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Abstract 

Polycrystalline silicon wafers were subjected to 
extra thermal treatments (0--120 min, 500--800 °C) 
during the processing of solar cells. It was found 
that the bulk effective minority carrier diffusion 
length was enhanced significantly upon annealing, 
provided the front and back sides of the wafers 
were doped with phosphorus and aluminium 
respectively, prior to the anneal The optimum 
anneal temperature was 700°C, yielding an 
increase of over 10% in diffusion length and a 
solar cell efficiency improvement of 0.5% absolute, 
compared with standard cells. Light-beam- 
induced current measurements have shown that 
the thermal treatment is most effective in regions 
with an initially small minority carrier diffusion 
length. In a separate model experiment with inten- 
tionally contaminated wafers, the concentration of 
metallic impurities such as gold, nickel and copper 
in the aluminium-doped layer was found to be 
1000 times larger than the solid solubility of these 
metals in silicon at 700°C. From these observa- 
tions, it is concluded that gettering of impurities 
occurs during the annealing and that the alu- 
minium-doped layer (produced by low cost screen- 
printing process) provides an effective sink for 
impurities. 

I.  Introduction 

Large-grain polycrystalline silicon (poly-Si) is 
widely used for the production of silicon solar 
cells. The major advantage of poly-Si is its low 
cost relative to monocrystalline silicon (mono-Si). 
The disadvantages are the significantly smaller 
minority carrier diffusion length and lifetime 
compared with mono-Si and the inhomogeneous 
nature of the material. These two drawbacks, 

which are due to the presence of grain and sub- 
grain boundaries, large concentrations of disloca- 
tions and other physical and chemical defects, 
result in a smaller poly-Si cell efficiency com- 
pared with mono-Si cells. 

Various ways to improve poly-Si solar cell effi- 
ciency have been pursued in the past. One 
strategy is to reduce the cell thickness and to 
employ light trapping concepts [1]. In that way, 
cell performance becomes less dependent on the 
minority carrier diffusion length. In a second 
approach, hydrogen passivation is used to reduce 
minority carrier recombination at physical 
defects. It involves the binding of hydrogen atoms 
to dangling bonds and defected regions which 
lessens the density of mid-bandgap recombina- 
tion centres [2, 3]. A third method is gettering of 
lifetime degrading impurities either at defects and 
grain boundaries (intrinsic gettering) [4, 5] or at 
the wafer surface (extrinsic gettering)[6-12]. By 
extrinsic gettering, recombination centres are 
actually removed from the active part of the cell. 

Gettering techniques may be applied to both 
poly-Si and mono-Si. The commonly accepted 
phenomenological picture for extrinsic gettering 
is the following [7]. First, an impurity atom has to 
be released from its site in the silicon bulk, then it 
has to diffuse towards the surface and finally it 
has to be captured at the surface region. In 
general, high temperatures are needed to enable 
both the release and the diffusion of the impurity. 
Furthermore, a sink for the diffusing impurities 
has to be present at the surface. Several surface 
treatments such as phosphorus indiffusion [6, 13], 
metal film deposition and subsequent annealing 
[12, 14, 15], Si3N 4 film deposition followed by a 
thermal treatment [16, 17], and mechanically 
damaging the surface [18] have been shown to 
provide such sinks. It is thought that these treat- 
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ments may all getter different impurity species 
and it is speculated that application of several of 
these gettering treatments is in general more 
beneficial than utilizing only one [7, 9, 19]. 

Several models have been developed to 
describe the gettering mechanism in more detail. 
In the first model, the surface treatment (e.g. 
phosphorus mdiffusion) is assumed to generate 
silicon self-interstitials. These interstltials may 
then react with low mobility, high solubility sub- 
stitutional metals resulting m interstitial high 
mobility, low solubility metal atoms, which dif- 
fuse very fast towards the surface region where 
they are captured [20]. Also, the silicon self-inter- 
stitials may enhance the effectiveness of the 
impurity sink by reacting with metals to form sur- 
face silicides [21 ]. In the second model, the solu- 
bility of impurities is taken to be larger in highly 
doped material than it is in the silicon bulk owing 
to ion pairing [22] and a shift in the Fermi level 
[23, 24]. A gradient in the solubility (for instance 
obtained by doping the surface region through 
diffusion) will be the driving force for gettering. In 
the third model, it is proposed that the surface 
treatment results in large concentrations of 
defects which act as impurity sinks upon anneal- 
ing [25]. In a recent review, Kang and Schroder 
[7] concluded that neither of these models fully 
agree with gettering data and they proposed a 
new diffusion/segregation model. In this model 
every gettering treatment has an optimum tem- 
perature, below which the gettering efficiency is 
limited by the diffusion of the impurity. Above 
that optimum temperature, the ratio of the maxi- 
mum impurity concentration m the gettering sur- 
face region and the bulk impurity solubility limits 
the efficiency of the gettering treatment. 

In low cost solar cell processing of poly-Si 
material, gettering treatments may be particularly 
beneficial. In the first place this is because of the 
larger concentration of metallic impurities 
present in this material compared with mono-Si 
[26]. In the second place it is because in low cost 
processes such as screen-printing, extra impuri- 
ties might be introduced during standard process- 
ing steps. One form of gettering included in most 
standard silicon solar cell processes occurs as a 
side effect during the phosphorus indiffusion. 
Extra gettering steps such as metal film deposi- 
tion followed by thermal annealing may be added 
to the production sequence. In one standard pro- 
cessing scheme an aluminium-doped back side is 
formed by screen-printing and subsequent alloy- 

lng and etching. This aluminium-doped layer may 
be used as an additional sink for impurities dur- 
Ing an extra thermal treatment after the alloying 
[8-10]. 

Previous experiments on alumimum-induced 
gettering have employed evaporated aluminum 
films and subsequent annealing both below and 
above the eutectic temperature (577°C). It was 
shown that the minority carrier lifetime of cast 
polycrystaUine silicon (Wacker SILSO) was 
improved after annealing for 2 h at 450°C [12]. 
Sundaresan et al. [15] have shown that the 
minority carrier diffusion length of the same 
material was enhanced by a 1 h treatment at 
700°C. Enhanced concentrations of impurities 
have been detected at the AI-Si interface after 
aluminum film deposition and annealing at 
900°C [27] and also at 540°C [14] in model 
experiments on intentionally contaminated 
mono-Si. 

In this paper we report on a series of experi- 
ments on phosphorus-induced and aluminium- 
induced gettering in which the silicon wafer is 
doped with aluminum by screen-printing and 
subsequent firing. The effect of both the anneal- 
ing temperature and the annealing time have been 
studied systematically. Furthermore, combined 
phosphorus-induced and aluminium-induced 
gettering was studied. In a separate model experi- 
ment with intentionally contaminated wafers, the 
amount of impurities which may be captured in 
the aluminium-doped layer was investigated. 

2. Solar cell fabrication and sample preparation 

Polycrystalline silicon cells were fabricated on 
10 x 10 cm 2 Wacker SILSO wafers (doping den- 
sity 5 x 10 ~s B c m  -3, thickness 450 /am). This 
material has an average grain size of approxi- 
mately 5 mm 2. Most grain boundaries run per- 
pendicular to the wafer surface. 

The standard solar cell production scheme is 
shown in Fig. 1. The wafers are first etched to a 
thickness of 400 pm in an alkaline etch to remove 
the sawing damage. Subsequently, a phosphorus 
diffusion step (875 °C, 20 min) is carried out 
resulting in an emitter with a thickness of ap- 
proximately 0.5/~m and a surface doping density 
of about 2 x 1020 c m  -3. A paste containing ahi- 
minium is screen-printed on the back of the wafer 
and an AI-Si alloy is formed by heating (greater 
than 700 °C, 4 min) in a belt furnace under the 
flow of nitrogen gas. The wafers are etched in 



aqueous HC1 to remove most of the AI-Si alloy, 
leaving behind an aluminium-doped back side 
(thickness approximately 1.0/zm, surface doping 
density of 1019 cm-3). Next, the wafers were 
etched in aqueous HF to remove SIO2. An anti- 
reflection (AR) coating of Ta205 (thickness about 
70 nm, index of refraction 2.3) is applied. The 
front metallization finger pattern (coverage 
13.6%) and a full back metallization are made by 
nickel plating and solder dipping. 

A number of wafers was subjected to an extra 
thermal treatment in a belt furnace under flowing 
nitrogen gas (see Fig. 1). Some wafers received this 
treatment directly after the phosphorus diffusion. 
These wafers only contain a phosphorus-doped 
front surface layer during the anneal and will be 
labelled as P-groups. Other wafers received the 
extra anneal just before the A R  coating step. 
These wafers contain both a phosphorus-doped 

I Polycrystalline Silicon Wafer ] 

Alkaline Etch I 

Phosphorous Indiffusion I 

I ' - [Thermal Anneal [ 

STD P ~ A 
AI-Screenprinting and Alloying I 

[ Etching of Excess AI-Si Alloy [ 

L I ' 
IThermal Anneal I 

STD P A 
[ Anti-Reflection Coatin~ [ 

[ Front and Backside Metallization [ 

[ Solar Cell I 

Fig. 1. Flow dtagram of the cell production. The standard 
processing sequence Is denoted by STD. The P-groups 
received an extra thermal treatment directly after the phos- 
phorus mdiffusion, the A-groups received the extra treatment 
prior to application of the anti-reflection coating. 
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from region and an aluminium-doped back side 
during the anneal and will be labelled as 
A-groups. 

Three separate experimental batches were 
formed (see Table 1): one batch to study the 
dependence of gettering on temperature, a 
second batch to evaluate the effect of anneal time, 
and a third batch to investigate the impact of the 
extra anneal on the statistical distribution of cell 
efficiencies. Each batch is randomly selected 
from a large number (greater than 2000) of 
wafers and within each batch all groups are statis- 
tically equivalent. 

The first batch of 125 wafers was divided into 
five groups of 25 wafers each. Standard cells were 
produced from one group, the other four (A-) 
groups received a 1 h anneal at temperatures of 
500, 600, 700 or 800 °C, just before application 
of the AR coating. 

From a second batch, 12 groups of 100 wafers 
were formed. These were all annealed at 700 °C 
for various times, ranging from 0 to 120 min, 
either with only phosphorus-doped front or with 
both aluminium-doped back and phosphorus- 
doped front. In addition, 25 wafers from a single 
ingot were distributed over these groups: for each 
wafer in a certain experimental group, the two 
adjacent (neighbouring) wafers are allocated to 
the standard group. 

Two large groups of 750 wafers each were 
formed from a third batch of cells. One of these 
groups was processed in the standard way; the 
other group received an additional anneal at 
700 °C for 1 h with both aluminium-doped back 
and phosphorus-doped front side (A-group). 

Metallic impurities in Wacker SILSO are 
present in concentrations smaller than 10 ~ cm-3 
[28]. The maximum amount which may be 
gettered at the surface is the product of that con- 
centration and the wafer thickness. This yields 
4 x 1012 atoms cm -2, which is below the detec- 
tion limit of most techniques. Therefore a model 
experiment has been conducted to investigate the 
metallic impurity concentration in the aluminium- 

TABLE 1 Experimental matrix 

Batch  Number of Number of Temperature 
groups wafers per 

group 

Ttme Groups Values 

1 5 25 Variable 
2 12 100 700"C 
3 2 750 700*(2 

60 min A 
Vanable A. P 
60 min A 

0, 500, 600, 700, or 800 *C 
0,7.5, 15, 30,60, or 120mm 
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doped layer upon annealing. Monocrystalhne CZ 
sihcon wafers (400 /~m thick) were etched m a 
HNO3/CH~COOH/HF mixture in the ratio 7:2:2 
to remove the sawing damage and to obtain a flat 
untextured surface [29]. One set of samples ( 1 x 1 
cm -~) was doped with alumimum at the back side 
(by the aforementioned method of alloying and 
etching); the set of control samples did not 
receive any surface doping. Metal films (nickel, 
gold, iron, or copper) 100 nm thick were 
evaporated on part of the front side of the 
aluminium-doped and control samples. All 
samples were annealed at 700 °C under flowing 
nitrogen gas. Both before and after the anneal 
(channelled) Rutherford backscatterlng spec- 
trometry (RBS) [30] measurements were per- 
formed on the sample side opposite to the 
metal-evaporated side using 2 MeV He + ions. 

3. Opto-electricai characterization 

During processing, the emitter sheet resistance 
Rshee t w a s  determined using a four-point probe on 
selected wafers from each group both before and 
after the extra anneal. R~hee t depends inversely 
on emitter thickness W, average active emitter 
doping concentration N (cm-3), and average 
majority electron mobility kt in the emitter: 
R,h~et = 1/(e/~ NW ), with e the electronic charge. 

Current-voltage characteristics were mea- 
sured for all completed cells under a solar 
simulator with an air mass (AM) 1.5 spectrum 
and a light power density of 1000 W m -2 at a cell 
temperature of 25 °C. From these, the short- 
circuit current density l,c, the open-circuit voltage 
Vow, the fill factor FF, and the efficiency 77 were 
determined. 

The internal quantum efficiency (QE), defined 
as the number of electrons in the external current 
divided by the photon flux which is coupled into 
the cell, was measured on 10 randomly selected 
cells from all groups as a function of wavelength 
in the range 350-1100 nm using interference 
filters of bandwidth 10 nm. The recombination 
rate at minority carrier (electron) traps is reduced 
when the electron quasi-Fermi level shifts owing 
to generation of electrons [31, 32]. Therefore the 
quantum efficiency is measured at a white light 
bias of 1000 W m-2 (the actual operating con- 
ditions of a solar cell) to saturate these traps. 
From a linear fit of 1/QE vs. 1/a for those wave- 
lengths where absorption in the emitter is negli- 
gible (800-1000 nm), the effective minority 

carrier diffusion length L~ff is calculated from the 
ratio of intercept at the 1/a axis and the slope 
[33]. The wavelength-dependent optical absorp- 
tion coefficient a in silicon was taken from 
data by Swimm and Dumas [34]. The absolute 
values of Lef ~ depend on the absorption coeffi- 
cient data set used, but the relative difference 
between groups does not. 

To investigate the local effective minority 
carrier diffusion length in standard and annealed 
cells, light-beam-induced current (LBIC)[35] 
measurements were performed over large areas 
on neighbouring cells. A light beam of wavelength 
870 nm was focused to a spot of 15 gm onto the 
cell and was scanned over the cell surface while 
measuring the short-circuit current. 

4. Results 

4.1. Temperature dependence 
In Table 2 the results of the I ( V ) and quantum 

efficiency measurements are summarized for the 
A-groups annealed at various temperatures for 
1 h. Annealing at 700 °C is optimal for all cell 
parameters except for the FE The increases in Isc, 
Voc, and ~7 with annealing temperature are mainly 
due to the increase in Lef f. ls¢ and L~u are equal to 
or smaller than the standard group after an 
anneal at 800 °C, but for this anneal temperature 
FF and Vo~ are still considerably larger than in 
the standard group. Furthermore, it was found 
that /~heet increases with annealing temperature 
to 20% larger than standard at 700°C but 
decreases back to its original (standard) value 
after an anneal at 800 °C. 

4.2. Time dependence 
Next, anneals were performed for various 

times at the above-mentioned optimum tempera- 

TABLE 2 Results of I (V) measurements under AM 1.5, 
1000 W m -2 illumination on the A-groups annealed for I h 
at various temperatures. Averages are over 25 cells for all 
parameters. Also shown is the effective minority carrier diffu- 
sion length/.•  derived from internal quantum efficiency 
measurements 

Temperature l,c V,, c FF ~/ Lcff 
(°C) (mAcm 2) (mV) (%) (%) (#m) 

0 25.5 554 7 71 4 10.1 70 
500 25.4 555.1 71 7 10 1 73 
600 25,5 554 5 70.9 10 0 77 
700 25.9 558.0 72.6 10 5 80 
800 25.1 556.5 73 0 10 2 70 
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Fig 2. Emit ter  sheet  resmtance normahzed  with respect to 
the standard group as a function of anneal time at 700 °C. 

ture of 700 °C. Prior to application of the A R  
coating, the sheet resistance of all groups was 
determined. Rshee t increases logarithmically with 
increasing anneal time to a value which is 25% 
larger than that of the standard group after 
annealing for 2 h at 700 °C (Fig. 2). 

The results of the I(V) measurements are 
shown in Fig. 3. By virtue of the relatively large 
number of cells per group, the absolute errors in 
Isc, Voc, FF and r/are smaller than 0.04 mA cm- 2, 

0.5 mV, 0.2%, and 0.03% respectively. For the 
groups which have an aluminium-doped back 
side during the a n n e a l ,  Is¢ , Vo¢ , and r/ increase 
with anneal time. FF remains unchanged upon 
annealing for 7.5 or 15 min but is about 1% 
(absolute) larger than standard after annealing for 
30 rain or more. The average cell efficiency 
obtained in the A-groups after annealing for 1 or 
2 h was 10.4% which is 0.5% (absolute) larger 
than the standard group efficiency. The A R  coat- 
ing was optimized for encapsulation under glass; 
upon encapsulation, all values for efficiency 
reported here increased by 0.5% (absolute). 

In the P-groups, Is~ also increases with increas- 
ing anneal time. For these groups, Voc is at least 
2.0 mV smaller than the standard group for all 
anneal times; it is not clear why Vo¢ of the group 
annealed for 15 min deviates from this behaviour. 
The fill factor is smaller than standard for all 
P-groups, but no simple correlation between 
anneal time and FF is observed: the initial 
decrease for 7.5 min is followed by a recovery for 
15 and 30 min and a further degradation for 
longer anneal times. This all results in an effi- 
ciency which is 0.1% (absolute) smaller than the 
standard efficiency for the anneal times 7.5, 60, 
and 120 min, and larger efficiencies for anneal 
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Fig. 3. (a) Short-circuit current density l~, (b) open-circuzt 
voltage Vo¢, (c) fill factor FF, and (d) cell efficiency r/of the 
various groups as a function of anneal time at an anneal tem- 
perature of 700"C. Measurements were performed under 
illumination with 1000 W m -2, AM1.5 at a cell temperature 
of 25 *C. 
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Fig. 4. Quantum efficiency measurements on groups with (a) 
both a phosphorus-doped front and alumimum-doped back 
side and (b) only a phosphorus-doped front side dunng the 
anneal at 700 *C. The results have been normalized relative 
to the standard group A white light bias of 1000 W m-2 was 
applied. 

times of 15 min (owing to a large Voc ) and 30 min 
(owing to a large FF ). 

The internal quantum efficiency data, relative 
to the standard group and averaged over 10 ran- 
domly selected wafers per group, are shown in 
Fig. 4. The error in the average value, shown in 
one of the curves, is typically less than 1% for all 
wavelengths. In the A-groups, a clear increase in 
QE with increasing anneal time (except for 7.5 
rain) is seen for wavelengths ;t > 600 nm and for 
2 < 450 nm (Fig. 4(a)). In the P-groups, this effect 
is less pronounced or even absent for ;t > 600 nm 
but more prominent for small wavelengths 
tl < 450 nm (Fig. 4(b)). For the P-group annealed 
for 1 h, a slightly smaller than standard QE is 
observed in the range between 450 and 800 nm 
which may be due to small differences in the anti- 
reflection coating. 

L e,, determined from QE using the absorption 
coefficient data from Swimm and Dumas [34], 
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Fig. 5, Effective minority carner diffusion length, as deter- 
mined from the QE of Fig 4, vs anneal time for groups 
annealed at 700 °C 

is shown in Fig. 5. In the A-groups, Lef t degrades 
slightly after 7.5 min, after which it increases with 
increasing anneal time up to 76.3 #m after 120 
min. In the P-groups, the same initial decrease 
followed by an increase with anneal time is 
observed, but this increase is smaller than in the 
A-groups. Lef f of the A-group is smaller than that 
of the P-group only after 15 min annealing. For all 
other anneal times, L~ff of the A-group is larger 
than or equal to that of the P-group. 

4.3. Light beam induced current 
LBIC scans were performed on five neigh- 

bouring cells from a single ingot. The first, third, 
and fifth wafers were processed according to the 
standard scheme, the second and the fourth were 
subjected to an extra anneal at 700 °C for 2 h, 
with only phosphorus-doped front side and with 
both phosphorus-doped front and aluminium- 
doped back respectively. A scan of 1.0 x 0.7 cm 2 
was made (see Fig. 6). Dark areas represent 
regions which give a small local current. The 
black fines correspond to the metallization 
pattern. Clearly, these wafers exhibit an identical 
overall pattern. The scans on cells 1 and 5 (not 
shown) gave results similar to the scan on wafer 3 
(Fig. 6(a)). Striking is the large LBIC signal in the 
A-group cell (Fig. 6(c)). Not only at the grain 
boundaries but also in the grains the local effec- 
tive diffusion length was improved with respect to 
the unannealed standard cell (see arrows in Fig. 
6). In the case when the anneal was performed 
without an aluminium-doped back side (Fig. 
6(b)), a smaller increase in diffusion length with 
respect to the standard cell is observed. 
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Fig. 6. LBIC scans on three nelghbour cells' (a) standard 
cell; (b) P-group cell; and (c) A-group cell annealed at 
700"(7 for 2 h. The total scan area Is 1.0 x 0.7 cm 2. The 
arrows labelled "GB" and "gram" indicate spots at a gram 
boundary and within a gram respectively, where Lef t was 
enhanced upon armeahng. The bar indicates the correlation 
between the shade of gray and the effective diffusion length 
m micrometres. 

Since the scans in Fig. 6 are performed on cells 
with almost identical grains, the local effective 
diffusion length of the standard cell Ls. r and that 
of an annealed cell LAN N Can be correlated• For 
all points from the standard cell scan for which 
LST lies in a certain interval of width 2AL 
around L 0 (L 0 - AL < Lsr< L o + A L  ), the aver- 
age LAN N Of the corresponding points on the 
annealed cell is calculated. Subsequently, LAN N -- 

L 0 (the increase in local diffusion length due to 
the thermal treatment) is plotted as a function of 
L 0 (see Fig. 7). Both for the P cell and for the A 
cell an increase in local diffusion length is 
observed for initially small diffusion lengths. The 
main differences are that this increase is larger in 
the A cell than in the P cell, and that above 
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Fig. 7. The increase m local effective diffusion length after a 
treatment v s  the initial effecUve diffusion length of the stan- 
dard cell. Shown are averages over the scans of Fig. 6. 
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Fig. 8. Distribution of cell effioencles of two groups of 750 
cells. Indicated are the FWHM for each group. 

L0=40  /~m the treatment without aluminium- 
doped back side (on average) deteriorates the 
material. For the cell from the A-group, even 
initial diffusion lengths up to 75 pm are enhanced 
during the anneal. 

4.4. Distribution of  cell efficiency 
Two large groups of 750 cells were processed: 

one group as standard cells and the second 
A-group with an anneal of 700 •C for 1 h. The 
efficiency distributions (intervals of 0.1%) are 
shown in Fig. 8. The average efficiency of the 
standard group and the A-group was 9.90% and 
10.24% respectively. The increase in efficiency of 
0.34% (absolute) due to the annealing is some- 
what smaller than in the two previous groups with 
equal anneals (see Sections 4.1 and 4.2). The full 
width at half maximum (FWHM) of the cell effi- 
ciency distribution shown in Fig. 8 is 1.05% for 
the standard group and 0.65% for the A-group. 
Thus annealing not only improves the average 
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efficiency, but also reduces the width of the effi- 
ciency distribution. It is found that the low effi- 
ciency tail present in the standard group cell 
efficiency distribution is wrtually absent in the 
A-group (Fig. 8). 

4.5. Concentration of metallic impurities m the 
aluminium-doped layer 

RBS measurements were performed on the 
monocrystalline CZ samples from the model 
experiment in the following channelling geom- 
etry. The incoming beam of He + ions with an 
energy of 2 MeV was aligned to the (100) crystal 
axis and the backscattering angle was 170 °. The 
results for nickel as the deposited species are 
shown in Fig. 9. The sample geometry is shown in 
the inset. The surface channels of oxygen, alu- 
minium, silicon and nickel are indicated. Spec- 
trum I is taken on the control sample after 
annealing at 700 °C for 1 h. Spectra II and III are 
measured on aluminium-doped samples which 
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Fig. 9. RBS spectra of the three sample geometries,  shown m 
the inset, after an anneal at 700 °C for 1 h. On  sample III, an 
enhanced signal at the nickel surface channel  is observed,  
whereas vtrtually no nickel was found on samples I and II. 

received an annealing treatment at 700 °C for 
1 h, without and with nickel deposited on the side 
opposite the aluminium respectively. 

The silicon minimum yield of the aluminium- 
doped sample (about 6%) is slightly higher than 
that of the undoped sample (about 4.5%). This is 
attributed partly to the presence of aluminium 
(oxide) at or near the surface, as evidenced by a 
peak at the aluminium surface channel. It shows 
that the crystal quality of the alummium-doped 
silicon produced by alloying and etching is com- 
parable with that of undoped silicon according to 
channelling RBS. An increasing yield starting at 
the nickel surface channel (288) is observed only 
in spectrum III. The amount of nickel in the sur- 
face region can be roughly estimated from the 
integrated yield between channel 220 and the 
nickel surface channel 288. For the sample doped 
with aluminium oppostte to the nickel deposited 
layer (spectrum III) this gives (15_+1)× l0 N 
atoms cm-2 For the other samples the absence of 
any clear increase in yield at the nickel surface 
channel suggests that the amount of nickel in the 
surface region is very small or negligible. An 
absolute upper limit for the amount of nickel can 
be obtained in a way similar to that used for spec- 
trum III. This gives (3.2 ___ 0.6)x 1014 atoms cm-2 
for spectrum II and (0.8 +_ 0.4) × [014  atoms cm- 2 
for spectrum I. 

Similar measurements were performed on 
samples where iron, gold, or copper was de- 
posited instead of nickel (see Table 3). In samples 
with an aluminium-doped layer opposite to the 
gold and copper-evaporated layer, increased 
amounts of these metals were detected after 
annealing. In all other measurements, the amount 
of metal impurities at the side opposite to the 
evaporation side was below the detection limit of 
RBS. Thus no surface diffusion of the deposited 
metal or contamination from the ambient occurs 

TABLE 3 Concentrations of metallic impurities detected at the side of the wafer opposite to the evaporated metal film after a 
thermal treatment of 700 °C. Errors are given between parentheses 

Geometry II I III 
Front side Metal No metal Metal 
Back side No aluminium Aluminium-doped Aluminium-doped 

Metal C s D Ttme 
(cm -3 ) (creEs -I  ) (h) (1014 cm -2 ) (1014 cm -2 ) (1014 cm -2 ) 

Cu 1 × 1016 3 x 10 -5 1 < 5 < 10 25 (3) 
Nl 3 × 1015 7 x 10 -6 1 0.8 (0.4) 3.2 (0.6) 15.2 (0.6) 
Au 4x1013  2 . 4 x  10 -6 50 0 . 1 0 ( 0 0 7 )  0 .17(0.07)  1.5(0.2) 
Fe 1 x l O  II 4 × 1 0  -7 50 - -  - -  <0.1 
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during the anneal and we conclude that the de- 
posited metal diffuses through the wafer and is 
gettered in the aluminium-doped layer. Iron has 
not been detected because the small solubility 
and diffusivity in silicon (see Table 3) limit the 
integrated flux through the wafer to a factor 1000 
times smaller than the RBS detection limit of iron 
in silicon. 

Secondary ion mass spectroscopy (SIMS) was 
performed on the aluminium-doped side of the 
sample from spectrum III in Fig. 9 (see Fig. 10). A 
clear correlation between the nickel signal and 
the aluminium signal is observed over more than 
two decades of concentration. 

From simple diffusion theory, using the solid 
solubility Cs and diffusivity D of the particular 
metallic species in undoped silicon at 700 °C [36] 
(Table 3), it is calculated that the integrated flux 
of metal atoms flowing towards the gettering sur- 
face opposite to the metal-deposited side is 10 
times larger than the observed quantities in the 
aluminium-doped layer. This suggests that an 
upper limit of impurity (nickel, gold and copper) 
concentration in aluminium-doped silicon has 
been reached. The range from channel 220 to 
288 (the nickel surface channel) corresponds to a 
depth of 0.7 pm. Dividing the integrated yield 
between channel 220 and 288 of spectrum III by 
that depth, the concentration of nickel in the alu- 
minium-doped layer is calculated to be 2 x 1019 
cm- 3. A similar analysis can be performed for the 
gold and copper-deposited samples. This yields 
segregation coefficients (defined as the ratio of 
the solid solubility Cs of the impurity species in 
intrinsic silicon and the concentration of that 
species in the gettering region at the gettering 
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temperature) of less than 10-3 for nickel, copper 
and gold. 

5. Discussion 

5.1. Emitter efficiency 
The emitter quality improves upon annealing, 

as evidenced by a significant increase in quantum 
efficiency for wavelengths smaller than 450 nm in 
both the P-groups and the A-groups annealed at 
700 °C. This may be due to several factors. 

First. the recombination at the emitter surface 
may be reduced. In the standard group the emit- 
ter surface oxide which is present after phos- 
phorus indiffusion, is not removed until after the 
aluminium alloying. In a group (not shown here) 
in which this oxide was removed prior to alu- 
minium alloying an increased short wavelength 
QE compared with that of the standard group 
was observed. Probably, the emitter surface 
recombination velocity is improved because of 
the early removal of this oxide. In the P-groups, 
the surface oxide was removed prior to the anneal 
and thus prior to the aluminium alloying, whereas 
in the A-groups it was removed after the alu- 
minium alloying. The larger QE at small wave- 
lengths (less than 450 nm) of a P-group compared 
with an A-group with equal anneal time may thus 
be due to this difference in oxide removal. 

Secondly, in the case when the minority carrier 
diffusion length in the emitter is not limited by 
band-to-band Auger recombination [37], it may 
be enhanced by gettering of impurities out of the 
emitter towards the surface. 

Thirdly, a redistribution of the phosphorus 
doping profile may occur during annealing. From 
the increasing sheet resistance upon annealing 
(Fig. 2), it is deduced that either the majority 
carrier mobility or the active concentration of 
phosphorus in the emitter decreases with increas- 
ing anneal time at 700 °C. Grain boundary diffu- 
sion is unlikely to result in a significant reduction 
of phosphorus. A decrease in the intragrain phos- 
phorus concentration could lead to an improved 
minority carrier lifetime in the emitter but is ruled 
out because of the small bulk diffusion length 
(less than 0001 pm) of phosphorus in silicon at 
700°C [38]. Clustering of phosphorus could 
occur during the anneal at 700 °C, which would 
result in a decrease in the active phosphorus con- 
centration. If the minority carrier lifetime is 
limited by band-to-band Auger recombination, 
such a decrease would result in a lifetime 
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improvement and an enhanced short wavelength 
QE. However, the effect of clustering on the 
minority carrier mobility is not clear and this 
could oppose the enhancement in the QE. 

After annealing at 800 °C, Rshee t is decreased 
compared with the 700 °C anneal, which is most 
likely because of broadening of the emitter profile 
[8], since the phosphorus sohd state diffusion 
length in silicon at 800 °C after 1 h is equal to 
0.05/~m [39]. The average doping concentration 
becomes smaller and thereby the majority carrier 
mobility is enhanced [40]. The emitter minority 
carrier diffusion length (estimated to be less than 
0.2 ~m) is smaller than the emitter thickness. In 
that case, such broadening results in a decreased 
small wavelength QE compared with the 700 °C 
group, as has been observed. 

5.2. Base minority carrier diffusion length 
5.2. I. Origins of improved diffusion length 
From current-voltage measurements, quantum 

efficiency measurements and LBIC scans, it is 
found that the bulk effective minority carrier dif- 
fusion length increases with increasing anneal 
time and with increasing anneal temperature up 
to 700 °C, provided an aluminium-doped back 
side is present during the anneal. I~c and Lef ~ de- 
crease upon annealing at 800 °C. In the P-groups, 
annealing at 700 °C results in a smaller increase 
m Lc)f with increasing anneal time than in the 
A-groups. 

The mechanisms possibly involved here are an 
improved back surface recombination velocity, 
preferential diffusion of aluminium and/or phos- 
phorus along grain and subgrain boundaries, and 
aluminium-induced and/or phosphorus-induced 
gettering. These mechanisms will be discussed 
next. 

A reduced back surface recombination veloc- 
ity S is ruled out as the origin of the increase 
in Lee f because S starts to influence the carrier 
collection efficiency when the ratio of the 
minority carrier diffusion length Lm, n to wafer 
thickness becomes larger than approximately 0.5 
[41[, whereas in the present case this ratio is in 
the order of 0.2. 

The improved LBIC at the grain boundaries in 
the A-group cell compared with the standard cell 
(Fig. 6) may be (partly) caused by preferential alu- 
minium diffusion and/or grain boundary passiva- 
tion by aluminium. Such preferential diffusion 
results in a local p-p+ junction by which minority 
carriers (electrons) are repelled from recombina- 

tion sites at the boundary [42]. It was found that 
Lef f sa tu ra tes  after annealing for approximately 
60 min. This correlates with the aluminium grain 
boundary diffusion length in silicon which equals 
the wafer thickness at 700 °C for 60 min [43]. It 
could be that for prolonged annealing, no signifi- 
cant increase in Lcf f if observed because the grain 
boundaries are already decorated with aluminium 
all through the wafer. Since grain boundaries 
influence only a small part of the cell area (typi- 
cally 1%),  Lef f calculated from the QE 
measurements will be dominated by intragrain 
transport parameters and grain boundary recom- 
bination reduction can only partly account for the 
improved L elf upon annealing. 

Gettering of impurities is likely to cause the 
enhanced intragrain diffusion length as observed 
in the LBIC and QE measurements. The diffusi- 
vity of several impurity species at 700 °C is large 
enough to enable diffusion over a distance of 
several times the wafer thickness [36, 39]. Solid 
state diffusion and subsequent passlvation of 
defects by alumlmum or phosphorus is ruled out 
because of the small dlffuswity in bulk silicon of 
aluminium and phosphorus at these temperatures 
[39]. The FWHM of the cell efficiency distribu- 
tion was reduced drastically and LBIC 
measurements revealed that regions with an 
initially small Lef t are improved most by anneal- 
ing. If Leff in those regions is limited by some 
impurity species, removal of that impurity (by 
gettering) will be most effective m those regions. 

Another mechanism which might result in an 
enhanced minority carrier lifetime is the relief of 
stress, built into the material during casting or 
during processing steps such as phosphorus indif- 
fusion. An important factor in such relief will be 
the cooling rates at the end of the thermal treat- 
ments. It was observed that the cooling rate of the 
extra thermal treatment does not affect the ulti- 
mate cell performance for anneal times longer 
than 30 min [9]. Tins, however, does not mean 
that stress relief can be excluded as a factor in the 
lifetime enhancement. 

In the two-diode model of a solar cell, the dark 
saturation current density and thereby FF and 
Voc depend on the inverse of the bulk minority 
carrier diffusion length L mm [44] via the first 
diode prefactor J0 oc 1/Lm~ n and on space charge 
recombination and lateral inhomogeneities via 
the second diode prefactor J02 [42]. To a first 
estimate, neglecting second diode, series resist- 
ance, and shunt resistance, the dark saturation 



current density is given by Jo = Isc exp ( -  eVoc/kT). 
Here T is the absolute temperature and k is 
Boltzmann's constant. Using the data for Isc and 
Vo¢ from the I (V) measurements to calculate J0 
and using the effective diffusion length Lef f 
(determined by quantum efficiency 
measurements) which is approximately equal to 
Lmln, J0°cl/Lef~ holds in the A-groups. In the 
P-groups, this correlation is not obtained, and J0 
even increases with increasing Leff. From this it is 
concluded that apparently the second diode pre- 
factor increases upon annealing in the P-groups 
compared with the A-groups. This difference may 
be explained by an improved lateral homogeneity 
upon annealing in the A-groups compared with 
the P-groups. An enhanced homogeneity in the 
A-groups compared with standard and with 
P-groups is corroborated by the LBIC 
measurements, where it was observed that in the 
A-groups especially the low quality regions are 
improved most. The analysis becomes more com- 
plicated when the shunt and series resistances are 
incorporated, but the conclusions still hold. 

5.2.2 lnfluence of chemical impurities 
Chemical evidence for an enhanced concentra- 

tion or precipitation of impurities in the alu- 
minium-doped layer was found in the model 
experiment, which substantiates that an alu- 
minium-doped layer can very well act as an effec- 
tive sink for impurities at the temperatures 
involved here. The proof that gettering actually 
occurs is deduced from the SIMS measurements 
(Fig. 10). Clearly, the concentration of nickel is 
larger at the surface than deeper in the sample. 
Although a correlation between aluminium and 
nickel concentration was observed, the micro- 
scopic mechanism of gettering by aluminium is 
not yet clear. 

The question remains which impurity species 
may be gettered out of the polycrystalline wafers, 
either into the phosphorus-doped layer or into 
the aluminium-doped layer. Since there is an 
effect of the gettering treatment on the minority 
carrier diffusion length, it must be a species which 
limits the recombination lifetime in the material 
used (i.e. Wacker SILSO). Origins of impurities 
could be the SILSO material, the phosphorus 
source, the aluminium-containing paste used in 
screen-printing or the furnace ambients. 

The first is unlikely since the measured con- 
centration of most metallic impurities in virgin 
SILSO has been claimed to be at least an order of 
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magnitude smaller than the permissible solution 
level [28, 45]. In the furnace, the wafers are in 
direct contact with a metal belt (consisting of 
nickel and chromium). The contact between 
wafer and belt is not a source of contamination 
during the extra anneal, because no difference in 
cell efficiency was observed between wafers 
which were processed with and without direct 
contact to the belt respectively [10]. Contamina- 
tion might also occur during phosphorus indiffu- 
sion, since a heavy metallic impurity species has 
been detected (with RBS) at the emitter surface 
after this processing step. Also, in the aluminium 
alloy, a small concentration of metallic impurity 
(iron) was detected prior to etching in aqueous 
HC1. When a gettering treatment was applied 
prior to the etching-off of the AI-Si alloy (with its 
metallic contaminations), cell efficiency and 
effective minority carrier diffusion length were 
reduced significantly after annealing at 800 °C 
[10], possibly because of diffusion of impurities 
out of the past into the silicon. 

5.3. Gettering mechanisms in polycrystalline 
silicon 

An optimum temperature of about 900 °C for 
most gettering treatments in mono-Si was 
observed and explained by the diffusion/segrega- 
tion model [7]. Above that temperature, gettering 
is limited by the segregation coefficient, defined 
as the ratio of the solid solubility in the silicon 
bulk and the maximum impurity concentration in 
the gettering region. This coefficient increases 
with increasing temperature. Below the optimum 
temperature, gettering is limited by the release 
and diffusion of impurities, which increases with 
increasing temperature and time. In the present 
experiments on combined phosphorus-induced 
and aluminium-induced gettering, a lower opti- 
mum temperature of 700 °C was observed. An 
indication that for phosphorus-induced gettering 
in poly-Si the optimum gettering temperature is 
also lower than 900 °C (measured on mono-Si 
[7]) is the observation that an additional thermal 
anneal at 700 °C directly after phosphorus indif- 
fusion (which occurs at 875 °C) enhances the final 
effective minority carrier diffusion length. How- 
ever, this may also be partly due to relief of stress 
present in the silicon after the phosphorus indif- 
fusion step. 

Several mechanisms might explain the lower 
optimum gettering temperature in poly-Si. 

First, the impurity diffusivity is always larger in 
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poly-Sl material than it is in mono-Si [38, 46]. 
Thus the impurity diffusion length exceeds the 
wafer thickness already for lower temperatures. 

Secondly, impurities may be introduced into 
the material by the processing itself. Higher 
annealing temperatures may result in larger indif- 
fusion of these extra impurities (see Section 
5.2.2), which reduce the minority carrier recom- 
bination lifeUme. 

Thirdly, it was shown that the aluminium- 
doped layer can accommodate a large amount of 
nickel, gold and copper, resulting in a segregation 
coefficient smaller than 10-3 at 700 °C. Segrega- 
tion coefficients smaller than 10 -3 have been 
observed for phosphorus-induced gettering of 
gold and copper at 1000°C [24], from which 
coefficients smaller than 10-4 at 700 °C are calcu- 
lated, using the activation energy for the phos- 
phorus-induced gold segregation coefficient [7]. 
Apparently, the segregation coefficient of the alu- 
minium-doped layer is larger than that of phos- 
phorus-induced gettering. This results in a shift of 
the aluminium-induced gettering optimum to 
smaller temperatures, since a segregation coeffi- 
cient much smaller than unity ~s needed for effec- 
tive gettering and this coefficient decreases with 
decreasing temperature. 

From Kang's model, it follows directly that the 
anneal time will also affect the optimum gettering 
temperature: the impurity diffusion length is 
enhanced by increasing the anneal time, but the 
segregation coefficient remains the same, so 
longer anneal times would yield smaller optimum 
temperatures. In our experiments, annealing for 
30 min instead of 60 mm did not result in another 
optimum temperature, but our temperature 
increments of 100 °C restrict the resolution of the 
optimum temperature to about 50 °C. 

It has been suggested that phosphorus- and 
aluminlum-induced gettering are complementary 
[7, 9, 19]. By comparison of the P-groups with the 
A-groups, it ~s clear that the presence of alu- 
minium during the thermal treatment is necessary 
for optimal improvement of Le) f. The phos- 
phorus-doped layer getters impurities at 700 °C 
as suggested by the enhanced L etf upon annealing 
m the P-groups (where only phosphorus is 
present during the anneal). This suggests that alu- 
minium getters different impurity species than 
does phosphorus, which would be a demonstra- 
tion of the benefit of combined gettering treat- 
ments. However, it should be noted here that in 
the P-groups one side of the wafer is bare during 

the anneal, whereas In the A-groups gettermg can 
occur at two wafer surfaces and both surfaces are 
barriers for ambient impurity indiffusion. Also, 
part of the improvement m diffusion length upon 
annealing could be due to stress relief, which may 
affect groups A and P differently because of the 
different moments of annealing during the cell 
processing (Fig. 1 ). 

Another indication of the complementarity ~s 
the correlation between the short wavelength QE 
and the total amount of phosphorus in the emitter 
[8]. When a gettermg step was performed without 
alummium, it was observed that only those cells 
with above average phosphorus emitter concen- 
tration were improved. In the case when alu- 
mlnium was also present during the gettering 
step, the QE at wavelengths smaller than 600 nm 
became independent of phosphorus concentra- 
tion. The interpretation is that a relatively low 
phosphorus concentration does not effectively 
getter ~mpurities and only by adding alummium- 
induced gettering are ~mpurities sufficiently 
removed [8]. 

Finally, in Kang's experiments the silicon 
wafers were intentionally doped with ~mpurines 
at 900 °C prior to the gettering [7], whereas our 
wafers contain impurities introduced during the 
casting or subsequent processing steps. Different 
impurity species exhibit different diffusion be- 
hawour in silicon, so the opUmum temperature is 
not only related to the gettering surface region, 
but also to the impurity species which is to be 
gettered. Following this line of thought, it ~s 
expected that gettermg m materials other than 
Wacker SILSO also results in an enhanced L m,n 
but that the optimum time and temperature may 
differ from the values presented here. 

6. Conclusions 

Annealing of polycrystalline silicon wafers, 
doped at the front side with phosphorus and at 
the back side with aluminium, was demonstrated 
to yield an improved effective minority carrier 
diffusion length. The optimum annealing tem- 
perature was approximately 700 °C, which yields 
an increase of more than 10% in Lef f and an abso- 
lute efficiency increase of 0.5% resulting in cell 
efficiencies of 10.4%. The increase in diffusion 
length is largest at those locations on the cell 
where Lef  t is initially small. By diffusion experi- 
ments it was shown that impurities such as 



copper, gold and nickel are effectively gettered at 
the aluminium-doped layer; the corresponding 
segregation coefficients are smaller than 10-3 at 
700 °C. 

Based on these observations, it has been 
argued that gettering of impurities in both the alu- 
minium-doped layer and in the phosphorus- 
doped layer occurs. The impurities which are 
gettered may either be present originally in the 
wafers or be process induced. In the latter case, 
gettering may be seen as a processing step which 
reduces the sensitivity of the final cell efficiency 
to the purity of the process. It should be noted 
that the aluminium-doping process used in the 
present study is essentially low cost, unlike pre- 
viously used metal depositions. 

The lower optimum gettering temperature was 
explained in terms of the larger impurity diffu- 
sivity in polycrystalline silicon compared with 
monocrystalline silicon and the relatively large 
segregation coefficient of the aluminium-doped 
layer. For effective gettering, this coefficient 
should be much smaller than unity, which is the 
case only at lower temperatures (approximately 
10-3 at 700 °C). Furthermore, at higher tempera- 
tures, contaminants from the ambient may diffuse 
into the wafers during the thermal treatments, 
thereby counteracting the effect of gettering. This 
optimum temperature may be dependent on 
impurities and may shift to lower temperatures if 
longer anneal times are applied. The present 
experiment deals with Wacker SILSO material, 
but it is expected that aluminium-induced getter- 
ing will also be beneficial for other polycrystalline 
silicon materials. 
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