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OPERATING LIMITS OF AL-ALLOYED HIGH-LOW 
JUNCTIONS FOR BSF SOLAR CELLS 
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Ah&act-Experimental estimations of the effective surface recombination velocity of the high-low junction (S+) 
and of the base diffusion length are carried out for Al-alloyed n+pp+ bifacial cells aad the results are presented m 
form of histograms. These results agree with calculated values of Se, when the characteristics of the recrystallized 
Si layer and heavy doping effects are taken into account. It is concluded that thick Al layers and high alloying 
temperatures (over SWC) are necessary to obtain low values of S,r. This conclusion agrees with experimental 
results of other authors. Recomendations to avoid diffusion length degradation are given and the operating limits of 
the Al alloying technology are discussed. 

NOTATION 
total area of the cell 
diffusion coefficient of minority carriers 
Si weight percentage of the Al-Si eutectic alloy 
Si weight percentage of the liquid phase 
generation rate of minority carriers 
generation rate under back illumination 
generation rate under front illumination 
dark saturation current 
short-circuit current under back illumination 
short-circuit current under front illumination 
Boltzmann constant 
minori& carrier diffusion lencrth 
weight bf deposited Al - 
weight of recrystallized Si 
electron charge 
excess electron concentration 
intrinsic carrier concentration 
acceptor concentration 
number of impinging photons per cm* and set 
back surface recombination velocity 
effective surface recombination velocity of the high-low 

junction 
absolute temperature (“K) 
annealing temperature (“C) 
applied voltage 
open-circuit voltage under back illumination 
open-circuit voltage under front illumination 
base thickness 
II+-region thickness 
p+-region thickness 
coordinate 
absorption coefficient 
density of Si 

l.lNTRODUCTION 
Since the invention of the Back Surface Field (BSF) 
solar cell [l] Al has been considered as an efficient 
dopant for manufacturing high quality BSF structures. Al 
alloyed high-low junctions have also been found very 
suitable for low-cost automated processing of BSF solar 
cells 121. In addition, recent interest has stirred this 
technology to produce high efficiency MIS-BSF solar 
cells taking advantage of the low annealing temperature 
of AL which prevents degradation of the base lifetime 
[3,41. 

The Double Sided Surface Field @SF) solar cell is a 

BSF-like structure feasible to be illuminated on both 
sides as shown in Fig. 1 [5]. The suitability of this device 
for bifacial illumination was proposed by some of us and 
coworkers[6]. When front illuminated the behaviour of 
the DSSF solar cell is similar to that of a BSF cell. The 
importance of the minority carrier diffusion length in the 
base (L) to base thickness (W) ratio and the decisive 
influence of the effective surface recombination velocity 
of the high-low junction ($3 have already been 
demonstrated[S]. For back illumination the effect of 
these three parameters (L, W and S& in the back 
illuminated short circuit current rises dramatically since 
most of the carriers are generated in the proximity of the 
back surface. Before being colledted these carriers have 
to be effectively reflected by the high-low junction and 
travel across the whole bulk of the cell. As a con- 
sequence the DSSF structure has a higher sensitivity 
than convenional BSF cells for studying the high-low 
junction. 

The purpose of this paper is to analyse the limits of the 
Al technology to produce BSF configurations both for 
monofacial and bifacial illumination. A simple theoretical 
calculation of the LC and V,, of experimental bifacial 
structures with Al-doped high-low junctions is presented, 
including the effects of bifacial illumination and charac- 
terizing the high-low junction through an effective sur- 
face recombination velocity &. The relevant tech- 
nological parameters of a high-low junction depend on 
the weight of deposited Al and the alloying temperature. 
In addition to that the purity of the deposited Al strongly 
influences the diffusion length of minority carriers in the 
base. 

n+pp’ DSSF solar cells have been fabricated by Al- 
alloying and P-diffusion. Histograms of L vs Al-quality 
and of Ser vs alloying temperature are presented and the 
results are discussed taking into account the high-low 
junction model [7] and recent studies of effects occurring 
in highly doped regions. Our results are compared with 
experimental results reported by, other workers and a 
discussion of the potential of the Al technology to 
produce effective high-low junctions is presented. 
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Fig. 1. Cross section of a n+pp+ DSSF Solar cell. 

2. THROW 
The base contribution to the short-circuit current un- 

der front and back illumination (ZsFf, Zscb) and the base 
component of the dark saturation current (I,,) have all 
been calculated by solving the continuity equation 

d*n’ n’ g(x) 
y-7=-* dx L D (1) 

The boundary conditions to be considered for short- 
circuit currents determination are 

n’(O)=0 (2) 

-D&=S..n’(W) (3) 

where x = 0 refers to the collecting n+ -p junction and 
x = W is the p - p+ high-low junction interface (see Fig. 
1). L and D are electron diffusion parameters in the 
p-base and & is the effective surface recombination 
velocity of the high-low junction. 

The monochromatic generation terms under front and 
back illumination are 

g,(x) = exp ( - (Y W.+) a iI& exp ( - ax) (4) 

gb(x)=exp(-cr WP+)aNphexp[-a(W-x)] (5) 

where Nph is the number of impinging photons and a is 
the absorption coefficient. 

The dark boundary conditions are 

fr’(O)=$-(expg-1) 

-D$ W=S,lid(W 

and g(x) = 0. 
To calculate the open-circuit voltage the superposition 

principle is invoked 

A detailed analysis of the emitter and the p+-layer 
contributions to the short-circuit current has only been 
carried out by computer simulation[8,9] which applies 
only to specific sets of parameters. A considerable 
amount of work has to be done to adapt this analysis to 
our case. Therefore we have simply neglected the emitter 
contribution in our work. This is justified since the only 
purpose of our calculations is to build up histograms of 
cells which are clasified in categories determined by 
broad interfals of back to front illuminated short-circuit 
current ratio. 

With respect to the dark current the contribution of 
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Fig. 2. Phase diagram of the AI-Si binary system. 

the emitter has been studied in many recent 
papers[lO, 111. This component is negligible in our case 
since the contributions of the base and the p+ regions are 
much higher (the last one reflected in the high value of 
.Rrr achieved). 

Our base analysis is a low injection analysis. For the 
base resistivity of our cells (5-8 R. cm) high injection is 
not present as far as the V,, 5 612 mV as it is our case. 

3.HlCH.LOWJUNCTIONFORMATION 
At temperatures above the Al-Si eutectic and below 

825°C which is the range of temperatures used by us, the 
diffusion of Al atoms into the Si lattice is negligible in a 
30’ process [ 121. However an Al-Si liquid-phase of tem- 
perature dependent composition is formed with all the 
deposited Al and the required amount of Si coming from 
the crystal. In the Al-Si phase-diagram shown in Fig. 2, F 
is the Si weight percentage of the liquid-phase at the 
alloying temperature. The total weight of Si initially 
contributing to the formation of the liquid-phase is 

F 
PA’ 100-F 

where pa,_ is the weight of deposited Al. 
As the sample is slowly pulled out from the furnace 

the composition of Si in the liquid-phase has to decrease 
following the liquidus curve of the binary system. The 
excess silicon segregates at the Si-liquid interface. This 
recrystallized Si layer is doped at the limit solubility of 
Al into Si at that particular temperature. When the liquid 
phase reaches the eutectic composition (E) no more Si 
segregates and the whole liquid solidifies [ 131. 

The net weight of the recrystallized Si is 

> 

and then the thickness of the p+ layer, W,‘, can be 
calculated as 

E -__ 
1(,(-,-E (11) 



Operating limits of the Al-alloyed BSF solar cells 417 

where A is the area of the sample and psi refers to the 
density of silicon. 

The formula (10) has been experimentally checked by 
us by measuring the weight of deposited Al, pAI, and the 
weight of the remaining eutectic alloy after the thermal 
step. 

4. EXPERIMENTAL 
DSSF solar cell structures have been fabricated on 

< lOO> , 5-8 n.cm, 40 mm diameter, p-type silicon 
wafers. They were thinned to 100 pm with an alcaline 
etchant. A phosphorus predeposition was carried out at 
875°C during 30’ from a POCl, liquid source, giving a n+ 
layer of 40 n/El and a junction depth of 0.3 pm. 

Aluminum was evaporated sputtered on one side once 
the p-n junction was removed. The sample was then 
annealed in forming-gas atmosphere at various tem- 
peratures ranging from 650 to 825°C during 30’. The 
amount of deposited Al was tried to keep constant at 
0.3 mgrlcm’. 

Two qualities of evaporated Al were used: 99% and 
99.999% purity. Al and Al-Si eutectic alloy, both 99.995% 
pure were sputtered from MRC targets. The remaining 
Al-Si eutectic alloy formed during the annealing step was 
eliminated by ultrasonic vibration in a 5% HF solution. 
Sheet resistances between lOOand 500 n/U were measured. 

Measurements of the photogenerated current 
and open-circiut voltage were made at this stage of 
the process on 1 cm* scribed samples. There are no 
two-dimensional complications on this measure- 
ment [9] and the photogenerated current could be 
measured under sufficient reverse voltage. Measurement 
conditions were AM1 and 25°C. 

An interpretation of these experiments has been car- 
ried out by using the theoretical results of the model 
developed in Section 2. The reflectivity of bare silicon 
has been taken from Phillips[14] and the dead layers 
have been considered 0.3 pm thick. 

Our aim was to clasify the experimental samples into 
classes characterized by having L and S,,, values com- 
prised in certain intervals. These intervals have been 
selected to be of nearly equal length in a logarithmic 
scale, therefore values of L of 50, 80, 120, 180 and 
270 pm and of S,, of 100, 300, 1000, 3000 and 
lOOOOcm/sec were selected as boundaries of these in- 
tervals. In Fig. 3 calculations of Z,,JZ,,, Vocr and Vocb 
have been carried out for these particular values of L 
and See. 

Each sample is characterized by a value of Z_. and S,* 
which are not known. The measurements of ZIEJZsEf, voe, 
and Vocb made for each sample are plotted on a transparent 
paper. This paper is slid along the x-axis of Fig. 3 until the 
three points happen to fall in the same L interval. When 
this occurs we associate to the sample the values of L and 
S., defined by the intervals in which the three points have 
been fixed. We have in this way an estimation of the 
physical parameters governing the performance of every 
cell. 

The cloud of points represented on Fig. 3 is limited by 
values of diffusion length between 50 and 180pm and 
values of S.r between 3.102 and 10” cm/set. Most of the 

102 10’ 

Fii. 3. Diagrams showing the experimental estimation procedure. 
The theoretical lines are calculations made assuming pr_= 
8&m, W, = IOOpm and measurement conditions AMI, 
25°C. The experimental symbols refer to the annealing 
temperature: (0) 65o”C, (A) 7oo”C, (0) 75o”C, (t ) 800°C and (V) 
825°C; and the Al-quality: (a) evaporated Al 99%. (b) evaporated 
Al 9!L!M%, (c) sputtered Al !J!U95%, (d) sputtered AI-Si 

99.995%. 

results are in the area contained by the 80 and 120pm 
diffusion length curves and around Wcmlsec effective 
surface recombination velocity. 

The annealing temperature is expected to influence the 
effective surface recombination velocity of the high-low 
junction since the limit solubility[15] and the thickness 
(see Section 3) increase as the annealing temperature 
increases. Therefore we build up histograms representing 
the number of samples which correspond to a certain 
interval of Sea as a function of the annealing tem- 
perature. They are presented at the right side of Fii. 4. 
The influence of the annealing temperature on & can be 
clearly appreciated. 

The Al quality is thought to affect the minority carrier 
lifetime in the base. The left side of Fig. 4 displays 
histograms of the number of samples which correspond 
to a certain L interval depending on the quality of the 
deposited Al. The 99.999% Al statistically shows a better 
diffusion length than the 99%. About the sputtered 
material, the Al-Si eutectic alloy seems to be superior 
than the single Al. This can be perhaps due to the actual 
purity of the target. The comparison between the 
99.999% evaporated Al and the sputtered Al indicates 
undoubtly the higher performance of the first. The tem- 
perature step involuntarily involved in the deposition 
process could also justify this difference. 
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Fig. 4. Histograms representing the number of samples experi- 
mentally adscribed to every L and Set interval as a function of 
the Al quality and the annealing temperature respectively. On the 
&histograms theverticallinesare thetheoreticalresultsofTable I. 

5. DLSCUSSION 

Aluminum alloyed high-low junctions have been 
rejected to fabricate high efficiency BSF solar cells 
because of the lack of reproductibilityH61. This has been 
a serious problem during the development of this work 
and in fact we have been obliged to a statistical inter- 
pretation of our results. However from the histograms of 
Fig. 4 we estimate there is a fundamental limitation of 
this technology in its conventional way to produce low 
effective surface recombination velocity. Actually none 
of the samples has presented a Ser below 3OOcmlsec. 
The typical Ser value is in the order of 103 cmlsec. 

These experimental conclusions are in rather good 
agreement with present theoretical models of S.,[7] 
when heavy doping effects are included [ 17,181. In Table 
1 numerical values of Setr have been calculated assuming 
a flat profile with the limit solubility concentration cor- 
responding to the alloying temperature and considering a 
band-gap narrowing through the formula of 
Slotboom[19]. In the range of impurity levels here stu- 
died the formula of Slotboom gives AE, values similar to 
the more refined theoretical model of Lanyon and 
Tuft[20] and in agreement with the experimental 
measurements of several authors. As diffusion length of 
electrons in the p+-region we have used 10 pm according 
with the envelope of best results of Iles and and 
Soclof [21] and in good agreement with measurements of 
Gudmundsen and Maserkian[221 for good samples. 
Electron mobility data was taken from [23]. Thickness of 
the p+ layer was calculated from the model presented in 
Section 3 when paI = 0.3 mgrlcm’. 

Table I. Theoretical calculations of S,, on 8&m substrate 
(N, = 3.10’5 cm-‘) as a function of the annealing temperature and 

different p+-layers. L,’ = IO pm in every case 

Ta N* %ft 
(%I ( cmS3 J (cm/sac ) 

650 z5 x 10’8 669 2440 3456 24 76 

700 a.0 1.10’8 502 1172 1376 22 72 

750 1.0 x10” 409 794 886 20 69 

800 1.1 xlo’0 328 545 589 19 67 

625 1.2 x10” 296 469 501 19 65 

Sb(Crn/S0CJ 105 106 m cc 10’ 

Wp+ (pm) 
a07<Wfl(Ta) < 0.37 

m 0.3 
ISea Eq. 10 in taxt 1 

The agreement between our experimental estimation 
of S,e of Fig. 4 and the theoretical values is sufficient 
when the back surface recombination velocity is larger 
than 10-‘cm/sec. Such a high value of Sb is typical in 
bare Si and in our case is further justified from the very 
damaged surface which results from the elimination of 
the remaining eutectic alloy. The histograms do give 
worse results than the theory and that can be interpreted 
by the fact that the effective surface area is increased by 
the surface roughness produced by selective disolution 
of Si in Al during the alloying process. This increases in 
a proportional way the value of Ser. Also our estimation 
of best results for the diffusion length on the p+ layer, 
required for an evaluation of the limits of this tech- 
nology, tends to give somewhat optimistic theoretical 
values of S,,. The lower limit of S,, = 3OOcmlsec for 
this substrate of 5-8 fJcm (IVA = 3.10” cme3) is confirmed. 

In the case of BSF solar cells where there is an ohmic 
contact at the outer surface of the high-low junction the 
limit of this technology can be obtained by putting W,’ = 
~0 as made in Table 1. According to our eqn (10) deep 
junctions need to be fabricated from layers of Al 5 to 20 
times thicker than W,‘. 

The lower the annealing temperature the thicker the AI 
layer should be. Layers of Al of at least 20 pm have to 
be used for achieving the condition not very different 
from W,‘= 00. Adherence problems are found while 
evaporating or sputtering heavy layers but this difficulty 
can be overtaken by using pastes as Tarr et a/.[31 or 
screen printing of Al powder as Frisson et al. [2]. 

Selected experimental results reported in the literature 
and displayed on Table 2 confirm this point. The thin 
evaporated Al leads to ineffective high-low junctions in 
comparison with thick film depositions. The best result 
of Frisson et a1.[2] has been made by firing a 25 pm thick 
layer of an Al paste deposited by screen printing[251. 
The results can be accurately simulated by the theoreti- 
cal calculations effectuated in Section 2. When L is taken 
as 8OOpm and S., = 20cmlsec (see Table 1) and 10% 
reflection and 10% coverage are assumed, I,, appears to 
be 27.2 mA/cm’ and V,, is 610 mV. 
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Table 2. Record of experimental reported results on Al-alloyed BSF solar cells. The extreme right column COkCtS 
the V, data homogeinized at Z,, = 30 mA/cm* and T = 25°C 

419 

Reference Structure Al dep. method Ta("C) Isc(mA/an2) VochV) v,,w+ 

Maldelkorn et al. [l] BSF evaporation 800 35 584 580 

Tarr et al. [3] MIS-BSF paste 850 30 583 576 

Frisson et al. [z] BSF powder 780 27.5 609 611 

Lindmayer [24] 8SF evaporation 35.3 590 

This work DSSF evaporatlon 825 26.8* 575 578 

t IS, = 30 mA/on'. T = 25°C 

l Without AR coating 

In the case of DSSF solar cells the thickness of the p+ 
layer cannot be indefinitely increased since under back 
illumination the p’ heavily doped region nearly behaves 
as a dead layer. Also it cannot be fabricated very thin 
because in that case the series resistance will be too high. 
A compromise of these two effects provides a thickness 
of 0.3 pm like a front diffused pn junction[l8]. In this 
case a passivation of the outer surface seems to give a 
surface recombination velocity limited to 10’ cmlsec [ 111 
and hence the lower ScR which can be expected from these 
layers as a function of the annealing temperature are 
recorded in Table 1. It seems to us that such an energic 
passivation is very dil%cult to obtain on the very rough 
and damaged surface left when the eutectic is eliminated. 

The short diffusion lengths reported in this work are 
due to heavy impurities like Fe, Cu or Zn phich are 
presented in important amounts in the evaporated or 
sputtered Al material. These are very fast diffusing im- 
purities and during 30’ establish a nearly constant im- 
purity concentration all along the bulk of the semicon- 
ductor, almost independently of the annealing tem- 
perature. This statement has been confirmed by fabricat- 
ing a structure in the same way as Tarr et 01.131, i.e. with 
a very short annealing time of 40” and a very slow pull 
out from the furnace. Since the recrystallization of the 
silicon to form the high-low junction takes place during 
the cooling of the sample this technique only affects the 
rapid diffusion of metallic impurities. Results on a 1 cm’ 
(net) 280 pm thick sample alloyed at 825°C (99.999% Al) 
are Is=, = 26.8 mA, Iscb = 1.6 mA, Vocf = 515 mV and 
voeb = 543 mv, measured at AM1 sun condition and 
25°C. These results can only be explained by means of a 
diiusion length around 300 pm and a Sen of 300 cmlsec. 
Longer diffusion lengths, z 400 pm, have been observed 
to appear on l&13 Qcm material but essentially the same 
values of Ser. 

6. CONCLUSIONS 
Heavy layers of Al, deposited by thick film techniques 

and high alloying temperatures of about 8WC, are 
required to achieve low & of the p+p high-low junc- 

tion. Values of about 20cmlsec can be obtained by this 
procedure on substrates of 5-8 ficm. 

The alloying time must be as short as possible (times 
of about a minute are enough to allow for the liquid 
phase formation). In that way the diffusion of impurities 
contained in the Al is reduced preventing lifetime 
degradation in the base. 

The use of Al alloying techniques for bifacial cells is 
only feasible if a surface passivation giving a surface 
recombination velocity not higher than 10’ cmlsec can be 
achieved. This seems to be difficult due to the bad 
conditions of the surface obtained after the eutectic layer 
removal. 
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