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This investigation analyzes the dependency of minority charge carrier lifetime values at grain

boundaries in multicrystalline silicon on the grain boundary type after P gettering and/or firing of

SiNx:H layers deposited by plasma enhanced chemical vapor deposition. To get a broad statistics, a

new method to determine the coincidence site lattice grain boundary types on large scale throughout

entire 50� 50 mm2 samples is combined with spatially resolved lifetime-calibrated

photoluminescence measurements and mappings of the interstitial iron concentration. As an

evaluation of the lifetime data at grain boundaries in comparison to the recombination activity of the

bordering grains, lifetime contrast values are calculated. The correlation of this dependency on the

grain boundary type with the impurity concentration is analyzed by the investigation of

multicrystalline samples from two different ingots grown by directional solidification with different

crucible material qualities. A dependency of the efficacy of all applied processes on the grain

boundary type is shown based on broad statistics—higher coincidence site lattice indexes correlate

with a decrease of median lifetime values after all processes. Hydrogenation of both grains and grain

boundaries is found to be more effective in cleaner samples. Extended getter sinks, as a P emitter, are

also beneficial to the efficacy of hydrogenation. The lifetime contrast values are dependent on the

degree of contamination of the multicrystalline silicon material. In cleaner samples, they rather

decrease after the processes; in standard solar-grade material, they increase after POCl3 diffusion and

decrease again after subsequent hydrogenation. No correlation with the interstitial iron concentration

is found. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4856215]

I. INTRODUCTION

Directionally solidified multicrystalline silicon (mc-Si)

wafers offer a good compromise between production costs

and solar cell efficiency. However, compared to monocrys-

talline silicon wafers, mc-Si wafer quality is lowered by

higher impurity concentration,1,2 grain boundaries,3 and dis-

locations.4 This results in lower minority charge carrier life-

times in as-grown wafers. Average lifetime values can be

significantly enhanced during standard solar cell production

processes, such as POCl3 diffusion for emitter formation5–9

and hydrogenation of the wafer bulk during firing of

hydrogen-rich SiNx:H layers deposited by plasma enhanced

chemical vapor deposition (PECVD).5–8

The effect of P gettering on the average minority charge

carrier lifetime is well known and understood.10–14

Hydrogenation is just as well known to significantly improve

the average bulk minority charge carrier lifetime of mc-Si

wafers.6,8,15–18 This improvement is explained by the passi-

vation of defects by atomic H. There are on-going discus-

sions not only about the exact mechanism but also about

which defects and impurities can be passivated.16,18,19

However, the local effect of the two processes to grain
boundaries can be contrary in material with high impurity

concentration. Because grain boundaries are heavily deco-

rated by transition metal precipitates that dissolve during

high temperature treatments, such as POCl3 diffusion, and

contaminate grain boundaries with dissolved metal impur-

ities,20,21 the lifetime locally decreases at grain boundaries

during P gettering.22 Additionally, grain boundaries are get-

ter sinks for metal impurities that diffuse through the crystal

during POCl3 diffusion. After such a possible decrease of

lifetime due to POCl3 diffusion, it can be re-increased by

subsequent hydrogenation. The net change in minority

charge carrier lifetime after the two processes still leads to

higher lifetimes at some grain boundaries but the improve-

ment is rather moderate22 and varies.23 The beneficial effect

of hydrogenation to material quality is usually more promi-

nent at grain boundaries than in grains.24

Former investigations indicate a possible correlation

between the coincidence site lattice (CSL) grain boundary

type25 and the efficacy of P gettering26 or a passivation of

the recombination activity by H at different CSL grain

boundaries.23,27–32 The statistics in all of these analyses

could only be derived from measurements at a small selec-

tion of points, because the CSL grain boundary types werea)Electronic mail: philipp.karzel@uni-konstanz.de
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detected with electron backscatter diffraction (EBSD)33 and

only a small part of the sample area could be analyzed with

this microscopic analysis method.

The present analysis uses a new tool to analyze the types

of nearly all grain boundaries throughout a whole wafer.34

This tool allows the detection of the orientation matrix of

nearly each grain on a large wafer area (maximum of

156� 156 mm2) with short measuring times. It is based on

selected X-ray Laue scans (Laue X-ray diffraction, Laue

XRD). Only one scan per grain is performed positioned at

the most distant inner point from all surrounding grain boun-

daries. These points are detected by the computer-supported

analysis of 16 pictures, each taken with illumination by light

emitting diodes (LEDs) from different angles. Only grains

exceeding the size of the 500 lm measuring diameter of the

X-ray spot are analyzed. From the comparison of the grain

orientation of neighboring grains, the grain boundary types

can be determined. This method is used to enlarge the statis-

tics behind the investigations compared to existing literature.

The combination of this information with the spatially

resolved lifetime-calibrated photoluminescence (PL)35–37

images evaluated at grain boundaries of mc-Si wafers—as-

cut, after POCl3 diffusion and after POCl3 and subsequent

hydrogenation during firing of PECVD-SiNx:H layers (on a

neighboring sample with similar grain structure and impurity

distribution)—generates a reliable and large statistics of the

dependence of lifetime values after the different processing

steps on the grain boundary type. Additionally, this depend-

ence is analyzed on further neighboring samples that were

hydrogenated without former P gettering. The pixel size of

PL images in this investigation is 50 lm. In the following, at
a grain boundary is referred to as the area covered by pixels

of a PL image that are crossed by a grain boundary.

As the lifetime at a grain boundary sGB has to be com-

pared to the lifetime s0 in the neighboring grains, the lifetime

contrast Cs was calculated. A description of this quantity is

given in Sec. II.

To get information about a possible correlation of the

dependence of lifetime changes on the grain boundary type

with the interstitial Fe distribution, the interstitial Fe concen-

tration Fei½ � was measured spatially resolved (based on

lifetime-calibrated PL images)38,39 for all samples after all

processing steps.

II. LIFETIME CONTRAST VALUE

Commonly, the difference between PL intensities at a

grain boundary and the intensity in the neighboring grains

normalized to the intensity in the grains is called PL contrast

value (compare Refs. 28 and 32). Since in this investigation,

the PL images are lifetime-calibrated, a lifetime contrast

value Cs is defined analogically

Cs ¼
s0 � sGB

s0

: (1)

sGB represents a lifetime value at a grain boundary (in this

investigation 1 pixel equals 50 lm) and s0 the value of two

identical intra-grain lifetime values s0;left and s0;right posi-

tioned on opposite sides of a line scan in the lifetime-

calibrated PL image crossing the analyzed point on the grain

boundary. The line scans are not symmetrical for all points

along the grain boundaries: for many the lifetime values

s0;left and s0;right in the two neighboring grains differ.

The two intra-grain lifetime values were determined by

searching the points left and right of the grain boundary

where the slopes of a lifetime line scan crossing the analyzed

point at the grain boundary are zero. The lifetime values at

these points were defined to be s0;left and s0;right.

The average value saverage of s0;left and s0;right was

accepted as s0 if the following expression was smaller than

20%:

Dsnorm ¼
�
�
�
�

s0;left � s0;right

saverage

�
�
�
�
: (2)

To get more points fulfilling this condition and to manage

the situation at very bended grain boundaries, 21 line scans

were performed at one single point at a grain boundary: per-

pendicular to the grain boundary and in an angle corridor of

610� to the lead in 1� steps. From these line scans, only the

one with the smallest Dsnorm was picked. If Dsnorm for this

line scan was smaller than 20%, the point was taken into the

statistics.

As contrast values from two or even three PL images af-

ter different processing steps shall be compared, the above

described requirements were requested to be fulfilled by all

PL images together at the same position on a grain

boundary.

Note that the lifetime contrast is dependent on the gener-

ation rate.32 Because of this dependence, it is very important

to know the generation rate. In this investigation, all PL

measurements were taken with a photon generation flux of

g¼ 1.75� 10�17 s�1 cm�2. This generation rate is slightly

higher than the generation rate of 1 sun.

III. EXPERIMENT

Lattice defects, such as metal impurities, dislocation

bundles, grain boundaries, inclusions, and precipitates are re-

sponsible for lifetime-limiting recombination processes. The

content of impurities and their distribution in a directionally

solidified silicon ingot is already determined by the starting

conditions. Challenges start with a proper choice of the

growth facilities, where impurities are one issue to consider.

Since the crucibles themselves are a source of impurities, we

investigated the influence of a standard and a high-purity
crucible on the ingot properties keeping the coating purity

high and unchanged.

Beside the different crucible purity, the two applied cru-

cibles also significantly differ in wall thickness, resulting in

different heat transfer properties during melting and solidifi-

cation phase of the feedstock. As a consequence, the melting

time in the standard crucible with thicker walls of 25 mm is

longer compared to the high-purity crucible built of fused

silica plates of 5 mm thickness. The melt is about 1 to 1.5 h

longer in contact with the coated standard crucible than with

the equally coated high-purity crucible and hence might dis-

solve a higher amount of impurities. Differences in the
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impurity concentrations of the melt result then in different

impurity concentrations in the as-grown ingots. In order to

obtain very similar axial impurity distributions in both

ingots, the solid-liquid interfaces were kept flat or slightly

curved during the solidification processes. The two Gen1-

sized mc-Si ingots have been grown by the vertical gradient

freeze method with a growth velocity of around 1 cm/h. The

carbon and oxygen concentrations have been adjusted by gas

managements. The grain diameters of the resulting wafers

were ingot-height-dependent comparable for the two grown

ingots.

The expression solar-grade refers here and in the fol-

lowing not to the feedstock—that was of electronic-grade

quality—but to the conditions of crystallization. The ingots

of Gen1 size were produced within the German research

cluster “SolarWinS” and in the following are referred to as:

– Ingot 1: solidified in a standard solar-grade crucible,

– Ingot 2: solidified in a high purity fused silica crucible.

A detailed description of production and properties

of ingot 1 and an ingot similar to ingot 2 can be found in

Ref. 40.

The investigated wafers have been selected carefully out

of the ingots at similar mid-ingot height position in order to

exclude segregation-dependent effects. Three vertically

directly neighboring mc-Si wafers (B doped, resistivity

1:5 Xcm, size 156� 156 mm2, and thickness 200 lm) out of

each ingot with very similar grain structure and very similar

lifetime distribution were cut into samples of 50� 50 mm2.

The three neighboring samples of one ingot were arranged in

three groups according to the different processing steps that

were supposed to be applied to them

– Group A: P gettering only, with subsequent emitter removal,

– Group B: P gettering with subsequent deposition (two-

sided) and firing of PECVD SiNx:H layers and terminal re-

moval of those layers and the emitter,

– Group C: deposition (two-sided), firing and removal of

PECVD SiNx:H layers only.

A process flow of the experiment can be seen in Fig. 1.

At first, the character of most of the grain boundaries of the

samples was analyzed. If a grain exceeded the size of the

500 lm measuring diameter of the X-ray spot, one point per

grain was chosen to be analyzed. These points were detected

by an optical grain structure analysis of the samples, and an

X-ray based analysis determined the grain orientation by

Bragg reflection at these positions.34 From the difference in

orientation of directly neighboring grains, the CSL types of

the grain boundaries were determined throughout the whole

sample area.

All samples received a chemical polishing etch remov-

ing 20 lm (including the damage from wire sawing) from

each surface. Afterwards, the samples were treated with HCl

and HF(2%).

A piranha cleaning41 combined with a HF(5%) dip pre-

pared all samples for surface passivation using quinhydrone-

methanol.42–44 The minority charge carrier lifetime of all sam-

ples was measured by the quasi-steady state photoconductance

method (QSSPC)45 and PL images35 with a resolution of

50 lm were taken. The error of lifetime values detected by

QSSPC measurements is specified to be less than 1% for life-

time values below 60 ls. The error increases to 10% for

230 ls minority charge carrier effective lifetimes.45

The PL images were calibrated to values of the excess

charge carrier density Dn by the results of the QSSPC meas-

urements. As the sensitivity of the coil of the QSSPC setup

used to measure the conductance of the samples spatially

varies, an area-weighted sensitivity function46 was applied to

calibrate the PL images. The lifetime-calibration was per-

formed based on the relationship between effective lifetime

sef f and generation rate G for steady state36

sef f ¼
Dn

G
: (3)

A second lifetime measurement with QSSPC and PL was

performed after illuminating the samples until all FeB pairs

were dissociated as described in Ref. 19.

The quinhydrone-methanol residues at the sample surfa-

ces were removed by a methanol cascade19,47 and a chemical

polishing etch (1 lm) with subsequent HCl and HF(2%)

treatment.

FIG. 1. Processing of mc-Si samples (B doped, 1:5 Xcm, as-cut thickness

200 lm).
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Samples from group A and group B underwent a POCl3
diffusion (50 X=�, processed at 840 �C) and a phosphorus

silicate glass etch in diluted HF(2%). The emitter of samples

from group A was removed during a chemical polishing etch

removing 5 lm from each surface. The samples were treated

with HCl and HF(2%).

75 nm thick SiNx:H layers were deposited on both sides

of samples from group B and group C by PECVD in a direct

plasma low frequency reactor from Centrotherm at 400 �C.

These samples were fired in a conventional belt furnace at

peak temperatures higher than 700 �C to in-diffuse H into the

bulk of the samples from the hydrogen-rich SiNx layers.

Afterwards the SiNx:H layers were etched off in HF(12.5%)

and the sample surfaces (group B only) were treated with a

chemical polishing removing 5 lm from both surfaces, in

order to take off the emitter. From the surfaces of samples

from group C, 1 lm was removed by chemical polishing to

assure same surface conditions for all samples.

All samples were prepared for lifetime measurements as

described above. Again lifetime and Fei½ � were determined

by QSSPC and PL imaging. After cleaning the samples,

images of all samples were taken by optical scans.

Note that this investigation does not evaluate the change

in recombination activity of the grain boundaries quantita-

tively—for reasons explained in more detail in Sec. V—but

reflects the situations at the grain boundaries close to reality,

where a solar cell is illuminated homogeneously by the sun.

All lifetime-calibrated PL images of neighboring samples

were computer-supported spatially correlated in that way that

same positions matched each other in the different images.

Note that small deviations of the grain boundary positions are

possible because a part of the investigation (group A/B) was

carried out on neighboring samples. This could have been

avoided by etching off the emitter of samples from group A

and taking lifetime-calibrated PL images, before subsequently

hydrogenating the samples by firing PECVD SiNx:H layers,

instead of processing the neighboring samples from group B.

But, as a pre-experiment revealed, this procedure is less effec-

tive in improving the lifetime, especially at grain boundaries,

and does not display the processing of solar cells in the same

way. Fig. 2 shows—besides the results of the described exper-

iment—the comparison of lifetime-calibrated PL images of

two neighboring samples after firing PECVD SiNx:H layers

with (top right) and without (bottom right) an emitter present

during firing. A clear superiority both in the average lifetimes

and in the local lifetimes at grain boundaries of the sample

fired with emitter is visible. The solubility of many transition

metal impurities is higher in P doped Si than in B doped Si48

and the observed superiority therefore is very probable

explained by a further gettering process during firing, where

impurities (e. g. released from metal precipitates) were driven

into the emitter that was removed afterwards before the final

lifetime measurement. For this reason, in this investigation,

neighboring samples were analyzed.

Finally, as described in Sec. II, the contrast values were

calculated for data points on the grain boundaries fulfilling

the requested conditions and Fei½ � maps were calculated

from the two lifetime-calibrated PL images before and after

dissociating FeB pairs by illumination.

IV. RESULTS

Fig. 2 shows spatially exactly correlated lifetime-

calibrated PL images of a mc-Si sample from ingot 2

as-grown (top left, only a saw damage etch was carried out

before the measurement), after P gettering and both-sided

emitter removal (bottom left) and a neighboring sample with

very similar grain structure and very similar as-grown lifetime

distribution after P gettering and hydrogenation (top right).

These samples were processed as described in Sec. III. The

arithmetic averages of the lifetime values of these three life-

time maps are given on top or bottom of the images. A com-

parison between the images after POCl3 diffusion and after

POCl3 diffusion with subsequent firing of PECVD SiNx:H

layers shows that the recombination activity at some grain

boundaries is strongly reduced after firing; while at others, it

is still high compared to bordering grains. This observation

serves as further motivation for grain boundary type resolved

investigations of the changes in lifetime. In order to have a

possibility to distinguish between increased recombination

activities in the PL images that originate from grain bounda-

ries and those that originate from dislocations, the left part of

Fig. 3 shows an optical scan of the sample analyzed in Fig. 2.

The right hand side of Fig. 3 connects the as-grown life-

times of Fig. 2 (top left) to the different grain boundary types

FIG. 2. Spatially exactly correlated lifetime-calibrated PL images of mc-Si

samples from ingot 2 (surface passivation by quinhydrone-methanol). The

left images and the right bottom image show the same sample after different

processing steps: as-grown (top left); after P gettering and etching off the

emitters (bottom left); after P gettering, etching off the emitters, firing and

etching off two-sided PECVD SiNx:H layers (bottom right). The top right

image shows a directly neighboring sample with very similar grain structure

and very similar as-grown lifetime distribution after P gettering, firing (with-

out removing the emitter before depositing the SiNx:H layers), and etching

off two-sided PECVD SiNx:H layers and the emitters. The average lifetime

values after the different processing steps are shown on top or bottom of the

images.
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that were determined from Laue XRD. The colored line grid

with the grain boundary types was exactly correlated with

the PL images. At some grain boundaries, the grain boundary

character could not be determined correctly, because the

grain size of the bordering grains was smaller than the

500 lm measuring diameter of the X-ray spot or because the

optical determination of the grain positions did not work out

and the grain boundary type calculation was performed with

orientations of grains without a common grain boundary.

Those grain boundaries are not marked and are not taken

into account for the analysis. The different types are indi-

cated by different colors. The points on the colored lines,

where the conditions of Sec. II are fulfilled and lifetime con-

trasts could be calculated, are additionally marked with a

white frame. Those points exhibit very similar lifetime val-

ues in the two bordering grains on lines crossing the grain

boundary at the positions marked in white. The grain bound-

ary types referred to as “other R” are CSL grain boundaries

that occur with less frequency. Grain boundaries where the

lattice atoms of neighboring grains do not show a regular

coincidence are called random angle (RA) grain boundaries

and cannot be classified as CSL grain boundaries.

At the positions of the colored marks (including the

white framed regions) at the grain boundaries, the lifetime

values in three of the lifetime-calibrated PL images of Fig. 2

(as-grown, after POCl3, after POCl3 þ SiNx:H firing) were

analyzed to learn more about the influence of the different

processing steps on the recombination activities at different

grain boundary types. Up to 6000 points form the statistics

for one grain boundary type. Note that the three PL images

are spatially exactly correlated and that the observation of

the evolution of one single data point during the different

processes is possible. The described analysis was analogi-

cally carried out for a directly neighboring sample with a

grain structure very similar to the ones presented in Fig. 2

that was fired after depositing PECVD SiNx:H layers without

previous POCl3 diffusion (group C in Fig. 1). The results are

presented in the following sections.

A. Lifetime values at different grain boundary types
as-grown, after POCl3 diffusion and/or firing of PECVD
SiNx:H layers

Fig. 4 shows the minority charge carrier lifetime values

at different grain boundary types in mc-Si samples from in-

got 1 (subfigures (a) and (c)) and from ingot 2 (subfigures (b)

and (d)). Subfigures (a) and (b) present results of samples

from group A/B (B: with POCl3 diffusion before hydrogena-

tion, compare Sec. III) and subfigures (c) and (d) of samples

from group C (no P gettering before hydrogenation).

Values of different grain boundary types are separated by

vertical lines into segments in all graphs of Fig. 4. The box

plots in one segment belong to different process histories. In

subfigures (a) and (b), the gray left hand box plot shows the

lifetime value statistics at grain boundaries of the according

grain boundary type of the as-grown sample. The red center

box plot displays lifetime values at this grain boundary type

after P gettering of the same sample, the blue right hand box

plot gives these values on a neighboring sample after P getter-

ing and hydrogenation. The medians, 25 and 75 percentiles

are marked by horizontal bars, the arithmetic average values

by black dots. The values in brackets on top of the graph give

the number of analyzed data points per sample for the corre-

sponding grain boundary type. Figs. 2 and 3 show the PL

images and grain boundaries where the values after different

processes (as-grown, after POCl3, after POCl3 þ SiNx:H fir-

ing) presented in Fig. 4(b) were taken from.

The lifetimes at grain boundaries after the processes in

the samples from ingot 2 (Figs. 4(b) and 4(d)) are generally

higher than the ones in the samples from ingot 1 (Figs. 4(a)

and 4(c)). This might be explained by the lower concentra-

tion of impurities throughout the whole ingot. To verify this

assumption, approximately 4� 30� 2.5 mm3 sized mc-Si

pieces (approximately 0.7 g) were cut out of the two ingots

from positions close to the ones the examined samples were

taken from and were analyzed by inductively coupled plasma

mass spectrometry (ICP-MS)49,50 after cleaning the pieces

by etching off the saw damage and other external contamina-

tion. The results are presented in Fig. 5. The concentrations

of nearly all kind of impurities are higher in ingot 1 than in

ingot 2 at the investigated position in the ingots.

Focusing on the median lifetime values of the cleaner

samples from ingot 2 presented in Fig. 4(b), a clear trend of

FIG. 3. (a) Optical scan of bottom/top left sample from Fig. 2. (b) Lifetime

map from top left image of Fig. 2 where the grain boundary types are

marked with colors: red—R3, yellow—R9, green—R27, blue—other R, pur-

ple—RA. The points on the colored lines, where the conditions of Sec. II are

fulfilled and lifetime contrasts could be calculated, are additionally marked

with a white frame. The types of grain boundaries that are not marked at all

could not be detected.
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the lifetime values after the applied processes is visible for

all CSL grain boundary types. The as-grown medians are

very similar for all grain boundary types; but after the proc-

essing steps, the improvements of the lifetime medians show

a dependence on the grain boundary types. Comparing the

median lifetime values of grain boundaries with different

CSL grain boundary types after the same processing steps, it

can be stated based on broad statistics that a higher CSL

value leads to lower lifetimes. This is true both for lifetimes

after P gettering and after P gettering and hydrogenation.

This fact correlates very well with the trend of stronger deco-

ration of grain boundaries with metal impurities with higher

CSL indexes described in Ref. 51. Fig. 4(a) presents data of

the only sample that does not completely follow this trend.

Surprisingly, the median lifetime values at random angle

grain boundaries after P gettering and hydrogenation are

slightly higher than at R27 grain boundaries for all presented

samples. This observation cannot be explained yet and does

not fit into the observed trends for CSL grain boundaries.

From the higher decoration with impurities51 and the higher

degree of misorientation, lower median lifetime values

would be expected at random angle grain boundaries. A pos-

sible statistical explanation for this observation is further dis-

cussed in Sec. V.

Regarding the evolution of the median lifetimes of the

grain boundaries after the different processing steps sepa-

rated by grain boundary types, a continuous improvement of

lifetimes after the applied processes is visible in all graphs of

Fig. 4. According to literature,22 a lifetime decrease at grain

boundaries was expected after POCl3 diffusion. This could

not be observed in the analyzed samples for CSL grain boun-

daries. The median lifetime values further increased at all

grain boundaries after POCl3 diffusion with subsequent fir-

ing of SiNx:H layers.

The lifetime results for neighboring samples that did not

receive a POCl3 diffusion but were hydrogenated by firing

PECVD SiNx:H layers directly are presented in Figs. 4(c)

and 4(d). In these graphs, the data are arranged analogically

to Figs. 4(a) and 4(b), with the difference that the gray left

hand box plots in the segments show the as-grown lifetime

values at the corresponding grain boundary types and the

blue right hand box plots give the lifetime statistics after hy-

drogenation. The PL images belonging to this statistics are

not presented.

Again, the as-grown values are very similar at all grain

boundary types. The lifetime values at all grain boundaries

improved after hydrogenation. For all analyzed samples, the

best median lifetime values after firing PECVD SiNx:H

layers were observed at R3 grain boundaries, except for the

FIG. 4. Minority charge carrier lifetime values at different grain boundary

types (separated by vertical lines into segments) in mc-Si samples after dif-

ferent processes. Box plots in each segment belonging to following process

history: (a)þ (b) left (gray): as-grown, center (red): after P gettering, right

(blue): after P gettering and hydrogenation; (c)þ (d) left (gray): as-grown,

right (blue): after hydrogenation. The medians, 25 and 75 percentiles are

marked by horizontal bars, the average values by black dots. The number of

analyzed data points per grain boundary type is given in brackets. (a)þ(c)

show data of neighboring samples (group A/BþC, respectively) from ingot

1, and (b)þ(d) from ingot 2.

FIG. 5. ICP-MS results for samples out of ingot 1 and ingot 2 (compare Sec.

III). The black horizontal bars give the detection limits. Note that values fall-

ing below the detection limit are recorded as well.
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sample from ingot 2 (Fig. 4(d)) where the best median results

were measured at R9 grain boundaries (the best overall life-

time values after direct hydrogenation are still found at R3

grain boundaries for all analyzed samples). Therefore, it can

be stated again that the median lifetime values at grain boun-

daries are inversely correlated to the height of the CSL grain

boundary type indexes. Again, the results at the random

angle grain boundaries do not fit completely into this trend.

Compared to the values after hydrogenation of very similar

neighboring POCl3 gettered samples (Figs. 4(a) and 4(b)),

the lifetime values of the directly hydrogenated samples are

much lower at all grain boundaries.

B. Lifetime contrast values at different grain boundary
types as-grown, after POCl3 diffusion and/or firing of
PECVD SiNx:H layers

As shown in Sec. IV A, lifetimes at the CSL grain bounda-

ries after the different processing steps generally increase. But

Fig. 2 demonstrates that the lifetime values in the grains also

increase. To evaluate if the recombination activity of a grain

boundary has been passivated or is still harmful compared to

the rest of the material, the lifetime at the grain boundary has

to be compared to the lifetime in the bordering grains.

A measure to quantify the recombination strength of a

grain boundary compared to bordering grains is given by the

lifetime contrast defined in Sec. II. These lifetime contrasts

were calculated (Eq. (1)) for points on the marked grain

boundaries (white frames around colored lines in Fig. 3)

where the conditions of Sec. II were fulfilled. The corre-

sponding data are presented in Fig. 6. Plots of lifetime con-

trast data from the same samples as shown in Fig. 4 are

arranged analogically to Fig. 4: Figs. 6(a) and 6(c) show data

from ingot 1 and Figs. 6(b) and 6(d) from ingot 2. Subfigures

(a) and (b) present results of samples from group A/B (B:

with POCl3 diffusion before hydrogenation, compare Sec.

III) and subfigures (c) and (d) of samples from group C (no P

gettering before hydrogenation). Note that much less data

points were analyzed because only few points on the grain

boundaries fulfill the requested conditions for the calculation

of lifetime contrasts.

The results are different when the recombination activ-

ities at grain boundaries are evaluated in terms of lifetime

contrasts. The influence of a POCl3 diffusion to lifetime con-

trasts is shown by the red box plots in Figs. 6(a) and 6(b).

The median lifetime contrast values for all CSL grain bound-

ary types are higher after P gettering of the sample from in-

got 1 compared to the values of the as-grown sample. This

shows that an analysis based on the calculations of lifetime

contrast values leads to further important information that is

not accessible from the lifetime values shown in Fig. 4.

Although the according median lifetime values increased af-

ter P gettering, the lifetime contrast values increase. The rea-

son therefore is that the increase in lifetime at the grain

boundaries is lower than the one in bordering grains. This

was expected from literature7,21,22,52 and can be explained

by a redistribution of impurities. During the high tempera-

tures of a POCl3 diffusion above 800 �C, impurity precipi-

tates as, for example, Fe precipitates can dissolve52,53 and

the mono-atomic impurities can diffuse through the Si crys-

tal. These impurities cannot only be gettered externally in

the phosphorus silicate glass layers that subsequently are

removed but also at internal getter sinks as for example grain

boundaries. Two mechanisms can be responsible for internal

gettering at grain boundaries: precipitation of supersaturated

impurities and segregation due to higher solubility in the

strain field of a grain boundary.52 At a grain boundary, the

two processes of external and internal getterings happen

FIG. 6. Lifetime contrast values (calculated according to conditions described

in Sec. II) at different grain boundary types (separated by vertical lines into

segments) in neighboring mc-Si samples after different processes. Box plots

in each segment belonging to following process history: (a)þ(b) left (gray):

as-grown, center (red): after P gettering, right (blue): after P gettering and hy-

drogenation; (c)þ(d) left (gray): as-grown, right (blue): after hydrogenation.

The medians, 25 and 75 percentiles are marked by horizontal bars, the average

values by circles. The number of analyzed data points per grain boundary type

is given in brackets. (a)þ(c) show data of neighboring samples (group

A/BþC, respectively) from ingot 1, and (b)þ(d) from ingot 2.
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simultaneously during a POCl3 diffusion. In contrast to the

situation in bordering grains where the overall impurity con-

centration is only lowered by external gettering, at grain

boundaries, the net change in impurity concentration has to

be considered because impurities from the grains can be

trapped at the grain boundaries. As the lifetime values at

grain boundaries are higher after P gettering, we assume that

the impurity concentration has been lowered due to the pro-

cess, but not to the same extend as in bordering grains. The

relation of recombination activity at grain boundaries com-

pared to the activity in bordering grains is enhanced due to P

gettering resulting in higher median lifetime contrast values

after P gettering compared to the as-grown samples.

The median lifetime contrast values after P gettering of

the cleaner sample from ingot 2 (Fig. 6(b)) behave differently:

at R3 and RA grain boundaries, they even decrease slightly,

the increase at the other CSL grain boundary types is very

small. The behavior of the two different materials in terms of

lifetime contrast values is even more contrary after P gettering

and subsequent firing of SiNx:H layers (blue right hand boxes

in the different segments). The median lifetime contrast values

after all processes in material from ingot 1 (blue boxes in

Fig. 6(a)) do not reach the as-grown lifetime contrast values

(gray boxes) for none of the CSL grain boundary types, while

these values are well below the as-grown lifetime contrast val-

ues for the sample from ingot 2 (Fig. 6(b)). The values of the

sample from ingot 2 are generally smaller than the ones of the

sample from ingot 1. These results can be explained by the

different concentrations of impurities presented in Fig. 5. If

there are too many impurity atoms or precipitates at the grain

boundaries after P gettering, hydrogenation is less effective in

reducing the recombination activity. This is in agreement with

the pre-experiment where both-sided PECVD SiNx:H layers

on neighboring mc-Si samples were fired after P gettering

with and without emitters present (results presented on

right hand side of Fig. 2) and hydrogenation was much more

effective on the samples with emitters, especially at grain

boundaries. Less impurity concentration improves efficacy of

hydrogenation in mc-Si.

The lifetime contrast values after hydrogenation are lower

than the ones after P gettering for all samples and grain

boundary types. This means that the effect of hydrogenation is

more beneficial at grain boundaries than in grains. This obser-

vation is in accordance with formerly reported results.24

By comparing the median lifetime contrast values of one

sample after the same processing steps at different grain

boundary types, a dependence on the CSL grain boundary

type can be stated: higher CSL grain boundary indexes seem

to cause higher lifetime contrast values. This is true for all an-

alyzed samples except for the sample from ingot 2 that shows

a small deviation from this trend for lifetime contrast values

after P gettering and hydrogenation at R9 grain boundaries

(Fig. 6(b)). After P gettering alone, this tendency is shown

clearly by all samples confirming formerly reported results.26

With high probability, this observation can be explained by

the higher degree of misorientation between neighboring

grains with grain boundaries of higher CSL indexes. The solu-

bility of metal impurities during POCl3 diffusion is higher at

grain boundaries than in the grains because of the strain field

around the grain boundary.52 It seems reasonable that the

strength of the strain field is correlated with the CSL indexes

and the degree of higher solubility. This could explain the

higher lifetime contrast values at CSL grain boundaries with

higher CSL indexes. For the same reason, the degree of deco-

ration of CSL grain boundaries in as-grown mc-Si samples

intentionally contaminated with transition metal impurities

correlates with the height of the CSL indexes.51

The different reaction of the different materials to the

applied processing steps is very clearly visible for the samples

from group C that were hydrogenated directly without former

P gettering. Figs. 6(c) and 6(d) show the lifetime contrasts for

the samples from ingots 1 and 2, respectively. After hydrogen-

ation, the lifetime contrasts in the cleaner sample (d) decrease,

but increase in the sample from ingot 1 (c). This could be

explained as well by internal gettering of the grain boundaries

during the deposition of the PECVD SiNx:H layers at 450 �C
for approximately 2 h. For example, interstitial iron is known

to form precipitates at this temperature53,54 and grain bounda-

ries are preferential sites where precipitates can form.55 Such

a decoration of grain boundaries in mc-Si after firing of

PECVD SiNx:H was formerly observed based on electron

beam induced current (EBIC) analyses.56 This could lead to a

stronger decoration of grain boundaries in the more contami-

nated material from ingot 1 (compare Fig. 5). For that reason,

the less contaminated grain boundaries from ingot 2 could be

better passivated by H from the SiNx:H layers.

C. Interstitial iron concentrations at different grain
boundary types as-grown, after POCl3 diffusion and
firing of PECVD SiNx:H layers

In Secs. IV A and IV B, a dependency of the minority

charge carrier lifetimes at grain boundaries on the grain

boundary type could be reported. Interstitial iron is an impor-

tant impurity with big influence on lifetimes in mc-Si. For

this reason, the interstitial iron concentration Fei½ � of all sam-

ples was measured before and after the processes as

described in Sec. III, and the Fei½ � at the grain boundaries

was analyzed analogical to the lifetimes as in Sec. IV A.

FIG. 7. Interstitial iron concentrations at different grain boundary types

(separated by vertical lines into segments) in neighboring mc-Si samples

from ingot 1 after different processes. Box plots in each segment belonging

to following process history: left (gray): as-grown, center (red): after P get-

tering, right (blue): after P gettering and hydrogenation. The medians, 25

and 75 percentiles are marked by horizontal bars, the average values by

circles. The number of analyzed data points per grain boundary type is given

in brackets. Only the data from group B (compare Fig. 1) are presented.
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Fig. 7 shows the results for samples from group A and

group B from ingot 1 (compare Fig. 4(a)). As all other box plots

for the Fei½ � results look similar, only this one is presented. The

essential information gained from Fig. 7 is that there is no de-

pendence on the CSL grain boundary types for the Fei½ � after

the processes. It is shown based on broad statistics that inde-

pendently of the CSL type the Fei½ � is very similar for the differ-

ent grain boundary types after P gettering and after P gettering

and hydrogenation. The Fei½ � decreases after the different proc-

essing steps, but in the same manner for all CSL grain bounda-

ries. The results of Ref. 23 could be confirmed based on broad

statistics: Fei½ � is not the reason for the dependence of lifetime

values at grain boundaries on the CSL grain boundary type.

V. DISCUSSION

Many results of this investigation indicate that hydro-

genation of cleaner grains and grain boundaries is more effi-

cient. In the following, these results are listed in detail:

– Emitters as external gettering site present during hydro-

genation compared to etching off emitters prior to hydro-

genation lead to higher lifetimes (Fig. 2).

– Lifetimes at grain boundaries of ingot 2 (crystallization in

cleaner crucible) are higher after hydrogenation than the

ones of ingot 1 (standard crystallization) (Fig. 4).

– Lifetimes at grain boundaries are higher after hydrogena-

tion with preceding P gettering (impurities are driven to

emitters and phosphorus silicate glass layers that are

removed after the diffusion and after hydrogenation,

respectively11,12) than without (Fig. 4(a/b) compared to

Fig. 4(c/d), respectively).

– Less decoration of grain boundaries with impurities (small

CSL index)51 is correlated with higher lifetimes after hy-

drogenation compared to stronger decoration (high CSL

index) (Fig. 4).

– Lifetime contrast values at CSL grain boundaries, which

are a good evaluation tool for the passivation efficacy, in

the cleaner sample (group B) from ingot 2 are below the

as-grown lifetime contrasts, while the lifetime contrast

values after hydrogenation in the corresponding samples

from ingot 1 are above the as-grown values (Fig. 6).

– Lifetime contrasts at CSL grain boundaries decrease in

cleaner samples after direct hydrogenation (group C),

while lifetime contrasts of the samples from ingot 1

increase after the same process (Fig. 6).

A conclusion of these observations could be that impur-

ities at grain boundaries in form of atoms or precipitates

hinder the passivation of dangling bonds by atomic hydrogen

during firing of PECVD SiNx:H layers.

In the following, the statistical relevance and reliability

of the results shall be discussed. As already mentioned in

Sec. III, the changes of lifetimes at grain boundaries due to

the different processing steps cannot be considered to be

evaluated quantitatively. The effective lifetimes at grain

boundaries after the different processes can be influenced by

minority charge carriers diffusing towards the grain bounda-

ries from neighboring grains, where more carriers were

injected. In this case, the excess charge carrier density at the

grain boundaries increases, resulting in higher effective life-

times (compare Eq. (3)). This effect is expected to be higher

for samples with longer minority charge carrier diffusion

lengths within the grain. The diffusion lengths should be lon-

ger in samples after hydrogenation. For this reason, this

investigation does not evaluate the change in recombination

activity of the grain boundaries quantitatively (because it is

influenced by the changes in the adjacent grains as well) but

reflects the situations at the grain boundaries close to reality,

where a solar cell is illuminated homogeneously by the sun.

Concerning the statistics, it has to be considered that the

analyzed data points at one grain boundary should exhibit

very similar properties and that it is more important to ana-

lyze many different grain boundaries of one CSL type than

to analyze many points at one grain boundary. This could

explain the small deviations from the observed trends.

Nevertheless, as shown in Fig. 3, still significant amounts of

spatially separated grain boundaries from all types are ana-

lyzed. The described analysis method was applied to many

further samples that were not taken into this publication. All

these results of further investigations show the described

trends. The maximum difference (Eq. (2)) of intra-grain life-

time values at the two sides of grain boundaries was accepted

to be 20%, what is rather much. Note that the trend of the

results in the presented graphs does not change at all, when

this limit is decreased to 10%. Only the number of analyzed

data points is slightly smaller.

Note that the character of grain boundaries is not com-

pletely determined by its CSL index that only describes the

orientation of the bordering grains and not the position and

orientation of the common surface of the two grains. But it is

very probable that there exist preferential surface orienta-

tions and that the CSL indexes are correlated to certain sur-

face orientations. Nevertheless, a more detailed microscopic

analysis and a further classification within the CSL grain

boundary types could reduce the observed deviations in life-

times after the processes for one CSL type.

VI. SUMMARY

Based on broad statistics, it can be stated that the minor-

ity charge carrier lifetimes at grain boundaries in mc-Si after

P gettering and/or firing of PECVD SiNx:H layers depend on

the CSL grain boundary type: higher CSL indexes are corre-

lated with lower lifetimes.

In contrast to formerly reported results,22 no lifetime

decrease at grain boundaries after P gettering could be

observed. But in standard solar-grade material (ingot 1), an

increase of lifetime contrast values was detected for all grain

boundary types. The increase was stronger for higher CSL

indexes. After subsequent hydrogenation of this material, the

lifetime contrast values still were above the as-grown levels,

again the values were higher for higher CSL indexes.

Cleaner material showed a different evolution of life-

time contrast values after the different processes. The values

of samples from ingot 2 decreased both after P gettering and

after direct hydrogenation.

It was observed that hydrogenation of the whole samples

(in grains and at grain boundaries) generally is more efficient
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in cleaner mc-Si material. A pre-experiment revealed that

hydrogenation is more efficient if the emitters are still pres-

ent during hydrogenation and can serve as external gettering

sinks during deposition and firing of PECVD SiNx:H layers.

In total, a good correlation between CSL grain boundary

types and lifetimes at grain boundaries was found. No de-

pendency of the Fei½ � on the CSL grain boundary type could

be found, indicating that the reason for the observed depend-

ency on the grain boundary type rather could correlate with

the dependency of dislocation density with the CSL grain

boundary type, as formerly reported.23

In order to improve the quality of mc-Si wafers, ingots

with grain boundaries with only small CSL indexes are eligi-

ble. As according to current investigations, a correlation

between large grain sizes and a higher frequency of grain

boundaries with smaller CSL indexes seems to be very prob-

able,57 the directional solidification process has to be further

developed producing ingots with larger grains. Larger grains

can be achieved by controlling the nucleation at the crucible

bottom.58 It already has been demonstrated that dendritic

growth conditions result in large grained ingots with mostly

R3 grain boundaries and low dislocation densities.57
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