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Atomic Structure of Light-Induced Efficiency-Degrading Defect in 
Boron-doped Czochralski Silicon Solar Cells  
Abigail R. Meyer,a,c P. Craig Taylor,b Michael B. Venuti,b Serena Eley,b Vincenzo LaSalvia,c William 
Nemeth,c Matthew Page,c David L. Young,c Paul Stradins,*c and Sumit Agarwal a,c 

Boron-doped Czochralski (Cz) Si is the most commonly used semiconductor in the fabrication of solar cells. The minority 
carrier lifetime in boron-doped Cz Si decreases upon light exposure due to B-O related defects and thus, reduces 
performance of ~ 109 solar modules worldwide. Using electron paramagnetic resonance (EPR), we have identified spin-active 
paramagnetic signatures of this phenomenon and gained insights into its microscopic mechanism. We found a distinct defect 
signature, which diminishes when the degraded sample is annealed. The second signature, a broad magnetic field spectrum, 
due to unionized B acceptors, is present in the annealed state but  vanishes upon light exposure. These observations show 
that on degradation nearly all the ~1016 cm-3 B atoms in Cz Si are complexed with interstitial O atoms, but only ~1012 cm-3 of 
these complexes create defects that are recombination-active. The formation rate of these recombination-active defects 
that correlates with the decay of the minority carrier lifetime. The line shape parameters tie this defect to both B and O 
impurities in Cz Si.

Introduction 
Performance degradation in photovoltaic devices during normal 
operation is ubiquitous.1 In Si-based solar cells, which represent 
~96% of the solar market, creation of performance-degrading 
defects is particularly important as the economically useful 
lifetimes of these devices can approach 40 years.2 Boron-doped 
Czochralski (Cz) Si, which contains ~1016 and ~1018 cm-3 
substitutional B atoms and interstitial O atoms, respectively,3 is 
the most widely used semiconductor material for fabricating 
solar cells.4, 5 The passivated emitter rear contact (PERC) cell 
fabricated from boron-doped Cz Si currently accounts for ~80% 
of the c-Si solar cells manufactured (see Figure 1a). It has been 
known for almost 50 years that upon injection of excess charge 
carriers, either via light or a forward-bias voltage, a 
recombination-active defect with a density of ~1012–1013 cm-3, 
is formed in B-doped Cz Si solar cells. This phenomenon, 
referred to as light-induced degradation (LID), is thought to be 
caused by a B-O complex.6 These recombination-active defects 
in Cz Si are formed gradually, lowering the minority carrier 
lifetime and the solar cell’s efficiency by ~2% relative to the 
initial value.6 Upon annealing in the dark at ~200 °C, this defect 
becomes non-recombination-active, but this annealed state is 
metastable and can be reversed to the degraded state upon 
light exposure.7,8 More recently, it has been empirically shown 

that after injection of H into the bulk, annealing the degraded 
B-doped Cz Si under illumination at ~150–180 °C renders this 
defect permanently recombination-inactive (see Figure 1b).9 
This state is stable under further light exposure, and is referred 
to as the regenerated state. As most of the characterization of 
these three states has been based on minority carrier lifetime 
spectroscopy,10 the atomic-level structure of the degraded, 
annealed, and regenerated states remains elusive. Without an 
atomic level understanding of LID and especially regeneration 
of B-doped Cz Si, it is not possible to predict the stability of the 
regenerated state over the 30–40 year lifespan of solar cells, 
which has implications on tens of gigawatts of p-type PERC cells 
that will be deployed worldwide yearly over the next decade.  
The LID defect concentration in B-doped Cz Si is proportional to 
the product of the B concentration and the square of the O 
concentration.6 Accordingly, the light-induced degraded state in 
B-doped Cz Si is attributed to a complex consisting of a 
substitutional B atom and an interstitial O dimer.6 Deep-level 
transient spectroscopy shows that the trap density in B-doped 
Cz Si after LID is ~1012–1013 cm-3, which makes it difficult to 
determine the structure of these defects with most 
spectroscopic tools. In this Article we show using low-
temperature electron paramagnetic resonance (EPR) and 
magnetic susceptibility measurements that concomitant 
defects are formed during LID involving the B acceptors at 
densities several orders of magnitude greater (at least 1016 cm-

3) than those affecting the minority carrier lifetimes. In addition, 
both these defects involving the B acceptors, and the magnetic 
susceptibility measurements show the sample is diamagnetic at 
low temperatures implying that these defects possess an 
effective negative electron-electron correlation energy 
(negative U).  An EPR signal related to the recombination-active 
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defects on the order of 1012–1013 cm-3 was also observed with 
line shape parameters that tie it to both B and O impurities in 
Cz Si, and a formation rate that correlates with the decay of the 
minority carrier lifetime.  

Results and Discussion 
Transition from Paramagnetic to Diamagnetic in Broad EPR 
Magnetic Scans 

Figure 2a shows the EPR intensity over a broad magnetic field 
range (~0–800 mT) for B-doped Cz Si in the annealed, partially 
degraded, fully degraded, and regenerated states, and after 
light exposure of the regeneration state. A B-doped FZ sample, 
which is expected not to undergo LID due to the low interstitial 
O concentration (~1016 cm-3), was used as reference. This 
sample was dark-annealed at the same conditions as the Cz Si 
wafers, followed by 5 min of indoor light exposure. The three 
states of LID — annealed, fully degraded, and regenerated — 
have distinctly different broad EPR spectra. In the annealed 
state of LID, EPR spectra show broad signatures due to the 
presence of frozen-out holes on B atoms.11. This EPR signature 
of un-ionized B acceptors in Si under high mechanical stress was 
first observed in 1960 by Feher et al.12 and more recently in less 
stressed samples by several other authors11, 13, 14 (see Figure S.1 
for a comparison of the literature and our experimental data on 
EPR spectra of B acceptors). The EPR signal in the broad 
magnetic field range, which extends past the range of the EPR 
spectrometer, is due to the fine structure term of the spin 
Hamiltonian, since the B acceptor has a nuclear spin of S = 3/2.  
Surprisingly, the broad B acceptor signatures disappear after 5 
min of indoor light exposure at room temperature (see Figure 

2a), and the sample becomes diamagnetic, but this change from 
a paramagnetic to a diamagnetic state does not occur if the 
sample is subjected to light exposure at 6 K. We suggest that the 
decline in the broad EPR signal after light exposure at room 
temperature comes about due to an interaction between B and 
O atoms in the Si bulk where the holes typically associated with 
the B acceptor are captured at a shallow, spin-less trap state 
nearby the B atom (Figure. 2b). This trapping results in the 
transition from a paramagnetic signal in the annealed state to a 
diamagnetic signal in the degraded state. This transition from 
paramagnetic to diamagnetic behavior after the first few 
minutes of light exposure is consistent with the fast 
recombination center (FRC) reported in the literature during the 
early state of LID,15 and with a defect that has negative-U 
properties, as recently proposed.10, 16 Since this initial degraded 
state captures almost all the holes at 6 K, it suggests that the 
early stage of LID is associated with a light-induced shallow hole 
trap, which is deeper than the B ionization energy, and is 
spinless. This change accounts for ~1016 cm-3 B atoms in Si bulk. 
Only a small fraction of these interactions between B and O 
atoms create the defect center that causes LID, which has a 
defect density of ~1012 cm-3. Thus, we hypothesize that a small 
fraction of the previously passivated B acceptors is re-activated 
in the form of a shallow, spin-active hole trap as the sample 
transitions from the metastable annealed state to the degraded 
state. After the EPR sample is regenerated, the broad EPR 
spectrum returns (see Figure 2a), but not nearly to the same 
intensity as that of the annealed state, and is relatively 
featureless. In the regenerated state, no further change in the 
broad magnetic field spectrum was observed after 1 Sun 

(c) (a) 

(b) 

Figure 1 (a) Schematic of the boron-doped Cz Si passivated emitter rear contact (p-PERC) cell, with photoconversion efficiency approaching 
~24%. Currently, these cells represent the leading solar cell technology, and this trend is expected to continue for another decade. The 
factory efficiency of commercially-produced these solar cells does not reflect the efficiency in the field over the lifetime of the panels due 
to performance degradation. (b) Schematic representation of the minority carrier lifetime change in boron-doped Cz Si in the light-induced 
degraded, annealed, and regenerated states. Hydrogen injected from the dielectric passivation layers shown in (a) is required to obtain the 
regenerated state. (c) Schematic of sample preparation for EPR measurements in the “degraded” and “annealed’ states. Up to six 2×20 
mm2 Si pieces were inserted into the quartz tube holder with a sample volume of ~0.01 cm3. 
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illumination for 60 min (see Figure 2a), which is consistent with 
the stability of the regenerated state under light exposure. 
To reveal the transition from the paramagnetic to diamagnetic 
state upon light exposure, we used DC magnetometry 
(Quantum Design MPMS3) on B-doped Cz Si samples in the 
annealed and degraded states. Figure 3 shows the DC magnetic 
moment as a function of magnetic field for B-doped Cz Si after 
dark annealing and indoor light exposure for 30 min. The slope 
of the line in Figure 2c provides the magnetic susceptibility: if 
the sample is paramagnetic, the slope is positive and if the 
sample is diamagnetic, the slope is negative. The magnetic 
susceptibility measurements in Figure 2c are consistent with the 
interpretation of the EPR spectra in Figure. 2a, and confirm that 
the B-doped Cz Si in the annealed state of LID is paramagnetic, 
and transitions to a diamagnetic state upon indoor light 
exposure at room temperature.  
In Figure 2a, the EPR spectrum of B-doped FZ Si also shows 
broad signatures due to the presence of frozen-out B 

acceptors,11 but their intensity and line shape are different from 
B-doped Cz Si due to the different strain fields.13 With a lower 
concentration of oxygen (~1016), the B-doped FZ sample does 
not undergo LID to the same degree and thus, in contrast to the 
B-doped Cz sample, remains paramagnetic: this is apparent in 
Figure 2a from the broad EPR spectrum after light exposure 
which still shows the same features, but at a lower intensity. 
Therefore, when the oxygen content in the sample is reduced 
by nearly two orders of magnitude, the quenching of the B spins 

is reduced. Thus, the transition from paramagnetic to 
diamagnetic behavior in the B-doped Cz Si samples requires 
both B and O atoms, further supporting the hypothesis that this 
transition is related to the B-O defect responsible for LID, but 
involves several orders of magnitude more sites, likely 
associated with oxygen. Any future theoretical models10, 17-19 of 
LID defects will need to be consistent with this paramagnetic to 
diamagnetic transition. Figure 2d shows a comparison of the 
degree of spin quenching in two FZ samples with different 
boron concentrations, [B], of ~1016 and 1017 cm-3. The oxygen 
concentration, [O], in FZ Si is ~1016 cm-3. In the broad EPR 
spectra in Figures 2a and 2d, the intensity of the broad EPR 
signal should not be interpreted from the absolute scale on the 
y-axis but from the difference of the maxima and minima in 
each spectrum. Therefore, in Figures 2a and 2d the spectra with 
lower variation in intensity indicate that the EPR signal due to 
the frozen out B acceptors has been partially or completely 
quenched. In the FZ Si sample where [B] > [O], we observe less 
spin quenching than when [B] ~ [O] in FZ Si (see Figure 2d). This 
confirms that the paramagnetic to diamagnetic transition is 
related to the B-O complex. As expected, n-type, phosphorus-
doped Cz Si does not exhibit a broad EPR signal, and does not 
degrade upon indoor light exposure (see Figure S.2). Finally, we 
performed broad magnetic field EPR scans for samples with no 
passivation and for those passivated with Al2O3 and intrinsic 
amorphous Si (see Figure 2e). Since these spectra are very 

(b) 

(c) 

(e) 

(d) (a) 

Figure 2 (a) EPR spectra recorded over a wide range of magnetic field in B-doped Cz Si in the annealed (—), partially degraded (—), fully degraded (—), 
and regenerated (—) states. The EPR spectrum after illumination of the regenerated sample (---) is almost unchanged. Spectra for B-doped FZ Si after 
dark annealing (—) and after light-exposure (---) of the annealed sample are shown as reference. All EPR spectra were recorded at a temperature of 6 K. 
(b) Shallow trap state representing the early stages of LID which is likely associated with the creation of a negative-U, spinless, shallow trap involving a B 
atom and an oxygen dimer. (c) Magnetic susceptibility measurements of p-Cz Si samples in the dark annealed (—) and degraded (—) states of LID. The 
annealed state of LID is paramagnetic, and the degraded state of LID is diamagnetic. (d) Broad magnetic field EPR spectra of boron acceptors in p-FZ Si 
( [O] ≲ 1016 cm-3) with [B]~1016 (—) and ~1017 (—) cm-3. The dashed lines are samples exposed to ambient light for 5 min. For [B]:[O] ~1, ~1/3 of the original, 
dark-annealed EPR spectrum remains. When [B]:[O] ~10, there is minimal decline in the EPR broad spectrum intensity after light-exposure. The EPR signal 
intensity in Figures 2a, 2d and 2e is extremely complex due to sample to sample variations. Thus changes in the signals and not the absolute intensity 
units are important in interpreting these spectra. (e) Broad magnetic field EPR spectrum of boron acceptors with no passivation (---), and after surface 
passivation with intrinsic amorphous hydrogenated Si (- - -) and Al2O3 (—). Thus, the EPR signal in the broad magnetic spectra at 6 K is due to boron 
acceptors in the Si lattice and is not due to surface phenomena.  
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similar, this confirms that this broad EPR signature is a bulk and 
not a surface phenomenon.  
Correlating Narrow EPR Spectra to Minority Carrier Lifetime 
Measurements 

The narrow-range (approximately 15 mT) EPR spectra in Figure 
3a show signal from a distinct defect at much lower densities 
that directly corresponds to the LID defects in the degraded, 
annealed, partially degraded, and regenerated states. The 
broader features in Figure 3a, which results in a non-flat 
baseline, are due mostly to the large amount of un-ionized B 
acceptors in the annealed state and a small number of un-
ionized B acceptors that remain after LID and regeneration, as 
discussed above. After the sample was exposed to light for 24 
hr, a strong, narrow EPR signal appears at ~335 mT, 
corresponding to  g = 2.003±0.0005. This 24 hr timescale of 
increase in intensity of the EPR signature of the B-O LID defect 
is consistent with the slow recombination center (SRC) reported 
in the literature.15  In comparison, the EPR spectrum of the 
annealed state of LID is almost featureless at ~335 mT. This 
signal disappears after annealing but reappears upon exposure 
to indoor light (~10-2 Suns) for ~30 min, albeit at a reduced 
intensity indicating a partially-induced LID state. Finally, when 
the sample is regenerated, the EPR signal at ~335 mT 
permanently disappears, and the spectrum is relatively 
featureless. We confirm that the sample is indeed in the 
regenerated state as the EPR spectrum remains unchanged 
after subsequent exposure to 1 Sun illumination for 1 hr. We 
confirmed that this EPR signature at ~335 mT does not appear 

in phosphorus-doped Cz Si or boron-doped FZ Si (see Figure S.3). 
Furthermore, this narrow EPR defect signature correlates with 
the minority photocarrier lifetime curves shown in Figure 3b. As 
expected, the lifetimes are almost identical in the annealed and 
regenerated states, and the lifetime does not change after light 
exposure of the regenerated sample. Additionally, we fitted the 
lifetime curve in the fully degraded state in Figure 3b assuming 
Shockley-Reed-Hall recombination at a single trap site, and 
Auger recombination as the primary mechanisms.20 The 
expression used to model the surface contribution was based 
on Krügener et al.21 The fitted parameters include the capture 
cross section ratio, k, the saturation current density, J0, and trap 
density, Nt. The fitted parameters yield an electron-to-hole 
capture cross section ratio of ~10, which is consistent with the 
ratio for the B-O LID defect reported in the literature.22 These 
observations further confirm that the EPR signature at a g-value 
of ~2.003±0.0005 is related to the B-O LID defect. We also 
conducted narrow magnetic field EPR scans on the annealed 
and light-exposed p-FZ and n-Cz Si samples and do not observe 
the EPR defect signature at ~335 mT. Finally, the inverse 
minority carrier lifetime, which is proportional the defect 
density, has a linear relationship to the EPR peak-to-peak 
amplitude, providing strong evidence that the defect detected 
in EPR is responsible for the LID (see Figure 3c). The EPR peak-
to-peak amplitude, or intensity, is calculated by subtracting the 
maximum point from the minimum point of the EPR signature 
in the vicinity of ~335 mT in Figure 3a. The non-zero y-axis 
intercept indicates that the sample has a finite initial lifetime 
due to other defects even when the LID defect is not active.  

(c) 

Figure 3 (a) Narrow range EPR spectra for B-doped Cz Si, in the annealed (—), partially degraded (—), fully degraded (—), regenerated (—) states of 
the B-O complex, and after light exposure of the regenerated (---) state. After the sample goes through regeneration or subsequent light-exposure, no 
EPR signature at g-value ~2.003 appears. (b) Minority carrier lifetime curves for each of the samples in (a) with the same color notation. (c) Inverse 
minority carrier lifetime of B-doped Cz Si sample at 1015 cm-3 injection level, plotted as a function of peak to peak amplitude of narrow magnetic field 
EPR signature in the annealed (●), partially degraded (▲), fully degraded (♦), regenerated (■) states of LID, and after various degradation times (○). 
The symbol sizes used approximately represent the lifetime measurement accuracy of 3%. Inset: narrow range EPR signal due to LID defects in p-Cz Si, 
in the fully degraded (—) state.  
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The inset in Figure 3c shows the EPR spectrum for a p-type Cz Si 
sample in the fully degraded state of LID over a narrower, 6 mT, 
magnetic field range. The peak-to-peak intensity of the EPR 
signature at 335 mT is ~1.6 intensity units in the fully degraded 
state of LID. The absolute number of spins, Ns, is related to the 
peak-to-peak intensity, SEPR as 
 

𝑆𝑆𝐸𝐸𝐸𝐸𝐸𝐸 = 𝐴𝐴 ∙ �𝑁𝑁𝑆𝑆
𝑇𝑇
� ∙ √𝑃𝑃 ∙ 𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∙ 𝑀𝑀    (1) 

where SEPR is the EPR signal detected, A is a characteristic factor 
that depends on the instrument, Ns is the absolute number of 
spins, T is sample temperature, P is the microwave power, 
Vsample is the volume of sample, and M is the modulation 
amplitude. The signal from the Cz Si sample is calibrated with a 
weak pitch sample where the number of spins is known in a 
defined sample volume. This comparison yields a spin density of 
2×1012 ± 1×1012 cm-3 in the fully degraded state, which is 
consistent with DLTS measurements.23 The line shape of the EPR 
spectrum with its Gaussian wings and peak-to-peak width of 
approximately 1 mT indicates that the linewidth is likely 
determined by different orientations of the B-O complex and 
random inhomogeneities in the vicinity of the defect sites.  The 
spectrum is also anisotropic since the low field positive 
component is somewhat broader and shorter than the high field 
negative component. In addition, we did not find any significant 
angular dependence of the EPR signal (at 0, 45, and 90° EPR 
sample rotation), which is also consistent with random 
inhomogeneities as the dominant factor contributing to the line 
shape (see Figure S.4).  
The EPR signal at g = 2.003 is closer to the free electron value 
(2.0023) than typical defects only residing on a Si atom, such as 
that of a Si dangling bond with g-value of 2.0055. This 
observation suggests that oxygen atoms are involved in the 
wavefunction of the unpaired spin, similar to the Pb centers, 
where the g-value decreases as the number of oxygen atoms 
involved increases24, 25 and E’ centers in SiO2 (see Table S.1 for a 
summary of other spin-active defects commonly found in c-
Si).26 This trend suggests that a fraction of the wave function of 
this defect is on two or more oxygen atoms, which is consistent 
with earlier models for the B-O LID defect 6, 10 that involve an 
oxygen dimer.  

Conclusions 
In summary, we have shown that the light-induced degradation 
in B-doped Cz Si results in a distinct EPR signature of an 
associated defect with g=2.003, at densities ~1012–1013 cm-3. 
Surprisingly, the early-stage LID also causes massive changes in 
the EPR spectra of ~1016 cm-3 frozen-out B acceptors and a 
transition from a paramagnetic to a diamagnetic state. This 
effect is likely associated with the creation of a negative-U 
shallow trap involving a B atom and an oxygen dimer in the Cz 
Si. Besides studying LID, the highly-sensitive magnetic 
resonance tools and sample preparation techniques developed 
in this study can be extended to reveal other types of 
performance degrading defects in Cz Si and other 

semiconductor materials used in photovoltaics including CdTe 
and perovskites. 

Experimental Procedures 
As-sawn, 180-µm-thick, boron- ([B] ~1016 cm-3) and phosphorus-
doped ([P] ~1.5×1015 cm-3) Czochralski (Cz) Si wafers, and 280-
µm-thick boron-doped ([B] ~1016 cm-3) Float Zone (FZ) Si wafers 
were laser scribed into 30×50 mm2 tokens along with a “comb-
like” structure towards the center (see Figure 1(c)). Each 
“tooth” of the comb structure was 2×20 mm2 to ensure that it 
can fit into the quartz sample tube of the electron paramagnetic 
resonance (EPR) spectrometer. In addition to samples for EPR, 
sister samples were scribed into 30×50 mm2 tokens, but 
without the comb structure. These samples underwent 
identical processing steps, and were used for measuring the 
minority carrier lifetime with a Sinton lifetime tester (WCT-120). 
After laser scribing, the samples were subjected to a saw-
damage removal process using 22.5% KOH at 70 °C for 15 min. 
The samples were then cleaned with a standard piranha and 
RCA process prior to POCl3 gettering at 785 °C for 30 min to 
getter impurities to the surface. The resulting phosphosilicate 
glass and the phosphorous-doped layer were etched off in HF 
and KOH solutions, respectively. After this, the samples were 
recleaned. All surfaces of samples that were studied in EPR in 
their degraded and dark-annealed states were passivated with 
~15 nm thick Al2O3 deposited via atomic layer deposition (ALD) 
using Al(CH3)3 and H2O at 150 °C. After ALD, the samples were 
annealed in forming gas at 400 °C for 20 min. In these tokens, 
the defect states responsible for light-induced degradation (LID) 
were created under 1-Sun illumination at room temperature for 
24 hr. The defect states in partially degraded samples were 
created under ambient light at an intensity of ~10-2 Sun. After 
LID, the samples were dark-annealed at 200 °C for 20 min to 
create the non-recombination-active, metastable “annealed” 
state. Before the EPR measurements, each tooth in the Si token 
was snapped, leaving only a 1 mm wide top edge that was not 
passivated with Al2O3. The exceptional surface passivation with 
Al2O3 minimized the spin-active Si dangling bonds on the 
surface.  
In Si tokens where the carrier lifetime was regenerated after 
LID, the Al2O3 layer had to be removed in a 10% HF solution. 
After this, on both sides of each Si token, a ~70-nm-thick, H-rich 
SiNx film was deposited. SiNx dielectric layers (n ~2) were 
plasma-deposited using SiH4 (2 sccm) and NH3 (24 sccm) at 0.4 
Torr pressure, at a substrate temperature of 350 °C, and 24 
mW/cm2 radio-frequency (rf) power density at 13.56 MHz. After 
SiNx deposition, the Si tokens were fired in a furnace to inject 
hydrogen incorporated into SiNx into bulk c-Si, which is 
necessary for regeneration from LID. During fast-firing, the 
ramp up, dwell, and ramp down steps were each 15 s with a 
peak temperature calibrated to ~800 °C. The SiNx film was 
subsequently etched in 10% HF, and both sides of the token 
were passivated with a plasma-deposited intrinsic amorphous 
hydrogenated Si (i/a-Si:H) film. The symmetric passivating 20 
nm i/a-Si:H layers were plasma deposited on the samples using 
SiH4 (10 sccm) and H2 (60 sccm) at 0.5 Torr pressure, 250 °C 
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substrate temperature, and 12 mW/cm2 rf power density at 
13.56 MHz. The symmetric passivating i/a-Si:H layers were 
chosen instead of Al2O3 grown by ALD as Al2O3 passivation of 
the c-Si surface requires annealing in forming gas at 400 °C to 
the activate the surface passivation. We found that this 
activation annealing step likely results in a redistribution of the 
hydrogen injected in bulk c-Si from SiNx making it impossible for 
the minority carrier lifetime in the sample to be regenerated.8 
After surface passivation with i/a-Si:H, to convert the samples 
to the non-recombination-active “regenerated” state, they 
were exposed to 1 Sun illumination at 175 °C for 2 hr. After 
regeneration, similar to the samples in the “degraded” and the 
“annealed” states, several tooths were snapped off for the EPR 
measurements.   
EPR measurements were performed at 6 K, ~0.6 mW microwave 
power, and 3 G modulation amplitude. Up to six 2×20 mm2 Si 
pieces were inserted into the quartz tube holder with a sample 
volume of ~0.01 cm3. Our EPR instrument has a sensitivity of 
~1010 spins. Therefore, our measurements are sensitive to a 
spin-active defect density of ~1012 cm-3. For magnetic 
susceptibility measurements, the 2×20 mm2 Si pieces were 
further cleaved into ~2×2 mm2 pieces and the data was 
recorded at 6 K over a range of –7 to 7 T. 
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