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Abstract

A p-type Cz-Si crystal has been pulled with varying pulling speed in order to produce wafers containing two distinct regions; A
region with silicon self-interstitial defects, and a vacancy dominated region. Band-to-band photoluminescence imaging has been
used to study the minority charge carrier lifetimes in these wafers after different processing steps. Despite the different defects
found in the different regions of the wafers carrier lifetimes appear to be uniform across the entire wafers, both for ungettered and
gettered samples. Only after an oxidation process at 1100 °C oxygen related ring patterns become visible. It is, however, difficult
to identify the band structure of the transition area between the regions among all the striations in the crystal.
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1. Introduction

Microdefects such as silicon self-interstitials (I) and vacancies (V) are incorporated into the Czochralski (Cz)
silicon during crystallization.[1-4] Void formation and impurity agglomeration, both during the crystal growth and
the later high temperature processing are important for determining the electrical properties of the silicon material.
According to the Voronkov criterion the dominant microdefect type is largely determined by the v/G ratio, where v
is the pulling speed and G is a temperature gradient near the solid-liquid interface during crystal pulling. Due to the
equilibrium conditions, defect recombination and the respective mobilities of I and V, silicon self-interstitials
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dominate below and vacancies above a critical value of about (v / G) criticar = 0.134 mm?min~*K~1.[5-7] At the
interface between the V and I dominated regions a transition area forms. This so-called p-band can be traced by
several methods, e.g. by Cu-decoration or by inducing stacking faults by oxidation.[8-11] In addition to the
microdefects oxygen originating from the quartz crucible containing the melt is incorporated into the crystal during
the solidification. Cz-Si can contain as much as 10'® cm™ interstitial oxygen that again may form more detrimental
defect complexes and agglomerates. [12-17]

Crystalline silicon wafers containing both boron and oxygen generally exhibit a considerable degradation of the
minority charge carrier lifetime (hereafter referred to as lifetime) upon prolonged carrier injection, e.g. under
illumination. Within a day or two of illumination the lifetimes are typically reduced to about 10% of the initial
lifetime.[18] This light induced degradation (LID) has been attributed the BO,-complex. However, neither the exact
chemical composition nor the energy level of the defect in the band gap has been determined experimentally. A
normalized defect concentration, N;, is therefore used in order to quantify the BO-related LID.

S
;= (1)
Tdegraded Tinitial

Where Tinitiai/aegradea are the lifetimes before and after light induced degradation, respectively.[19,20] According to
Shockley-Read-Hall (SRH) theory, Eq. 1 is valid only if the BO-complex is the main lifetime limiting defect.[21,22]

In the present work wafers containing both V- and I-dominated regions are studied with respect to their minority
carrier lifetimes. Band-to-band photoluminescence imaging is used to evaluate the spatial differences in the lifetimes
and the decay thereof.
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Fig. 1. The varying pull speed through the length of the crystal is shown in a). Vacancy and interstitial rich areas and the p-band marking the
transition are indicated in b) together with the approximate wafer positions. The actual p-band found using Cu-decoration is shown in c).
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2. Experimental details

A boron doped 6 inch p-type Cz crystal was grown in the <100> direction. The pulling speed was varied
according to Figure la in order to generate a V-I transition not only in the shoulder region of the crystal near the
seed end but also running down the main body of the crystal. Half the crystal is wafered into 5 X 5 cm® wafers while
the other half is cut into vertical cross sections. The approximate positions of the wafers studied in the present work
are shown in Figure 1b. Copper decoration, i.e. in diffusion of Cu(NO;), at 900 °C followed by Secco-etching, has
been performed on vertical samples (Figure 1c).

Wafers from different positions are etched and subjected to different high temperature processes as shown in
Figure 2. Ungettered wafers are only damage etched prior to surface passivation. In the gettering process a
phosphorus emitter is in-diffused, followed by an emitter etch-back. Wet oxidation is performed at 1100 °C in steam
ambient using a Tempress tube furnace.[9,10,23,24] Surface recombination velocities of 5 cm/s or less are obtained
using PECVD deposited hydrogenated amorphous silicon. QssPC-calibrated photoluminescence imaging was
performed using a LIS-R1 setup from BTImaging.[25] BO-related light induced degradation was determined at an
injection level, An, corresponding to 0.1 X p,. The normalized defect concentration, N, is then used to quantify the
magnitude of the BO-related LID.

Radial and axial interstitial oxygen (O;) concentrations are measured using FTIR. 2 mm thick vertical cross
sections, as seen in Figure 1c, were used.

Ungettered P-gettered Wet-oxidized

Damage etch

[Emitterin-diffusion ] [ Wet-oxidation

Emitter etch-back

Surface passivation and lifetime measurements

a b

Fig. 2. The different wafer processing routes are shown in a). All wafers are etched together in order to get comparable surface textures prior to
the passivation process. The complex ring structure (430 mm) appearing after an oxidation step is shown in b). The p-band is expected to lie
within the dashed lines.

3. Results
3.1. Lifetime measurements

The position of the p-band marking the transition from V to I regions is shown on a vertical sample using copper
decoration in Figure 1b. Wafers from 40 mm from the seed end do not contain such a transition, while wafers in the
lower half of the crystal all include such ring structures. A wet-oxidized wafer from about 430 mm is shown in
Figure 2b. A complex pattern of rings appear after oxidation, and identifying the p-band is somewhat difficult. The
approximate position of the p-band based on the position of the wafer and the Cu-decoration in Figure Ic is
therefore indicated.



Rune Sondend et al. / Energy Procedia 124 (2017) 786793 789

[ L T ¥ T L) T 2 T Y T] Y T 2 T Y T x T Y T
800 |- m  Gettered initial state i L & \ € Normalized defect concentration L
| o Gettered degraded state
7o0L ™ O Ungettered initial state .
I o Ungettered degraded state | | 0,009 |- -
600 - LI
H nu J | |
500 |- .
Zaoo |- 1 Zoo0sf 4 .
= | ] Zﬁ .
300 | = .
- 0 - I i
200 | . *
i 0,007 | .
100 - e e o] -
. | . *
oL~ 1 i 1 g Rl it i 1 . 1 ) ! i ! . 1
0 100 200 300 400 500 0 100 200 300 400 500
body length [mm] body length [mm]
a b

Fig. 3. Initial and degraded minority carrier lifetimes of both ungettered (red) and gettered (black) wafers are shown in a). Initial lifetimes are
measured after an annealing at 200 °C and the degraded lifetimes are measured after illumination for 72 hours. The corresponding normalized
defect concentrations according to Eq.1, based on the gettered average lifetime values, are shown in b).

Average lifetimes from QssPC calibrated PL-imaging, both initial and after illumination for 72 hours, are shown
in Figure 3a. After a phosphorus gettering the measured lifetime is increased considerably for all wafers. Roughly a
doubling of the lifetime upon gettering indicates the presence of fast diffusing metallic impurities, e.g. iron, that are
removed during the phosphorus in-diffusion. In the initial state the highest lifetimes are measured in the wafer from
the seed end, for both ungettered and gettered wafers. Increasing the distance to the seed decreases the lifetime. In
the degraded state this difference is not present. For gettered wafers in the degraded state the lifetimes are lowest
near the seed, with a clear increase with distance from the seed. This effect is attributed BO-related LID, as the
lifetime degrades considerably when exposed to carrier injection (illumination). The largest decay is seen in the
wafer closest to the seed, with a degraded lifetime of about 10% of the initial value. A decay of this magnitude is not
uncommon in p-type Cz-Si.[18]

Due to different segregation coefficients different impurities distribute differently within a crystal. Boron and
metallic impurities will increase with the body length, while oxygen levels normally decrease. The two different
trends; decreasing lifetimes with body length end in the initial state, both for gettered and ungettered wafers, and
increasing lifetime with the body length in the fully degraded wafers, mainly in gettered wafers, may be explained
by different sets of lifetime limiting defects. In the initial state metallic impurities may be the most recombination
active defect. As the impurity levels of metallic impurities increase with distance from the seed the lifetimes
decrease. As much of the metallic elements are removed in the gettering process, the trend may be less clear on
gettered wafers. After illumination BO-complexes are activated, and becomes the main lifetime limiting defect. The
degraded lifetimes in the gettered state may represent the decreased oxygen levels towards the tail end in a Cz-Si
crystal. Both these recombination paths may contribute to the degraded lifetime in the ungettered degraded state.

Quantification of the light induced degradation using the normalized defect concentration confirms the
impression that the LID is decreasing when moving towards the tail of the crystal. Radial linescans showing the N;
in a selection of wafers are presented in Figure 4a. The O; concentrations measured at comparable heights using
FTIR are shown in Figure 4b. From Figure 3b we know that the N decreases with increasing distance from the seed
end. This corresponds well with the decreasing levels of O; measured towards the tail. The radial linescans also
show a general trend of decreasing LID towards the outer edge, with a maximum in the centre of the Cz-crystal.
FTIR measurements also confirm that higher levels of interstitial oxygen are measured in the centre of the crystal
with decreasing levels towards the outer edges. Elevated N{ values are also seen towards the outer edge (radius > 45
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mm), however, this is most likely surface recombination affecting the lifetime, thus, erroneously interpreted as BO-
related defects in Equation 1.
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Fig. 4. Normalized defect concentrations used to quantify the BO-related LID. The average value across the whole wafer and a radial linescan are
shown in a) and b), respectively. In b) the assumed position of the p-bands are indicated for the different wafer heights.
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Fig. 5. PL images of the lifetime at an injection level corresponding to 0.1 X p, . Initial lifetimes (top) and degraded lifetimes (bottom) for the
different positions are shown. The centre of the Cz crystal is located approximately at the middle of the lower edge of the wafers.

Figure 5 shows the spatial distribution of the lifetimes in gettered wafers in the initial state as well as the
degraded state. The radial gradient is clearly visible in the degraded state. Wafers from the lower half of the crystal
all contain a p-band marking the transition from a V-dominated hemisphere at the lower edge of the wafers to an I-
dominated region towards the top of the wafers (see Figure 2b). This p-band is not visible in either the gettered or
the ungettered wafers. Since there is no sign of the p-band even in the initial state we can assume that the
phosphorus in-diffusion at 833 °C does not result in growth of oxygen precipitates in such an amount as to affect the
lifetime. The approximate position of the p-bands are indicated in Figure 4a, showing a radial variation but no
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visible transition with respect to the N/ value at the position of the p-bands. Two possible reasons may explain this;
Vacancies and interstitials do not affect the oxygen distribution in a sufficient way to affect the BO-degradation, or
the effect of vacancies and interstitials is minimal compared to the strong recombination level introduced when the
BO-defect is activated. This corresponds well with previous experiments performed by D. Walter et al.[26],
Macdonald et al. [27] and Rein et al.[28]

3.2. Shockley-Read-Hall modelling

Shockley-Read-Hall (SRH) modelling was performed by fitting defect levels and defect concentrations towards
the measured QssPC-curves showing the lifetime as a function of the injection level. Figure 6 represents possible
defect configurations, but is does not exclude the possibilities of other, more complex solutions for the same lifetime
curve.
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Fig. 6. Injection dependent minority carrier lifetime curves (QssPC) and SRH-modelled lifetime curves for the gettered wafer at 40 mm in a) the
initial state and b) the degraded state.

Figure 6a shows the lifetime in a gettered wafer at 40 mm in the initial state. The effective lifetime according to
the SRH-theory is obtained with only one impurity added; interstitial iron (Fe;). Literature values for the defect
levels and capture cross sections of Fe; are taken from the work of Rein and Glunz,[29] also obtained using lifetime
spectroscopy. A maximum Fe;-concentration of 8.5¢10 cm™ is found in this gettered wafer. This iron concentration
is transferred to the degraded wafer, shown in Figure 6b, where an additional defect is required to reduce modelled
lifetime in correspondence with the measured values. We find that one deep defect level between 0.3-0.8 eV above
the valence band with an electron/hole capture cross section ratio k = 0,,/0, = 9.8 gives the best fit to the
measured data. A similar defect has previously been attributed the BO-defect.[30] However, two defect levels have
recently been proposed to describe this very same defect.[31]

4. Summary

Cu decoration has been used to demonstrate the presence of a p-band separating a vacancy dominated region and
a silicon self-interstitial rich region in a Cz crystal. Wafers containing both V and I dominated regions have been
studied with respect to minority carrier lifetimes. Phosphorus gettering has been shown to improve the lifetime
considerably revealing the presence of fast diffusing metallic elements in the ungettered wafers. As this is p-type
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silicon containing both boron and oxygen, the BO-related LID is the dominating lifetime limiting defect after
prolonged illumination, although metallic impurities contribute to reducing the lifetime in ungettered wafers. There
is no sign of the p-band in ungettered or gettered wafers. Apparently the emitter in-diffusion does not generate
sufficient growth of oxygen agglomerates to affect the lifetime in the p-band. The degraded lifetime in the wafers as
well as the LID seems to depend mostly on the oxygen concentrations. Increasing lifetimes are observed with
decreasing oxygen levels towards the tail of the crystal and towards the outer edges of each wafer. No visible
boundary is observed across the transition from V to I dominated regions.
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