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The electrical properties and the minority charge carrier recombination behaviour of

grain boundaries (GBs) and intragrain dislocations in different n-type multicrystal-

line silicon (mc-Si) ingots were systematically studied through microwave-detected

PhotoConductance Decay (mW-PCD), Electron Beam Induced Current (EBIC) and

PhotoLuminescence (PL) spectroscopy on as-grown samples and on samples sub-

mitted to P-diffusion step. It was confirmed that the overall quality of n-type mc-Si is

high, indicating that n-type-Si is a valid source for photovoltaic applications. As

expected, the average lifetime increases after the P-diffusion process, which induces

impurity gettering effects at the external surfaces, like in the case of p-type samples,

but an evident local increase of electrical activity of some GBs after that process was

also observed using the EBIC mapping technique. Apparently, a redistribution of

impurities occurs at the processing temperature and impurities are captured at the

deepest sinks. In fact, while all GBs act as heterogeneous segregation/precipitation

sites, some of them will compete with the external surfaces sinks, partly vanishing

the effect of P-gettering. Last but not least, it was experimentally demonstrated

that the average lifetime values measured with the mW-PCD technique well

correlate with the recombination activity of GBs measured with the EBIC technique,

showing the extreme importance of GBs on the effective lifetime of this material.
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INTRODUCTION

I
t is well known that the directionally solidified (DS) multicrystalline silicon (mc-Si) has become a dominant

material in the fast growing PV market for solar cells because of its cost-effectiveness and excellent

electronic properties.
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Nowadays commercial p-type mc-Si based solar cells achieve solar conversion efficiencies in the range of

15–16% with industrial standard processes, up to 17% with standard screen printing processes1 and above 20%

with more sophisticated solar cell designs.2–4

Recently, n-type mc-Si has attracted attention as a short term solution to the main current problem for the

photovoltaic industry: the silicon supply. A partial solution not yet on the market, is in fact the use of the n-doped

silicon waste available from the semiconductor industry.

For this purpose, in the last 3 years some works have been carried out on studies of the properties of n-type

mc-Si and c-Si5,6 and on the development and optimisation of a solar cell process for n-type mc-Si.7 First results

on solar cells based on n-type monocrystalline material using industrial processes have already shown excellent

efficiencies exceeding 17%,8 but some unknowns, concerning the specific role of certain impurities in a B-free

material and that of their interaction with extended defects, still remain.

For this purpose, a systematic work has been carried out in our Laboratories on studies of the properties and

defect features associated to microstructure disorder and to impurities contamination of different n-type mc-Si

ingots grown by directional solidification (DS).

This paper deals therefore with two main topics. The first is an investigation of the effect of microstructural

disorder on the optoelectronic properties of different n-type DS mc-Si ingots.

Since it has definitely been proven that in p-type mc-Si both the P-diffusion and the contact firing through

SiNx improve the overall carrier lifetime and quality of the material, due to external gettering and bulk

hydrogenation respectively,9,10 a further aim of this work was to check and to study in detail the effect the

P-diffusion which is known to be the most effective for the improvement of electrical properties.11,12

As it is widely known that the recombination activity of extended defects strongly affects the electrical

properties of the material and it is influenced by process-induced contamination, particular care was devoted to a

local electrical characterisation of these defects.
EXPERIMENTAL DETAILS

Several n-type (P-, Sb- or As- doped) mc-Si ingots were grown from blended materials in the same industrial

furnace and then were cut in wafers having a thickness ranging from 270 to 330mm7 and a resistivity between

0�2 and 1�8Ohm cm. A p-type (B-doped) ingot was also grown in the same conditions, to be used for reference.

The characterisation was carried out on wafers coming from different heights of the ingots, that is from the

bottom (solidified first) to the top (solidified last). For each part of the ingot (bottom, middle and top) a couple of

nearby wafers with the same morphology were selected. One wafer for each couple was submitted to the

P-diffusion step, according to the following procedure:
� S
Co
aw damage removal: 20min CP4-etch (removal of 20mm from each wafer side).
� P
-diffusion step: 45Ohm/sq POCl3-diffusion (T¼ 8508C approx. for 30min).
� R
emoval of P-doped region: 30min CP4-etch.

Table I shows details about the wafers characterised in this work (i.e. ingot type, dopant, positions and codes).

All wafers were characterised before and after the P-diffusion step as follows.

The interstitial oxygen [Oi] and substitutional carbon [Cs] content was determined by Fourier Transform

InfraRed (FTIR) spectroscopy in the 400–4000 cm�1 range, at room temperature ASTM F1391�93; ASTM
F1188 93a.

Using a microwave-detected PhotoConductance Decay (mW-PCD) Amecon Janus 300 Lifetime scanner

system, spatially resolved lifetime maps were obtained. The Janus 300 uses a laser diode (l¼ 908 nm) to inject

the excess charge carriers, whose intensity has been chosen for all measurements so that the excess carrier

density remained low compared to the dopant concentration in the respective silicon samples. An iodine–ethanol

mixture13 has been used for surface passivation of the wafers during the lifetime measurements.

To compare the properties of the n- and p-type materials, the arithmetic average diffusion lengths were

calculated using the lifetime values obtained from the lifetime maps.
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Table I. Details of wafers (ingot codes, dopant type, resistivity and positions) characterised in this work

Ingot code: #2 Ingot code: #4 Ingot code: #6 Ingot code: #B1 Height in

the ingot

(% from bottom)Dopant: Sb Dopant: P Dopant: Sb Dopant: B

As grown

Wafer N8 (resistivity) #230 (0�2Vcm) #348 (0�2Vcm) #439 (0�5Vcm) #331 (1�6Vcm) 80 Top

P-diff

Wafer N8 (resistivity) #228 (0�2Vcm) #342 (0�2Vcm) #431 (0�5Vcm) #329 (1�6Vcm) 80 Top

As grown

Wafer N8 (resistivity) #119 (0�8Vcm) #133 (0�36Vcm) #245 (1�3Vcm) #192 (1�7Vcm) 50 Middle

P-diff

Wafer N8 (resistivity) #117 (0�8Vcm) #136 (0�36Vcm) #248 (1�3Vcm) #168 (1�7Vcm) 50 Middle

As grown

Wafer N8 (resistivity) #3 (1�3Vcm) #1 (0�4Vcm) #10 (2�6Vcm) #14 (1�8Vcm) 5 Bottom

P-diff

Wafer N8 (resistivity) #4 (1�3Vcm) #4 (0�4Vcm) #7 (2�6Vcm) #6 (1�8Vcm) 5 Bottom

An approximate distance of the wafers from the bottom of the ingot is reported. All ingots were growth in block of 240 kg.
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It is clear that these averages are computed without considering the heterogeneity of the material, in which

both bulk defects and extended defects contribute differently to the carrier losses. In certain cases, also Surface

PhotoVoltage (SPV) measurements were used for the determination of the diffusion length and the four-point

probe technique (ASTM F43-93, 1996) for resistivity maps.

The local recombination activity of extended defects (dislocations and grain boundaries (GBs)) was studied

by the Electron Beam Induced Current (EBIC) technique at room temperature. The EBIC measurements were

carried out with a Vega TS5136 XM Tescan Scanning Electron Microscope equipped with an EBIC apparatus.

The electron beam excitation was varied from 10 to 30 kV at a beam current kept always below 10 pA. A

quantitative analysis of the recombination activity of extended defects was obtained using the EBIC contrast (C)

defined by C¼ (Ib� Ig)/Ib where Ib and Ig are the EBIC currents in the bulk and at the grain boundary (GB),

respectively. In the case of our set-up, the minimum contrast significantly measurable has been estimated to be

close to 0�2% on as-grown polished samples.

Before the EBIC measurements, the samples were mechanically and then chemically polished with CP4

(HF:HNO3:CH3COOH¼ 3:5:3 in volume ratio). Thereafter, Au or Al Schottky contacts were realised by

evaporating the metal under vacuum conditions of about 10�8 Pa.

Some samples were also etched with a SCHIMMEL solution (1 g CrO3/20ml HF 48%/10ml H2O) in order to

highlight the presence of crystallographic defects, detected and counted both by optical and ELectron

MIcroscopy (ELMI).

Photoluminescence (PL) measurements were also carried out to get supplementary information on radiative

recombination processes occurring under illumination: the PL spectra were recorded at 14K with a spectral

resolution of 6�6 nm, using an InGaAs detector and a quantum well laser (l¼ 805 nm) as excitation source.
EXPERIMENTAL RESULTS

Oxygen and carbon concentration

In order to evaluate a possible role of native impurities on the overall behaviour of n-type ingots, the profiles of

concentration of [Oi] and [Cs] were measured using the FTIR technique.

Figure 1 displays a typical concentration profile of the two impurities along the growth direction. The oxygen

and carbon distribution along the growth direction is congruent with the segregation coefficient of these

impurities.14 It should be remarked that the Oi concentration ranges between 10 and less that 1 ppma, and that

the carbon concentration exceeds that of oxygen in the major part of the ingot. The fact that in the top part of the
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Figure 1. A typical oxygen and carbon distribution in DS’s n-type ingot
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ingot the carbon concentration remains almost constant suggests the occurring of SiC precipitation, due to C

supersaturation.15
Minority carriers properties from spatially resolved lifetime measurements

In order to understand the gettering effect of the P-diffusion process on n-type samples, the lifetime of the

samples under investigation has been measured before and after this solar step process by spatially resolved

lifetime measurements.

We report in Figure 2, as a typical example, two lifetime maps carried out on a 5� 5 cm2 section of a wafer

coming from the middle position of the ingot 2 (Sb-doped) before (Figure 2a) and after the P-diffusion process,

followed by the removal of the doped region (Figure 2b), respectively. The average lifetime increases after the

P-diffusion due to the gettering process, but regions of low lifetime are still present. This behaviour does not

depend on the dopant used (Sb or P) and has been observed also in the p-type reference ingot.

The increase of the average lifetime after P step is clearly demonstrated in Figure 3, where the average

diffusion lengths are reported for all the ingots considered in this work. In particular, it could be observed that the

higher relative increase was obtained for the bottom and top parts of the ingots. This behaviour can be explained

taking into account that the gettering effect should become more evident where a higher metallic contamination

is present, as occurs in the top and bottom part of such ingots.

In order to understand why low lifetime regions remain after the P-diffusion step, we performed local

characterisations of such regions, indicated in the following as ‘bad zones’. For comparison purposes, also

sample sections coming from high lifetime regions and denoted as ‘good zones’ have been analysed.
About the radiative recombination processes occurring in as-grown and gettered samples

The knowledge of the defect related radiative recombination processes is of customary importance because it

allows the identification of specific minority carrier recombination steps and of their role on the overall lifetime

losses. In addition, by the measurement of the intensity of the Free Exciton (FE) emission the quality of the

sample can be judged.16

The PL spectra collected in ‘good zones’ of the as-grown ingots present high FE emission intensity, in

agreement with the high lifetime values measured on the same samples and confirming the overall good quality

of the as-grown ingots. Furthermore, they present as well, quite systematically, the D1–D4 peaks associated to

dislocations,17 and an additional peak around 1�04 eV (see Figure 4).
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Figure 2. Lifetime mW-PCD maps of a wafer coming from the middle part of ingot 2 before (a) and after (b) the POCl3
process step. Size of the measured wafers: 5� 5 cm2

EFFECT OF P-INDUCED GETTERING ON EXTENDED DEFECTS IN n-TYPE mc-Si 379
According to18 and,19 this emission falls in the region related to self-interstitial clusters, and according to our

experience it is a typical PL signature of mc-Si.

Taking into account the energy position of the last emission, one or two shallow levels should be involved,

which should play, therefore, a negligible role in lifetime losses.

It is to be noted, eventually, that mainly in the bottom parts of the as-grown ingots, where the oxygen content

takes the largest value, the PL spectra present emission bands at 0�8 eV, which could be attributed to nuclei and
precipitates of silicon dioxide.20

The effect of P-gettering detected by PL measurements is a systematic increase of the FE emission, which

calls for an increase of the average lifetime, but in some bad zones also an increase of the PL emission associated

to oxide precipitates, which calls for a process-temperature induced oxide precipitation.
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Figure 3. Average diffusion length calculated using the lifetime data obtained by mW-PCD for the wafers from different

ingots before and after the P-gettering

Figure 4. Typical PL spectrum collected for ‘good zone’ samples (T¼ 12K, power density: 6W/cm2, spot size: 1mm2). The

dislocation related bands are indicated with the classic notations [D1 (0�81 eV), D2 (0�87 eV), D3 (0�94), D4 (0�99 eV)]
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About the non-radiative recombination processes at extended defects

In order to correlate the electrical activity of extended defects with the average electrical and optical properties

of the samples investigated in this work, EBIC maps were collected on wafers coming from different ingot

positions. In particular, whenever possible, the same GB was characterised in different sections of the ingot,

before and after the P-diffusion step.

Figure 5 reports a typical EBICmap collected in a ‘good zone’ of an as-grown sample coming from the middle

position of the Sb-doped ingot 6. Electrically active GBs are clearly visible, on which the EBIC contrast was

quantitatively determined with the largest spatial resolution possible. Almost in the case of all the as-grown

samples studied in this work, the EBIC contrast rarely exceeds 10%. Higher values, of the order of 20–40%, have
Figure 5. EBIC map of good zones for a middle wafer of the Sb doped ingot 6. In the magnification the measured EBIC

contrasts are reported. The big dark spot in the first picture is the contact while the small dark spots are due to dust on the

diode surface
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Figure 6. Comparison between the diffusion length values (left side) and the EBIC contrast (right side) versus wafer

numbers
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been detected only in the top and bottom parts of the ingots, while in the samples coming from the middle part of

the ingot high contrast values have been observed only in the ‘bad zones’.

Figure 6 reports the contrast profile for one single GB running along the ingot. In the same Figure the average

diffusion length values measured in the same regions are reported.

One could observe that a good correlation exists between the GB contrast and the average diffusion length,

which both show a strong degradation towards the top of the ingot.

As it was emphasised before, during the crystal growth metallic impurities tend to segregate towards the top of

the ingot, due to their very low segregation coefficients. The results reported in Figure 6 show therefore that the

increase of the metallic impurity concentration on the top of the ingot enhances the recombination activity of the

GB while decreasing the average lifetime.

Therefore, the decrease of the average lifetime is associated both to the recombination effect of a concentrated

solution of impurities and to the increase of the recombination activity of GBs, which behave as sinks for

metallic impurities.

After the P-diffusion process (Figure 7) a significant increase in the contrasts was observed for some GBs, as

is the case of the GB shown in Figure 5. An increase of the GB contrast, even when the average lifetime is

enhanced with respect to that of the corresponding as-grown samples, is an evidence that during the POCl3
process a segregation/precipitation of impurities at extended defects occurs, as already observed by Istratov

et al.21

It is important to note, eventually, that EBIC analysis do not show the presence of electrically active

dislocations both in the as grown and the P-diffused samples, also in regions where a high density of dislocations

has been revealed by chemical etching. As an example, Figure 8 shows a selected zone of an Sb doped wafer

before and after the POCl3 process step. Here, the increased activity of the extended defects (GBs) is again

evident, while no active dislocations are detected, despite their high density, as shown in Figure 9.
DISCUSSION

One of the most relevant results of the present investigation is about the correlation between the lifetime

decrease and the GBs contrast increase, showing that the GBs are the most detrimental extended defects in

mc-Si.

This is confirmed by the absence of EBIC contrast associated to dislocations at room temperature, indicating a

low level of metallic decoration of dislocation, according to Kveder’s theory.22

Both the GBs activity and the lifetime evolve dramatically in correspondence of the top part of the ingot, with

a behaviour which is very close to that observed in p-type silicon. This behaviour has been explained in
Copyright # 2007 John Wiley & Sons, Ltd. Prog. Photovolt. Res. Appl. 2007; 15:375–386
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Figure 7. EBIC map of ‘good zones’ for a middle wafer of the Sb doped ingot 6 after the POCl3 process step. In the

magnification the measured EBIC contrasts are reported. The big dark spot in the first picture is the contact while the small

dark spots are due to dust on the diode surface
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literature23–25 as an effect of a metallic impurity, most probably iron, which is a major contaminant of the silicon

nitride liner of the quartz crucible and which is therefore expected to be dissolved in the Si matrix.

Concerning the effect of P-gettering process, the results of this work show that there is not a substantial

difference between the beneficial effects arising on p-type and n-type mc-Si and such a result could not be

judged by a priori evaluation.

It is therefore demonstrated that P-gettering might be employed in n-type ingots as a common solar cell

production practice.

EBIC analyses have however shown that a competition exists between the surface gettering sites induced by

P-diffusion and (specific) GBs. Several GBs contrast maps, in fact, show an evident increase of local electrical

activity after the P-diffusion process. These regions, therefore, not only do not respond to external gettering

procedures, but become decorated with impurities during the (high temperature) POCl3 process.

During the high temperature POCl3 process impurities dissolved in the grains are, in fact, driven towards GBs,

dislocations and external gettering sites by chemical potential gradients and strain fields.26,27 Our present results
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Figure 8. EBIC maps of a selected zone of an Sb doped wafer before (left) and after (right) the POCl3 process step. The

square in the figure indicates the zone magnified by the optical microscope and reported in Figure 9
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show that at least a fraction of impurities are trapped at GBs, where impurities find a stable thermodynamic

configuration, making the external gettering only partially efficient.

When local supersaturation conditions occur, during the cooling down stage, also precipitation processes

might occur. The dark spot clearly visible in EBIC maps could be therefore related to cluster of precipitates of a

second phases, decorating GBs. Even if we do not have a direct experimental information about the nature of

these precipitates, we can infer, from recent literature results on materials grown with the same process,21 that

they consist of nanoprecipitates of silicides and oxides, depending on the metal species involved. We cannot

however exclude, as carbon determination analysis has indicated, the presence of silicon carbide precipitates.

It could be furthermore argued that this impurity redistribution process is activated by the high temperature

associated to the POCl3 process. This has definitively been proved by carrying out thermal annealing

experiments (8508C for 30min) on the same material, which showed an increase of local electrical activity of

some GB (see Figure 10). As can be inferred from the Figure 10, we have confirmed that the strength of the

internal gettering depends on GBs structure, as already demonstrated by Chen et al.28
Figure 9. Optical image of the selected zone marked in Figure 8 after Schimmel etching. The etch pits clearly indicate a high

density of emerging dislocations
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Figure 10. EBIC maps of a n-type samples before (left) and after (right) the heat treatment at 8508C for 30min
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CONCLUSIONS

We have shown that during the P-diffusion step in n-type silicon an impurity redistribution takes place and that

both an internal and an external gettering process occurs, with GBs acting as secondary gettering sinks for

impurities. As we have demonstrated that this impurity redistribution process is thermally activated, this result

may be useful for a future optimisation of the solar cell process, taking particular attention to the time and

annealing temperature.

Despite the intriguing effects of impurity segregation and precipitation at GBs, and the associated increase of

their electrical activity, we have confirmed that n-type feedstocks are compatible with high quality mc-Si,

possibly better than that of the p-type materials, confirming that n-type-Si is a valid resource for photovoltaic

applications.
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