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The bulk minority-carrier lifetime in p- and n-type kerfless epitaxial (epi) crystalline silicon wafers

is shown to increase >500� during phosphorus gettering. We employ kinetic defect simulations and

microstructural characterization techniques to elucidate the root cause of this exceptional gettering

response. Simulations and deep-level transient spectroscopy (DLTS) indicate that a high concentra-

tion of point defects (likely Pt) is “locked in” during fast (60 �C/min) cooling during epi wafer

growth. The fine dispersion of moderately fast-diffusing recombination-active point defects limits

as-grown lifetime but can also be removed during gettering, confirmed by DLTS measurements.

Synchrotron-based X-ray fluorescence microscopy indicates metal agglomerates at structural

defects, yet the structural defect density is sufficiently low to enable high lifetimes. Consequently,

after phosphorus diffusion gettering, epi silicon exhibits a higher lifetime than materials with similar

bulk impurity contents but higher densities of structural defects, including multicrystalline ingot and

ribbon silicon materials. Device simulations suggest a solar-cell efficiency potential of this material

>23%. VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4940947]

I. INTRODUCTION

Approximately 90% of solar cells manufactured today

are wire-sawn from crystalline silicon (c-Si) ingots.1 During

the squaring and wire-sawing and wafer-preparation proc-

esses, approximately 50% of the starting silicon is removed.2,3

A variety of “kerfless” wafering approaches have been pro-

posed to eliminate cutting loss, mostly relying on additive

manufacturing approaches to grow wafers from gaseous or

molten silicon.4 These technologies aspire to lower costs by

reducing silicon usage (grams of silicon per watt) and increase

scalability by reducing process complexity and factory foot-

print. In principle, kerfless silicon approaches may also enable

substrates of arbitrary thickness and lateral dimensions, in-situ
depth-dependent doping, and in-line substrate manufacturing

for silicon.5

To be competitive in the photovoltaic industry, kerfless

wafering approaches must also enable high solar-cell con-

version efficiencies.3,6 To support high efficiencies, high

post-gettering bulk minority-carrier lifetimes are required.7

Recently, excellent estimated bulk lifetimes >1 ms have

been reported for gettered p- and n-type epitaxially grown

kerfless silicon (epi).8,9 This high lifetime is surprising,

given that other kerfless technologies historically exhibited

lower cell efficiencies than multicrystalline silicon (mc-Si)

and Czochralski (CZ) benchmarks.10 Fundamental studies

are needed to explain why this material behaves differently

from other kerfless wafers.

Herein, we examine the root cause(s) of exceptional get-

tering response of kerfless epi wafers. We find that in the

specific material studied herein, as-grown lifetime is

suppressed by the presence of a metallic point defect; how-

ever, lifetime improves dramatically with gettering. We at-

tribute this behavior in part to the rapid cooling rate during

growth, which “locks in” a high density of extrinsic point

defects. While this effect can suppress as-grown lifetimes,

fast-diffusing point defects are readily removed during get-

tering, resulting in highly improved gettered lifetimes. The

low density of competitive internal gettering sites (i.e., struc-

tural defects) is believed to be a pre-requisite to the excep-

tional gettering response.

II. MATERIALS AND METHODS

Epitaxial wafers are grown to a thickness of approxi-

mately 100 lm on recrystallized porous silicon substrates at

1100 �C (growth rate >4 lm/min). Both p-type (boron-doped

1.8 X cm) and n-type (phosphorous-doped 0.4 X cm) wafers

are studied. After growth, wafers are exfoliated and cleaned

with a CP4 etch (quenched with HF, 30% KOH 1 min, and

HF). As-grown lifetime is measured with a Sinton WCT-120

tester in quasi-steady-state photoconductance (QSSPC)

mode. Nine data points, instead of the default five, are

employed in the QSSPC calculation of the time derivative of

injection level to reduce noise. A 20 nm Al2O3 film passi-

vates the surfaces and is deposited with thermal atomic layer

deposition (ALD), as detailed in Ref. 9. The interstitial iron

concentration ([Fei]) in p-type epi wafers is determined with

the technique of Fei-Bs pair dissociation and lifetime meas-

urements.9,11 As-grown material is set aside for deep level

transient spectroscopy (DLTS) and synchrotron micro-X-ray

fluorescence (l-XRF) microscopy.

Both p-type and n-type samples are gettered in a phos-

phorous (POCl3) tube diffusion furnace (Tystar Titan 3800),

as detailed in Ref. 9. Two recipes are applied with a plateau

a)dmpowell@alum.mit.edu
b)buonassisi@mit.edu

0021-8979/2016/119(6)/065101/8/$30.00 VC 2016 AIP Publishing LLC119, 065101-1

JOURNAL OF APPLIED PHYSICS 119, 065101 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions.  IP:  18.101.8.198 On: Mon, 08 Feb 2016 15:54:17

http://dx.doi.org/10.1063/1.4940947
http://dx.doi.org/10.1063/1.4940947
mailto:dmpowell@alum.mit.edu
mailto:buonassisi@mit.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4940947&domain=pdf&date_stamp=2016-02-08


temperature of 845 �C. The first consists of a standard (STD)

high-throughput process with furnace unloading directly at

the plateau temperature. The second process includes an

extended cooling process and low temperature anneal (EXT)

for enhanced point-defect reduction in the wafer bulk.12

Lifetime (and [Fei] for p-type) is again measured on gettered

material after Al2O3 passivation. Gettered material was

also set aside for DLTS and etch-pit density (EPD)

measurements.

For DLTS, 1 mm diameter Schottky diodes are formed

on the n-type samples by thermal evaporation of Au and on

p-type samples by plasma sputtering of Ti through a shadow

mask. A layer of Al(Au) is evaporated onto the back side of

the samples to form an ohmic contact. Approximately 4–5

diodes are analyzed on each sample. Current-voltage and

capacitance-voltage (C-V) measurements at different temper-

atures are carried out to evaluate the quality of the diodes, to

determine the concentration of uncompensated shallow

acceptors/donors, and to determine the electric field distribu-

tion in the depletion region. Deep electronic levels are char-

acterized with conventional DLTS and Laplace DLTS

(L-DLTS) techniques.13

Samples are analyzed with synchrotron-based l-XRF

microscopy at Beamline 2-ID-D of the Advanced Photon

Source (APS) at Argonne National Laboratory. Conditions

included a 10 keV beam with a spot size of approximately

200 nm at full width half maximum at a step size of 220 nm

with a dwell time of 1 s. For the configuration used in our

measurements, l-XRF is capable of detecting particles

with Ka absorption edge energies <10 keV, in both p- and

n-type mc-Si, down to approximately 8 nm in radius for

Fe.14,15,54,55 l-XRF samples are defect-etched16 to gener-

ate etch-pits that are used for location during the

measurement.

To reveal structural defects in the material as etch-pits,

samples are etched using a procedure proposed by Sopori.16

Samples are scanned with an optical microscope and high-

resolution flatbed scanner. Defect densities are assessed with

an image processing algorithm discussed in Ref. 17. For a

qualitative comparison of structural defect populations, p-type

wafers of a “standard” (i.e., not “high-performance”)18 mc-Si

ingot from a commercial vendor are extracted from a center

brick, at approximately 90% ingot height. The mc-Si material

was subjected to phosphorus diffusion gettering and was passi-

vated with an Al2O3/SiNx stack before lifetime analysis.

III. RESULTS

A. Effective passivated lifetimes

Effective, as-grown, lifetimes of the kerfless epi samples

in this study are measured to be <1 ls after surface passiva-

tion, in contrast to lifetime values for mc-Si ingots typically

measured to be �2–100 ls for p-type, and up to 300 ls for

n-type. Passivated effective lifetimes after EXT gettering

increase to >300 ls with p-type and >800 ls with n-type epi

material at 1015 cm�3 injection level.9 Figure 1 shows a nota-

ble lifetime improvement after EXT gettering in both n- and

p-type epi materials. Note that for advanced heterojunction

devices, the relevant injection level at maximum power point

is approximately 1014 cm�3, where a bulk lifetime of

�150 ls in p-type silicon is predicted to enable device effi-

ciencies of �23%.53 Sections III B–III D assess the root

cause(s) of this lifetime improvement.

Injection-dependent lifetime measurements are conducted

on p-type epi to determine interstitial iron ([Fei]) concentra-

tions.21 Lifetime above the carrier lifetime cross-over point22

is measured with Fei-Bs pairs broken by illumination, and

then subsequently after re-association as described in Ref. 9.

The concentration of iron is then calculated with the model

of Macdonald23 with rn¼ 5.0� 10�15 cm2 and rp¼ 3.0

� 10�15 cm2 for Fei�Bs pairs and rn¼ 1.3� 10�14 cm2 and

rp¼ 7.0� 10�17 cm2 for Fei.
21,22 The estimated bulk lifetime,

and measured Fei concentrations, of p-type samples with Fei-

Bs pairs broken before and after gettering is compared with

the theoretical lifetime entitlement due to intrinsic limits24

and Fei.
25 The results do not differ significantly from those

presented in Ref. 9: [Fei] in as-grown material is estimated

to be �(4.5 6 75)� 1011 cm�3 (large uncertainty due to low

signal); (2.5 6 1)� 1010 cm�3 for standard gettering; and

(3 6 7)� 109 cm�3 for extended gettering (large uncertainty

due to low change in lifetime).

Sentaurus device simulations indicate that this material

is capable of high cell efficiencies of >23%.53 This estimate

aligns with experience, as cell efficiencies have reached

22.5% with n-type epi material using a heterojunction with

intrinsic thin-layer (HIT) architecture.26

B. Defect etching

A low bulk structural defect density is known to

improve the gettering response in silicon materials for photo-

voltaics.44,52 After defect etching, samples of (a) p-type

mc-Si and (b) n-type epi are compared in Figure 2 using a

high-resolution flatbed scanner. The n-type epi material is

FIG. 1. Injection-dependent effective lifetimes for n- and p-type epi c-Si,

before and after EXT gettering. A notable lifetime improvement is observed

in both materials, suggesting that the primary as-grown performance-limit-

ing defects are getterable.

065101-2 Powell et al. J. Appl. Phys. 119, 065101 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions.  IP:  18.101.8.198 On: Mon, 08 Feb 2016 15:54:17



revealed to be single crystalline with EPD of �104 cm�2,

and approximately comparable etch-pit density is observed

in p-type epi material. We note that 104 cm�2 is generally

considered benign with respect to solar-cell performance.19

In contrast, standard mc-Si exhibits EPD of 105 cm�2 or

higher. At these densities, solar-cell performance is generally

reduced,19 although electrical impact can vary with disloca-

tion character and impurity decoration.20

C. Deep level transient spectroscopy

1. p-type epitaxial silicon

C-V analysis on Schottky diodes with as-grown p-type

material shows that the uncompensated acceptor concentra-

tion is in the range of (8–10)� 1015 cm�3. Using four-point

probe, the measured average doping concentration is 8.5

� 1015 cm�3 for the analyzed wafer.9 Figure 3 shows a typical

DLTS spectrum for a p-type sample from this material. Two

peaks with their maxima at about 53 K and 168 K and similar

magnitudes dominate the spectrum of as-grown material

(spectrum 1, black). In the following, we will refer to the traps

responsible for the above peaks as H(0.09) and H(0.32), where

H indicates a hole trap, and the numbers are the values of acti-

vation energy for hole emission in eV. Our analysis shows

that the concentrations of the H(0.09) and H(0.32) traps are

nearly equal in the samples studied and are in the range from

3� 1013 to about 1.2� 1014 cm�3 with some variations along

the epi slice. The equality of the concentrations of the H(0.09)

and H(0.32) traps indicates that these could be two energy lev-

els of the same defect. L-DLTS measurements in the tempera-

ture ranges of 50–60 K and 160–190 K are completed for a

detailed analysis of hole emission processes from the domi-

nant traps. Figure 4 shows examples of the L-DLTS spectra

recorded. It is found that in both temperature ranges, the

L-DLTS spectra consist of a single sharp emission line. Such

a line shape indicates that (i) hole emission is from point-like

defects, and (ii) the level of strain in the material is either low

or uniform throughout the material.13

A strong electric-field-induced enhancement of hole

emission rate for the H(0.09) trap occurs as can be seen in

Figure 5. Therefore, the electronic signatures (activation

energy for hole emission [Eh] and pre-exponential factor (a))

for the H(0.09) trap has been determined at the lowest possi-

ble value of electric field (E� 1� 104 V/cm) and L-DLTS

signal magnitude has been used when determining the trap

concentration in the samples studied.13,27 Figure 6 shows

Arrhenius plots of T2-corrected hole emission rates for the

FIG. 2. High-resolution flatbed scanner images comparing representative

regions of (a) a mc-Si ingot and (b) single-crystalline kerfless epi silicon.

Defect etching reveals an average dislocation density of �104 cm�2 for the

epi, and 105 cm�2 for mc-Si.

FIG. 3. DLTS spectra for as-grown p-type epi material show the presence of

two peaks corresponding to Pts (1, black). After standard (2, red) and

extended (3, blue) gettering, the peaks are no longer above detection limits.

Measurement settings were: bias �9.0!�7.0 V for spectrum 1, bias �9.0

!�4.0 V for spectra 2 and 3, emission rate ep¼ 80 s�1, and pulse duration

1 ms for all the spectra. The spectra are shifted on the vertical axis for

clarity.

FIG. 4. Laplace DLTS spectra for p-type epi material, measured at (1) 53 K

and (2) 180 K on an as-grown sample. Measurement settings were: bias

�1.0 to �0.2 V for spectrum 1, bias �9.0 to �4.0 V for spectrum 2, and

pulse duration 1 ms for both spectra. Spectra are shifted on the vertical axis

for clarity.
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H(0.09) and H(0.32) traps measured with the use of the

L-DLTS technique. The Arrhenius plot and electronic signa-

tures for the H(0.32) trap (Eh¼ 0.322 6 0.001 eV, a¼ 1.7

� 107 s�1 K�2) are very close to those for the first donor

level of platinum in silicon.27–29 It is thought that platinum

has two donor levels in the lower part of the Si band

gap.28,31,32 Thus, in Figure 6, we have compared the

Arrhenius plot for the H(0.09) trap (Eh¼ 0.089 6 0.001 eV,

a¼ 8.8� 106 s�1 K�2) with that plotted for the second donor

level of platinum according to the most reliable data from lit-

erature (Eh¼ 0.08 eV, a¼ 8� 105 s�1 K�2).28,31 The plots

differ slightly. The difference between the Arrhenius plots is

thought to be caused by the electric-field-induced enhance-

ment of hole emission rate for the H(0.09) trap. In summary,

the data obtained on electronic signatures and concentrations

of the H(0.09) and H(0.32) indicate that these traps are con-

sistent with the two donor levels of platinum.

Further evidence for Pt being the dominant defect is

found from an analysis of the DLTS spectra recorded with

bias/pulse settings for studying the regions close to the surface

of the samples. Such regions of Schottky diodes on p-type Si

samples usually contain some hydrogen atoms introduced dur-

ing diode processing. In the DLTS spectra for subsurface

regions of the samples, an additional trap H(0.39) (Eh¼ 0.389

6 0.002 eV, a¼ 2.1� 106 s�1 K�2) has been observed. This

trap can be associated with an energy level of Pt-H2

complex.32

The DLTS spectra 2 and 3 in Figure 3 are recorded on

two slices from the kerfless epi p-type wafer used in this

study, which are subjected to the standard (spectrum 2, red)

and extended (spectrum 3, blue) gettering procedures, respec-

tively. There are no detectable signals in the DLTS spectra of

the gettered samples. Both the standard and extended getter-

ing procedures resulted in removal (within the DLTS detec-

tion limit of about 5� 1011 cm�3 in this case) of the

electrically active defects from the slices.

2. n-type epitaxial silicon

An analysis of the C-V dependences recorded on

Schottky diodes on as-grown n-type kerfless epi slices shows

an uncompensated donor concentration in the range of

(5–6)� 1015 cm�3. Using four-point probe, the measured dop-

ing concentration is higher at 9.8� 1015 cm�3 for the analyzed

wafer. Figure 7 shows a conventional DLTS spectrum for a

sample from this material. A peak with its maxima at about

121 K {E(0.225) trap} dominates the as-grown spectrum (1,

black), and two minor peaks with their maxima at about

152 K and 255 K {E(0.487) trap} can be seen. The concentra-

tion of the E(0.225) trap is in the range of (2� 4)� 1013 cm�3

with some variations along the epi slice. Depth concentration

profiles for the E(0.225) and E(0.487) traps can be seen in

Figure 8. It is seen from the depth profiles that the E(0.487)

traps are located in narrow subsurface (�1.2 lm) regions of

the samples. The L-DLTS spectra recorded in the temperature

range 110–140 K have shown just one sharp electron emission

line related to the E(0.225) trap as in the case of the dominant

traps in p-type epi-Si samples. It can be stated from the analy-

sis of the L-DLTS line shape that the E (0.225) trap is related

to an energy level of a point defect, and the material is not

strained. An Arrhenius plot of the T2-corrected electron emis-

sion rates for the E(0.225) trap measured with the use of

L-DLTS technique is shown in Figure 6 and the derived elec-

tronic signatures for the trap are Ee¼ 0.225 6 0.001 eV and

FIG. 5. Dependence of the hole emission rate from the H(0.09) trap versus

electric field strength in the depletion region of a reverse-biased

(Vb¼�9.5 V) Schottky diode on p-type epi. Values of the electron emission

rate have been determined from the LDLTS spectra, which were recorded

with the application of the double L-DLTS technique.13

FIG. 6. DLTS Arrhenius plots of p-type epi material, indicating the presence

of substitutional platinum defects. Arrhenius plots of T2-corrected hole and

electron emission rates for the dominant traps observed in the DLTS spectra

of as-grown p-type (red) and n-type (blue) kerfless epi-Si shown. Arrhenius

plots for hole and electron emission rates for energy levels of Pt impurity

atoms in Si according to the data from Refs. 28–31 are shown by black

crosses.
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a¼ 1.3� 107 s�1 K�2. The Arrhenius plot and electronic sig-

natures for the E(0.225) trap are very close to those for

the first acceptor level of platinum in silicon.28,30 Electronic

signatures of the E(0.487) trap (Eh¼ 0.487 6 0.001 eV,

a¼ 6.75� 106 s�1 K�2) are close to those for an energy level

of the Pt-H center.32 The depth profile of the concentration of

the E(0.487) trap (Fig. 8) is consistent with its assignment to

the Pt-H center.

The DLTS spectrum 2 (red) in Figure 7 is recorded on a

sample from the kerfless epi n-type slice that is subjected to

the standard gettering procedure. As in the case in p-type

material, there are no visible signals in the DLTS spectrum

of the gettered sample. The standard gettering process results

in removal (within the DLTS detection limit of about

5� 1011 cm�3 in this case) of the electrically active defects

from both the epi n-type and p-type slices.

D. Synchrotron micro X-ray florescence

Figure 9 shows a 20� 20 lm2 synchrotron-based l-XRF

map taken near a stacking fault in the as-grown p-type wafer

studied herein. Particles containing Ti, Fe, Cr, Cu, and Zn are

observed. The presence of these elements is also observed with

inductively coupled plasma mass spectrometry.9 We note that Pt

is unobservable with the 10 keV beam, as it has K and L X-ray

absorption edges >10 keV.15 Similarly, l-XRF maps of an as-

grown n-type epi wafer (not shown) have revealed the presence

of Ni-rich particles (presumably precipitates) at stacking faults.

Compared to the elements such as Ti and Zn, Ni is a fast diffuser

in silicon at high temperatures and is therefore easily gettered.33

The size of the largest iron particle observed in the

map is assessed with the assumption of spherical par-

ticles34,35 and a density of iron in precipitated form of CFe,p

¼ 2.63� 1022 atom/cm3.36 The resulting estimated maxi-

mum particle radius for Fe is 16 nm. The largest titanium

particle in the map was calculated with the same method as

iron, but with CTi,p¼ 3.23� 1022 atom/cm3.36 The resulting

radius is 49 nm. While larger than the observed iron precipi-

tate, the size of the titanium precipitate is smaller than inclu-

sions observed in mc-Si.35

FIG. 7. DLTS spectra for Schottky diodes on n-type epi samples: Results on

as-grown (1, black), and standard gettered (2, red) material are shown.

Gettering removes detectable peaks from the n-type material. Measurement

settings were: en¼ 80 s�1, bias �9.0 to �4.0 V, and pulse duration 1 ms.

The spectra are shifted on the vertical axis for clarity.

FIG. 8. Concentration depth profiles of the E(0.225) and E(0.487) traps in

as-grown kerfless epi-Si:P samples: (1, black) E(0.225) trap, (2, red)

E(0.487) trap, and (3, blue) the sum of the concentrations of the E(0.225)

and E(0.487) traps. Profiles were taken at 130 K for the E(0.225) trap and at

260 K for the E(0.487) trap with reverse bias varied from �10 V to �1 V

and filling pulse voltage varied from �9 V to 0 V with 1 V difference

between the bias and pulse voltages.

FIG. 9. Synchrotron-based l-XRF analysis of as-grown p-type material. (a) At a stacking fault, particles of (b) Ti, (c) Fe, (d) Cr, (e) Cu, and (f) Zn are observed.

The approximate scanned area is indicated in red in the optical image (a). The maximum radius of Fe particles observed in the sampled area is 16 nm.
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IV. DISCUSSION

The as-grown lifetime in the epitaxial material is low

(Figure 1), despite the single-crystal structure and low

structural defect density of the material (Figure 2). Lifetime

spectroscopy and modeling indicate that Fei does not limit

as-grown lifetime in p-type material, as the estimated bulk

lifetimes fall significantly below the calculated expectation

due to the measured Fei concentration, consistent with the

previous reports.9 Synchrotron-based l-XRF (Figure 9)

suggests the presence of metal-rich particles (Ti, Fe, Cr,

Cu, Ni, Zn) at structural defects in this epi material.

Because of the low structural-defect density in this epi sam-

ple, it is unlikely that these defects regulate as-grown lifetime

(in this sample). However, DLTS (Figures 3–7) indicates the

presence of >1013 cm�3 Pt point defects in the as-grown ma-

terial, sufficient to limit the as-grown lifetime to <1 ls, per

Shockley-Read-Hall (SRH) kinetics modeling.25,28 Pt is used

as an electrode material during porous silicon etching

because of its good stability in hydrofluoric acid,37 and Pt

has previously been observed to contaminate epitaxial wafers

for solar cells.37 Thus, it is likely that while metal-rich par-

ticles may locally lower the minority-carrier lifetime, the

homogeneously distributed regions of low lifetime are likely

caused by a high density of Pt point defects.

High as-grown point-defect concentrations may be

facilitated in epitaxially grown material because of two

effects. First, the lack of solid-liquid segregation during

growth, and fast cooling to room temperature. In silicon

crystals grown from melt, a strong solid-liquid segregation

purifies the growing crystal. The segregation coefficient for

many 3d transition metals ranges from keff¼ 10�8 to 10�5,

meaning that only a fraction of 10�8 to 10�5 of the contami-

nants present in the melt are incorporated into the ingot.39

This phenomenon allows the feedstock materials for tradi-

tional ingot silicon to be far more contaminated than accept-

able levels in wafers.40 In principle, because epitaxial

materials benefit from avoiding contact between both molten

and solidified silicon (in the case of mc-Si) with crucible

walls (a source for contamination41), as-grown contamina-

tion levels should be reduced by implementing more strin-

gent impurity controls throughout the process.

Second, the fast cooling to room temperature “locks in”

extrinsic contaminants in point-defect form, resulting in lower

as-grown lifetimes. An epitaxial wafer is cooled from growth

temperatures at approximately 60 �C/min.45,46 This is far faster

than the approximately 2 �C/min cooling rate employed by in-

got mc-Si.46,47 Simulations of iron precipitation during crystal

cooling applying Ham’s law48 as modified by Hieslmair

et al.49 at these two cooling rates indicate that 77% of the orig-

inal total concentration of iron is in interstitial form in epi,

while only 0.2% of iron is found in interstitial form in mc-Si.45

These results are consistent with the as-grown mc-Si materials

where 0.1% to 10% of total iron is found in interstitial form.50

Simulation parameters included an initial total iron concentra-

tion of 3.5� 1013 cm�3, CFep¼ 2.63� 1022 cm�3,36 the initial

precipitate radius r0¼ 1.5� 10�6 cm, and the density of pre-

cipitate sites N¼ 108 cm�3.51 l-XRF analysis, however, indi-

cates that the observed maximum precipitate radius of Fe in

the epi sample is 16 nm (Figure 9). This is consistent with the

observed as-grown Fe precipitate radii in mc-Si and is above

the measurement detection limits of approximately 8 nm.14

Because of the detection limits, however, precipitates of

rFep< 8 nm could be present in the sample.56–58

After gettering, the lifetime improves notably in both n-

and p-type epi materials (Figure 2). The large lifetime

increase and the low structural defect density indicate that

the defect responsible for limiting as-grown lifetimes have

been removed during gettering.9 Our DLTS analysis indi-

cates that gettering reduces the peaks we associate with Pt

contamination to below our detection limit (�5� 1011 cm�3)

in both p- and n-type materials (Figures 3 and 7). This obser-

vation is substantiated by literature data suggesting that Pt is

getterable in c-Si; the
ffiffiffiffiffiffiffiffi

4Dt
p

diffusion distance of Pt at

845 �C for 25 min is �68 lm.38 SRH modeling indicates that

the low point-defect concentrations are consistent with the

high observed gettered lifetimes.46 Furthermore, the lack of

large precipitates (because of fast cooling during growth)

implies that gettering proceeds swiftly, without the kinetic li-

mitation of dissolving precipitates.43

Finally, as with as-grown material, lifetime spectros-

copy and SRH recombination modeling indicate that Fei is

not the primary performance-limiting defect in gettered p-

type material. Further confirmation is provided by the

extended gettering process where Fei concentrations were

effectively reduced in the material, but lifetime did not

improve.9

V. CONCLUSIONS

Both p- and n-type kerfless epitaxial silicon exhibit

unusually strong responses to phosphorus diffusion gettering.

The gettered estimated bulk lifetimes are >1 ms in both p-

and n-type epi,8,9 a >500� lifetime improvement with get-

tering. This lifetime improvement is an order of magnitude

larger than that of standard mc-Si, which is typically

�100�.

A combination of DLTS, synchrotron-based l-XRF, and

lifetime spectroscopy is used to determine the root cause for

this effect. The exceptional gettering response in epi silicon

can be attributed to these three factors: First, the defect that

limits as-grown lifetime, likely Pt point defects as found

from our DLTS measurements, is a fast diffuser and can be

easily removed during gettering. (Conversely, there is a low

concentration of slowly diffusing point defects.) Second,

rapid cooling intrinsic to epi growth increases the proportion

of the total contamination present in point-defect form.42

While this suppresses as-grown lifetimes, the fine dispersion

of impurities results in faster and more effective gettering, as

opposed to kinetically limited precipitate dissolution preva-

lent in ingot materials.43 Third, the low density of extended

defects in the epi material facilitates gettering, as there are

fewer competitive internal gettering sites.44 Note that previ-

ous ribbon Si materials also had fast cooling rates, but did

not benefit from low dislocation density, thus gettered life-

times were limited to values far below a millisecond.10

With the millisecond minority-carrier lifetimes resulting

from the exceptional gettering response, device simulations
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indicate that epi silicon could support cell efficiencies in

excess of 23%, consistent with the recent achievement of a

22.5% epi device.26
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