boundaries separated by as little as a few
nanometers.”* "% These nanotwinned regions, commonly
called “twin bands,” are associated with high minority carrier
lifetimes and low dislocation densities. """

In our experiment, string ribbon samples were analyzed
by IBI with a close-up 1X objective. A nanotwinned band
and an adjacent nontwinned grain were identified by EBSD.
The IBI of this region shown in Fig. 7 illustrates a very large
birefringence signal at the nanotwinned regions, in agree-
ment with previous studies on silicon and other
materials. *>*+*!

The microstructural origin of the birefringence caused
by these twin bands appears not to be related to isolated
dislocations, since one often observes low dislocation densi-
ties [Fig. 7(b)] and high minority carrier lifetimes [Fig. 7(d)]
in heavily twinned regions of mc-Si, consistent with a wide
body of literature.”**"1971% The concentration of metal-rich
precipitates at twin boundaries is typically very low, unless
pile-up dislocations are present;104 unlike B-SiC microde-
fects, there are few nucleation points for metal impurity pre-
cipitates due to the highly reconstructed defect core struc-
ture.

It is unclear, whether the birefringence observed at twin
boundaries originates from the unique crystallography of
these regions, or from actual strained crystalline silicon. On
one hand, it is worth noting that evidence for strain at nan-
otwinned regions has been observed by Raman
spectroscopy,g3 TEM,'” and other methods.”' The stress
magnitude and direction observed by IBI are consistent with
a model proposed by  Werner, Moller, and
Sche:e:rsc:hmidt,99’105’106 whereby carbon atoms within the
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FIG. 8. IBI image (o, — o) of nontwinned GBs. Some GBs exhibit periodic
localized stresses, while others are largely stress-free. Arrows denote the two
GBs in the image above.

twin boundary core structure generate a tensile strain because
of the small Si—C bond length. On the other hand, similar
birefringence patterns observed at nanotwinned regions in
(zincblende) cadmium telluride™ suggest alternative expla-
nations, possibly intrinsic to the defect microstructure itself.
The crystal structure within a twin boundary core deviates
significantly from the diamond cubic silicon lattice, thus it is
conceivable a change in intrinsic birefringence could occur.
Further investigations are needed to explore the physical ori-
gin of birefringence at nanotwinned regions.

With very few exceptions, we observe the direction of
the first principal stress component perpendicular to the
propagation direction of the twin bands [Fig. 7(c)]. Assum-
ing nanotwinned regions to be strained, this result suggests
the possibility of tensile strain normal to the twin boundaries.
Supporting this hypothesis is the observation that brittle frac-
ture in ribbon and ingot mc-Si samples frequently occurs
along twin bands.

D. Nontwinned GBs

Besides twins, ingot mc-Si typically contains several
other types of GBs, including various coincident site lattice
(CLS) boundaries, small-angle, and large-angle GBs. A bire-
fringence mapping study by Fukuzawa** reported generally
low retardation values for nontwinned boundaries, varying
slightly depending on type.

An IBI measurement with a 1X objective on two GBs in
mc-Si is shown in Fig. 8. One GB exhibits a small and uni-
form birefringence signal, while the other exhibits isolated
higher stress concentrations approximately 1.3 mm apart.
These GBs were analyzed by w-XRF at APS Beamline
2-ID-D (sensitive to particles 30 nm in diameter or larger),
but no metallic impurities were detected at either GB. Due to
scan size limitations (high-resolution u-XRF scanning areas
are limited to approximately 100X 10 um? at this beam-
line), it is plausible that impurity-rich particles exist along
the GBs outside the scanned areas.

These initial results warrant a more thorough investiga-
tion considering GB character, grain misorientation, faceting,

J. Appl. Phys. 108, 063528 (2010)

a) 120-
1001

80 -

60 -

40

204

Scaled Retardation (o,-0,) [nm]

0 T T T T T T T T !
Twins SiC  Dislocations GBs Si;N,

O
N

40-
35
30

s

,-0,) [MPa]

204 l
15+

Stress (|

104 |
5
ol /_|’_\ —

T T T T T
SiC Twins Si,N, Dislocations GBs

FIG. 9. (Color online) (a) Comparison of IBI-measured retardation values
and (b) conversion to stress values (ol —02) among defect types.

dislocation density, and nonmetallic impurity decoration to
elucidate the underlying microstructural causes for the stress
variations detected by IBI.

E. Comparison of individual defect types measured
by IBI

The magnitudes of IBI signals for the five defect classes
described above are compared in Fig. 9. Retardation values
for defects extending through the entire thickness of the wa-
fer (i.e., twins, dislocations, and GBs) are scaled to a wafer
thickness of 200 um. These retardation values are converted
to stress in Fig. 9(b) by applying Eq. (1). The stress values
for the B-SiC and B-Si;N, microdefects at the silicon/defect
interface were found through comparison between FEA and
retardation values.

The defect with the strongest IBI signal is the twin band,
though the B-SiC microdefect generates the largest stress.
Despite its relatively small size, which results in a small IBI
signature, the B-Siz;N, microdefect is responsible for a large
local stress. Much lower IBI signals were observed at dislo-
cation bands and nontwin GBs, although future modeling of
these defects may reveal large local stresses over very small
length scales.

V. FULL-WAFER IMAGING: DECOUPLING INDIVIDUAL
STRESS CONTRIBUTIONS IN IBI MEASUREMENTS

Large-area IBI measurements can be performed on entire
wafers or bricks of silicon, and may be useful in industry as
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FIG. 10. (Color online) (a) IBI (27,,) and (b) dislocation etch pit measure-
ments on a ribbon silicon wafer. Two distinct regions can be observed:
higher-stress, dislocation-free nanotwinned regions (such as those featured
in Fig. 7) shown in gray (red online) in (c); and lower-stress, nontwinned,
dislocated regions (such as that featured in Fig. 6) shown in black in (c). A
correlation plot highlights this distinction (d).

a quality-control test. In each region of a large-area IBI mea-
surement, there is typically one dominant defect type, with a
unique IBI signature, including signal intensity, first princi-
pal stress direction, stress pattern, and length scale, as shown
in Sec. IV. To accurately interpret a large-area IBI measure-
ment, it is necessary to utilize these unique signatures to
decouple various defect types.

As an example of a large-area IBI measurement, we
present an IBI 27, image over a full ribbon silicon wafer
section in Fig. 10(a). Based on the unique stress signatures of
various defect types presented in Sec. IV, we label the domi-
nant defect type in each characteristic region of the sample
[Fig. 10(c)]. The strong, rectilinear IBI signature suggestive
of twin bands is confirmed by defect etching [Fig. 10(b)].
The fainter, band-like features suggestive of dislocation
bands are likewise confirmed by defect etching. The faint
horizontal features observable in the IBI measurement [Fig.
10(a)] are caused by local thickness variations. Residual
thermal stresses appear to account for a small fraction of the
IBI signal.

A second example of a large-area IBI measurement in-
terpretation is shown in Fig. 11. Here, a millimeter-thick ver-
tical slice of mc-Si ingot material is revealed to contain sev-
eral 3-SiC inclusions via unpolarized infrared transmission
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FIG. 11. Millimeter-thick vertical slice of mc-Si ingot material examined
with IBL. Unpolarized infrared transmission imaging (a) reveals B-SiC in-
clusions, while an IBI measurement [(b)—(d)] reveals dislocation bands in
addition to B-SiC microdefects.

imaging [Fig. 11(a)]. IBI measurements reveal the stress field
surrounding B-SiC inclusions [Fig. 11(c)], as well as dislo-
cation bands [Figs. 11(b) and 11(d)]. As TIR imaging is al-
ready employed during mc-Si brick inspection following
crystal growth, it is possible that IBI may be employed to
determine thermal stress and dislocation density at this stage,
with minimal adjustment to process metrology.

VI. EFFECT OF STRESS ON MANUFACTURING YIELD
AND EFFICIENCY

A. Effect of stress on manufacturing yield

The largest tensile stresses in mc-Si are associated with
B-SiC inclusions and nanotwin bands (Figs. 4, 7, and 9).
Residual tensile stress is known to lower the critical crack
length and applied load necessary to fracture brittle silicon
wafers. This can have catastrophic consequences for me-
chanical yield during wafer manufacturing and handling. In
fact, it is not uncommon to observe a ribbon silicon wafer
fracture along the length of a nanotwin band, consistent with
the direction of the first principal stress component [Fig.
7(c)]. From purely the perspective of process yield optimiza-
tion, it is desirable to reduce or eliminate the concentrations
of these defects, as suggested by Chen.”

Improving crystal growth has consistently been demon-
strated to be the most promising path to suppress defect for-
mation. One may successfully suppress tensile defect forma-
tion by growing in a low-carbon environment (to suppress
B-SiC) and avoiding large thermal stresses, especially at
temperatures a few hundred degrees Celsius below melting
(to suppress nanotwin bands). For ribbon growth, thinner
ribbons may also suppress nanotwin band formation, as sug-
gested by Wallace.”

B. Direct effects of stress on minority carrier lifetime

Solar cell efficiency is a strong function of minority car-
. . 107-109 . .. .
rier lifetime. Under one-sun injection conditions, life-
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time in mec-Si solar cells is limited primarily by microdefect
recombination activity, which is governed by defect capture
cross section and energy level(s) within the bamdgap.“o’111
Since these parameters are typically only weakly influenced
by stresses in the tens of megapascals range,”z"13 the direct
effect of low stress levels on minority carrier lifetime is
minimal.

To illustrate this point, consider that nanotwinned re-
gions in Fig. 7 exhibit a strong IBI signal, but these defects
have low intrinsic recombination activity.loo’101 Hence, nan-
otwinned regions exhibit high minority carrier lifetimes de-
spite being highly stressed, reaffirming similar conclusions
reached by Chen.” In contrast, the neighboring dislocation-
rich grain in Fig. 7 has a much lower lifetime and birefrin-
gence signal, due to the high recombination activity of dis-
locations in silicon.'*!*

C. Indirect effects of stress on minority carrier
lifetime

Stress can have a large indirect effect on minority carrier
lifetime in mc-Si, by regulating the formation and kinetics of
lifetime-limiting defects such as dislocations and impurities.
For example, dislocations can be formed via stress relaxation
above the brittle-to-ductile transition temperature, reducing
minority carrier lifetime.'>™"" Thermal gradients during
crystal growth23’9of92 or cell processing“’67 are well known
to provoke dislocation formation, but similar pathways in-
volving microdefect-related stresses have generally been un-
derappreciated. We observe local stress along GBs (Fig. 8);
recent FEA simulations by Usami'"® suggest that GB stresses
can play a critical role in generating intragranular disloca-
tions. Likewise, large stresses have been observed in the vi-
cinities of B-SiC inclusions (Fig. 3), from which dislocation
clusters have been observed to originate.]oo’1 o By examining
our results in the context of a growing body of literature, we
conclude that stressed microdefects can indirectly impact mi-
nority carrier lifetime by generating dislocations.

Stress is known to alter the distribution of deleterious
metallic impurities in me-Si. Copper, nickel, and iron silicide
precipitates are frequently observed aggregated at stressed
B-SiC inclusions, as shown in the u-XRF measurements in
Fig. 12 and confirmed by literature reports.120’12' Consider-
ably fewer metal silicide precipitates are observed at S-SizNy
inclusions,lzo which are associated with lower stresses [Fig.
3(c)].

While stress facilitates impurity precipitation, it is not a
sufficient condition. Nanotwinned regions also appear to be
highly stressed, yet they exhibit low impurity precipitate
decoration,'® likely due to the scarcity of suitable heteroge-
neous nucleation sites in the defect core structure.

VIl. CONCLUSIONS

IBI is presented as a powerful tool to measure stresses
and identify bulk microdefects in mc-Si. We are able to dis-
tinguish between thermally induced residual stress and bulk
microdefect-related stresses due to differences in their char-
acteristic length scales. Both normal and shear components
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FIG. 12. (Color online) The dark features in the X-Y plane represent a
B-SiC microdefect [IR transmission image, from Fig. 4(a)]. The colored
spikes represent metal clusters detected by u-XRF. These metal clusters are
visibly located at or near the 8-SiC microdefect, within the region of highest
stress evidenced in Fig. 4(c).

of thermally induced residual stress can be quantified by per-
forming IBI measurements before and after creation of free
surfaces, where stresses are relieved.

Through comparison of IBI measurements with defect
characterization and FEA, we decoupled and described the
unique IR birefringence patterns, magnitudes, and origins of
common microdefects in mc-Si solar cell materials, includ-
ing B-SiC and S-SisN, microdefects, twin bands, nontwin
GBs, and dislocation bands. FEA suggests the observed ra-
dial tensile stress surrounding [B-SiC microdefects arises
from a CTE mismatch between the inclusion and the sur-
rounding silicon matrix; this observation can help explain
impurity gettering to the B-SiC/Si interface, suggests the
prospect for lower wafer mechanical yield when B-SiC in-
clusions are present, and explains why such defects serve as
efficient nucleation points for dislocations. Twin bands also
exhibit a strong IR birefringence; suspected tensile stresses
oriented perpendicular to the direction of propagation of the
twins also suggest the prospect of lower wafer mechanical
yield; this is consistent with observation of wafer fracture
along twins. By comparison, dislocation bands exhibit a
weak birefringence signal, yet are distinguishable by their
band-like structure and frequent characteristic alignment
along slip planes approximately 45° relative to the direction
of maximum axial stress during crystal growth.

Distinguishing between these different defect types is
essential to understanding the complex correlations between
minority carrier lifetime maps and stress images. While some
defect types are associated with high lifetimes (e.g., twin
bands), others are known to lower lifetime (e.g., disloca-
tions). A direct correlation between lifetime and small stress
levels detected by IBI is inconsistent, because small stresses
do not appreciably alter defect energy levels or capture cross
sections. However, both thermal and microdefect-related
stresses can have a large indirect influence on lifetime, e.g.,
by generating locally high concentrations of dislocations via
plastic deformation.

If properly developed, we believe IBI may eventually
enable predictive yield and efficiency analysis. With stronger
light sources and larger fields of view, it may be possible to
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perform (tomographic) IBI to detect microscopic defects in
entire ingots or bricks of mc-Si, or on mc-Si modules, ensur-
ing enhanced quality control with minimal additional cost in
a nondestructive and contactless manner.
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APPENDIX A: SILICON STRESS-OPTIC COEFFICIENT

Equation (1) assumes an isotropic material, i.e., C is in-
variant with crystal orientation. However, the stress-optic co-
efficient of silicon is known to vary with respect to crystal-
lographic orientation. In this appendix, we (a) describe and
quantify the effect of anisotropic stress-optic coefficient val-
ues for silicon, and (b) summarize the range of experimental
stress-optic coefficient values reported in literature. With this
information, one can estimate the error of converting retar-
dation to stress (o;— o).

The stress-optic coefficients for principal stresses as a
function of crystal direction can be calculated from the
piezo-optical coefficients () of a material, according to

ng 1
Coon(6) 2 [sin’20 cos® 26

+
ﬂi4 (), = 7712)2

from Ref. 78. The maximum value occurs along the (100)
orientation (6=0), while the minimum occurs along the
(110) orientation (#=45°). As described in Ref. 52, a small
angle may be present between (n,—n,) and (o;—0>); this
angle is approximately *10°, depending on crystal orienta-
tion. Herein, we ignore the small angle offset and approxi-
mate Eq. (1) to be valid.

Anisotropic effects aside, there is a range of values for 7
and C reported in the literature.”>%'?%12% Taple I summa-
rizes the literature range of piezo-optical coefficients and
provides the corresponding stress-optic coefficients when the
principal stresses lie in the (100) and (110) directions.

(A1)
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TABLE II. Summary of piezo-optical coefficients from literature, and cor-
responding stress-optic coefficients calculated from Eq. (A1) for different
crystal orientations. For light with 1100 nm wavelength, n,=3.5 (from Ref.
124).

=112 Tyq C<100> C<1|0>
Reference (X103 Pa™!) (X103 Pa’!) (x107'! Pa™!) (x107!'! Pa™l)

121 14.4 10.0 3.09 2.14
122 8.48 4.58 1.82 0.98
52 12.22 6.50 2.62 1.39
120 9.88 6.50 2.12 1.39

For our study, we chose a median value for C=1.8
X 10~ Pa~!, unless noted otherwise. We note that this value
may vary by as much as a factor of two, given the uncertain-
ties described above.

APPENDIX B: IDENTIFICATION OF EXPERIMENTAL
ARTIFACTS

Since IBI captures the relative difference between major
and minor polarization directions for each pixel, constant
pixel-to-pixel intensity variations should not affect measure-
ment results (assuming detector response is linear with light
intensity). Artifacts in IBI measurements can be caused by
dichroic effects, anisotropic reflectance, and path length dif-
ferences caused by spatial noncoherence of the light. The
first two effects are intrinsic, wavelength-dependent material
properties; measuring IBI at two or more wavelengths of
incoming light may help confirm that measurements outputs
are consistent. The latter two artifacts are exacerbated by
improperly aligned IBI measurement setups; the spatial co-
herence of the incoming light is essential to reducing aniso-
tropic reflectance and ensuring similar optical path lengths
through the sample thickness for each X-Y position in an IBI
image [lest the variable d in Egs. (1) and (2) vary from one
pixel to another]. In our study, we minimized the effects of
these artifacts by careful system alignment, and, when pos-
sible, flat and polished wafers.

To quantify the maximum retardation error, we measured
all samples in two orientations (0° and 90°), and determined
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