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Abstract-An evaluation of boron diffused pp+ high-low junctions for BSF purposes, modelled in terms of 
ate effective recombination velocity S, + , is presented. S, + values arc determined experimentally for three typical 
pp+ high-low junctions by means of performance analysis of grating MIS solar cells with a non-inverting 
antireflection coating; this type of cell is very sensitive to the minority carrier reflecting capability of the back 
surface field, due to the two-dimensional collection mechanism. The measured SW+ values are related to the 
physical structure of the high-low junctions using a general mathematical formulation. It is shown that, by 
including as much relevant data as arc now known concerning the profile of electrically active impurities N*, 
Auger and SRH recombination and dopant and field dependent diffusivities, and by employing the Slotboom and 
de Graaff bandgap-narrowing model (degeneracy included), a good agreement is obtained between the measured 
SW+ values and the theoretical values. It is also established that Auger recombination has a major impact on the 
minority carrier reflecting capability of the high-low junctions. 

1. INTRODUCTION 

The incorporation of a minority carrier reflecting back 
surface field (BSF) can substantially improve the Per- 

formance of solar cells on high resistivity substrates 
[ 1,2]. Such cells exhibit enhanced short circuit currents 
and considerably higher open circuit voltages. Usually 
minority carrier reflecting back surface regions have 
been obtained by means of a high-low junction [l-4]. 
Alternatively a negative barrier MIS contact [5-71 or an 
induced accumulation layer at the back surface of the cell 
[ll] can be used. 

To clarify the improved behavior of these devices 
various cell analyses have been undertaken in the past 
decade. Analytical descriptions, in which the presence of 
a BSF was modelled in terms of an effective re- 
combination velocity at the back surface S,, have been 
presented by Godlewski et al. [9], Fossum and co- 
workers [ 101, Neugroschel [8,11] and McPartland and 
Sabnis [ 121. Besides these models several other ana- 
lytical investigations have been performed. In an early 
study Fossum [13] explains the device physics of the 
n+pp+ BSF cell resorting to the classical Moll-Ross 
analysis of minority carrier injection across an emitter- 
base junction [ 141. The increase in the open circuit volt- 
age was related to the increase in the integrated base 
doping in conjunction with the degradation of the 
minority carrier diffusivity in the highly doped region. 
Mertens and co-workers [ 151 and Chuang [ 161, who have 
calculated both analytically and numerically the current- 
voltage characteristics of n ‘pp + diodes in dark condi- 
tions, characteri& the highly doped p + region by a 
saturation current density J,.. This approach is essen- 
tially equivalent to that of using a generalized effective 
recombination velocity, as will be formulated below. 
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Computer aided numerical analyses of BSF solar 
cells, in which the continuity equations for holes and 
electrons and the Poisson equation are solved simulta- 
neously in one dimension, have been presented by Dun- 
bar and Hauser [ 17,3], and Fossum [ 181. The advantages 
of an exact numerical approach are that available empiri- 
cal information on mobility, lifetime and bandgap nar- 
rowing as a function of dopant concentration can be 
included and that any desired profile for the heavily 
doped regions can be used, which results in solutions 
free of limiting approximations. Obviously the minority 
carrier reflecting effect of a high-low junction is rig- 
orously treated. 

The effective recombination velocity S, remains, 
however, a valuable concept, particularly when S, is 
related to the physical structure of the high-low junc- 
tion. To establish this relationship the carrier transport 
across high-low junctions has been investigated by a 
number of workers. The minority carrier reflecting prop- 
erties of abrupt high-low junctions have received much 
attention for solar cell application [ 19-211. Abrupt- 
junction models are valuable for modelling of e.g. 
Al-alloyed high-low junctions [ 1,221. However, they 
cannot be used for accurate modelling of diffused 
high-low junctions. A theoretical model, which can be 
applied to an arbitrary doping profile and which in- 
cludes doping dependent carrier mobilities and life- 
time as well as bandgap narrowing, has been presented 
by Del Alamo et al. [23]. Also a few experimental Sg 
values have been published concerning diffused high- 
low junctions utilized as BSF in solar cells. These values 
have been determined either by the decomposition of 
measured current-voltage characteristics [lo] of a 
p+nn+ cell [4,24] or by base-width-modulation and 
small-signal admittance techniques [ 111. However, no 
detailed comparison has been pursued between S., 
values determined by means of electrical measurements 
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(e.g. solar cell analysis) and S,, values calculated from 
the impurity profile and the knowledge of carrier trans- 
port in heavily doped silicon. 

The purposes of this paper are: 

1) To determine &+ values, from detailed solar cell 
analysis, for three typical boron-diffused high-low junc- 
tions (Section 2); 

2) to calculate S,,+ values from the physical structure 
using the general approach by Del Alamo et al. [23] 
(Section 3)) 

3) to compare both values and to discuss them in view 
of the current understanding of carrier transport in 
heavily doped silicon and current knowledge of physical 
parameters (Section 4). 

2. PART 1: DETERMINATION OF S + VALUES FROM 
SOLAR CELL ANAL&S 

2.1 Cell type under study 
As a vehicle grating MIS cells with a non-inverting 

antireflection coating have been used [25]. This type of 
cell is very suitable for the determination of S,, + values 
of pp+ high-low junctions for two reasons. 1) These 
cells are extremely sensitive to the minority carrier re- 
flecting capability of the BSF [25,26] and 2) the MIS 
junction at the front of the cell is realized (by means of 
a low temperature process) after BSF formation; this 
guarantees that the front junction is independent of pp + 
junction formation and equal for all cells under study. 

Recently we have repotted on a numerical model for 
this type of cell [26]. Using this numerical model the 
experimental solar cell data are interpreted in order to 
determine the S,, + values. For a better understanding of 
this paper we shall give a short description of the model. 

2.2 Two-dimensional numerical model for grating 
MIS solar cells with a non-inverting antireflection 
coating 

Figure l(a) and (b) display the grating cell geometry 
(p-type silicon). Due to the absence of charge in the 
antireflection coating the silicon surface layer between 
the MIS fingers is essentially field free. Consequently 
both the minority and majority carrier flows are strongly 
two-dimensional throughout the cell. 

An exact solution to the carrier flows requires the 
simultaneous solution of the steady-state continuity 
equations for electrons and holes 

b?.= -G +R 
9 

(1) 

and the Poisson equation for the electrical potential +k 
For a better tractability of the problem we have intro- 
duced the following assumptions: 1) the MIS junction is 
an ideal minority carrier junction (i.e. JP = 0 at the MIS 
interface and +,,, = $ys, where & and 4:” are the 
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Fig. 1. (a) Unit segment of the grating MIS-NIL solar cell. 
Inset: basic equations solved for open circuit operation. (b) Unit 
segment of the grating MIS-NIL solar cell. Inset: basic equa- 

tions solved for short circuit operation. 

metal Fermi level and semiconductor electron quasi- 
Fermi level, respectively), 2) the width of the depletion 
layer under the MIS contact may be neglected compared 
to the other dimensions of interest, and 3) the effect of 
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a back surface field may be modelled by an effective 
recombination velocity S,,+ at the high-low junction 
(see Section 3.1). As a result of assumptions 2) and 3) 
only that part of the cell remains in which essentially 
electrical neutrality prevails. With the approximation 4) 
of exact electrical neutrality we can achieve approximate 
solutions to the electron and hole flows by the simulta- 
neous solution of the continuity equations (1) and (2) and 
the charge neutrality condition 

P -n -N,=O. (3) 

Open circuit voltage (V,) calculations have been per- 
formed by solving iteratively eqns (l), (2) and (3) under 
the appropriate boundary conditions [as shown in 
Fig. l(a)]; the V, is set equal to 4,““’ - $F”, where 

4,““’ is the hole quasi-Fermi level at the edge of the BSF 
region and 4.“” is again the electron quasi-Fermi level 
under the MIS contact. 

Short circuit current (Jse) calculations at AM1 illu- 
mination indicated that low level injection conditions 
prevail everywhere in cells with bulk dopant concen- 
trations N,, Z 10” cmT3. Therefore, short circuit current 
calculations only requited the solution of the continuity 
equation (1) for electrons under the appropriate bound- 
ary conditions [as shown in Fig. l(b)]. 

With this model we have investigated grating MIS- 
NIL cell performance as a function of cell geometry, 
front surface recombination velocity S,, effective recom- 
bination velocity S,, + , and bulk lifetime r (we have 
assumed equal lifetimes for electrons and holes, i.e. 
rn = TV = T). An in-depth analysis has been presented 
of the short circuit current (J,J dependence on half finger 
distance H. It has been found [26] that curve fitting of 
experimental J, - H data of cells on BSF substrates can 
yield approximate values for the bulk lifetime 7, and the 
sum of the front surface recombination velocity 5” and 
the effective recombination velocity S,+. Subsequent 
analyses of BSF cells on substrates with various 
high-low junctions (this paper, Section 2.4) have made 
us conclude S, to be much smaller than S, + for our BSF 
cells on relatively high resistivity substrates. Therefore., 
analyses of MIS-NIL cells on pp + substrates have en- 
abled us to evaluate the recombination currents in the 
base and in the highly doped p + region and to determine 
approximate values for the bulk lifetime T and the effec- 
tive recombination velocity S, + of typical pp + high-low 
junctions. 

2.3 Solar cell data analysis 
Emphasis will be placed here on the analysis of ex- 

perimental J,, - H data, in conjunction with experi- 
mental V, data; three types of cells on different BSF 
substrates will be analyzed. In addition, some BSF cells 
with various cell thicknesses will be considered. Consis- 
tent sets of parameter values for T and (the sum of) S,+ 
and S, have been pursued. To fmd such a set for a 
particular type of cells we worked along the following 
lines: 1) from V, considerations a minimum value for 
the lifetime TV was determind (i.e. assuming negli- 

gible recombination at the BSF and at the front); 2) for 
a number of values T > 7min corresponding values of 
S, + S,,,,+ were found to account for the decrease of J,, 
at large finger distance; 3) finally we selected the set 
(T, S, + S,+) which was considered to be optimum for 
both J, - H data (over the whole range of H) and 
experimental V, data; “optimum for J,c - H data” was 
defined in the sense that the experimental and numerical 
J, dependence on H were similar. Generally the best fit 
resulted in numerical J,, values somewhat lower than the 
experimental data (-2%). The numerical V, values 
tended to be slightly higher than the measured values 
(51%). 

Data collection and data handling have been outlined 
before [26]. 

2.4 Cells on different BSF substrates; 
equal thickness 

BSF substrates have been fabricated starting from 
Wacker (100) p-type silicon with resistivities of 15 fIcm 
and 5 51cm. The pp + high-low junction was formed 
during a 1ooo”C drive-in cycle in nitrogen ambient using 
a boron doped oxide glass source. Table 1 contains the 
data on starting material and BSF technology. On these 
3 types of substrates standard grating MIS-NIL solar 
cells have been fabricated, MIS cell technology has been 
outlined before [26]. For the sake of completeness we 
report that the total cell area and half finger width were 
1 X 1 cm’ and 6 pm, respectively. 

In Table 2 the optimum values for T and the sum of 
5” and S,+ are given for each cell type (columns 3 and 
4). It should be recalled that for each cell type individu- 
ally only the sum of the front surface recombination 
velocity S, and the effective recombination velocity S,+ 
can be determined [26]. However, in view of the data on 
substrate material and BSF technology (Table 1) the fol- 
lowing considerations [23] have to be made: (1) the S, + 
value of #l cannot exceed twice the S,+ value of X2, 
and (2) the ?I,,,,+ value of #3 should be about three times 
the S,,+ value of X2. These considerations have enabled 
us to safely put an upper limit of 15 cm * s-’ for the 
surface recombination velocity S,. The resulting S,,+ 
values are given in column 6 of Table 2. In columns 7 
and 8 the experimental V, values are compared with 
the numerical values @Ml, 27°C). The numerically 
generated J,, - H curves with the corresponding 
experimental data have been drawn in Figs. 2-4. Most 
experimental J,, values are somewhat higher than 
the theoretical ones. No full explanation has been found 
for this discrepancy. Part of the discrepancy will be 

Table 1. Data on starting material and BSF technology 
(drive-in temp.: 1OOOT) 

P NA crystal Wafer drive-in b,+ 

# km cm+ growth thickness, pm time, min n/o 

1 15 1 x 10’” Fz 280 f I5 30 22 
2 15 1 x 10’s Fz 280 + 15 120 13 
3 5 3 x 10’” l?z 330 -c 20 120 12 
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Table 2. Optimum parameter values for numerical calculations; 
in columns 7 and 8 the numerical and experimental V, values are compared 

NA 7 s, + s,+ Sf &+ V"" 
,“v 

V’“’ 

# cm-’ W cm - s-’ cm * SC’ cm * s-’ m”v Fig. 

1 1 x 10LJ 612 80 O-15 65-80 604 597 r 2 2 
2 1 x lOI 612 45 O-15 30-45 618 611 2 2 3 
3 3 x 1015 388 130 O-15 115-130 611 611 +2 4 
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Fig. 2. Experimental J, - H data of cell type 1 (closed cir- 
cles) and the numerically generated J, - H curve (solid line) 

for 7 = 612 p, SW+ = 70 cm - se1 and Sf = 10 cm - SC’. 
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Fig. 3. Experimental J, - H data of cell type 2 (closed cir- 
cles) and the numerically generated J, - H curve (solid line) 

for 7 = 612 w, SW+ = 35 cm * s-’ and Sf = 10 cm - s-‘. 
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Fig. 4. Experimental J, - H data of cell type 3 (closed cir- 
cles) and the numerically generated J, - H curve (solid line) 

caused by partial reflection of long wavelength light 
at the non-alloyed Al/% back contact [27]. Using these 
data a maximum J,, enhancement of 1.5% has been 
calculated for a typical cell configuration under study. 

2.5 Cells with various thicknesses 
A further check on the consistency of the determined 

T, S, and S,,+ values was made by considering cells on 
substrates with various thicknesses. Both 1 X 1 cm2 and 
2 x 2 cm* total area cells have been analyzed with half 
finger distance around 120 pm. Starting material re- 
sistivity and BSF technology are similar to those of #2 
in Table 1; the sheet resistance of the p + layer was typi- 
cally 1X@. In Fig. 5 the numerical .I, and V,, values 
vs cell thickness W have been displayed (Sf = 10 cm * 
s-‘, S,,+ = 35 cm - s-’ and T = 612 ps) together with 
the experimental data (AMl, 27°C). The .I,, data show a 
dependence on W similar to the numerical calculations, 

em- I I 

105 175 245 315 

t 
t t 

I I 1 
UU thiiknoss W (urn) 

Fig. 5. Numerical J, values (bottom) and V, values (top) vs 
cell thickness W (T = 612 ps, SPP+ = 35 cm * s-’ and 
Sf = 10 cm - s-l) together with the experimental data of cell 

for T = 388 p, S,+ = 120 cm * s-’ and Sf = 10 cm * s-l. type 2 (AMl, 27 “C). 
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apart from a difference in absolute value as dkussed 
before. The experimental V, data show a small tendency 
to increase with decreasing cell thickness W, which was 
also found numerically. The experimental V, data are, 
however, about 1% lower than the numerical values. 
Further attempts to improve the fit curves did not yield 
consistent results. Using shorter bulk lifetimes r (e.g. 
350 ps) improved the fit for V,, but yielded poor results 
for J, vs H. The use of shorter lifetimes in combination 
with slightly lower S,,+ values were also unsuccessful. 

3. PART 2: S + CALCULATIONS FROM 
Wx7, uis 4 AND 7. 

3.1 General formulation of the effective 
recombination velocity S, 

Here we shall address the general definition of S, 
and the model applied to formulate S, in terms of the 
dopant concentration profile, bandgap narrowing, mi- 
nority carrier diffusivity and minority carrier lifetime; we 
shall consider the pp+ high-low junction. 

Most authors define the effective recombination ve- 
locity S,+ by [9,23,28] 

-1.l” = n’ X SW+ 
4 

where J. and n ’ am the electron current density and the 
excess electron density, respectively, at the high-low 
junction. As a consequence of this definition the value of 
S,+ is only a constant as long as the base remains in low 
injection, but increases linearly with carrier density n 
when the base reaches high injection [28,29]. Obviously 
the total recombination current, injected into the p + re.- 
gion, still obeys the exponential relationship 

-J,, = J,.{exp(A@/&) - 1) (5) 

where A@ represents the quasi-Fermi level separation at 
the high-low junction. Therefore we introduce a better 
definition of S,+ by 

This formulation, which guarantees that S,+ has a con- 
stant value for all injection levels in the lowly doped 
base, is equivalent to that by Mertens et al. [15] and 
Chuang [ 161, who characterized the highly doped p + 
region by a saturation current density J,. [compare 
eqn (5)]. Obviously eqn (6) reduces to eqn (4) when the 
base is in low injection. 

For the calculation of S, + from doping profile N,, (x), 
bandgap narrowing AEg, diffisivity D. and lifetime T,, 
we closely follow the general approach by Del Alamo 
et al. [23]. They have derived a fast order nonlinear 
differential equation, which has to be solved to calculate 
S,+ for a high-low junction with an arbitrary doping 
profile. With the definition of the new position de- 

pendent variable 

+!& 

this differential equation can be written as 

(7) 

ds s s dNA# 1 -_=-+---- 
dx D, NW dx T, 

(8) 

where D, and 7. are the position dependent electron 
diffusivity and lifetime, respectively, and N,,@ is the 
effective impurity ‘concentration [30]. In this equation it 
is assumed that the influence of degeneracy is also em- 
bedded in the effective intrinsic carrier density nk (or the 
effective dopant concentration NM). It has been shown 
that, as far as minority catrier current in low level in- 
jection is concerned, a heavily doped region with net 
ionized doping profile NA behaves exactly like a 
nondegenerate region with dopant concentration 
NW [31,32]. 

The boundary condition is the recombination velocity 
S(a) = Ss at the back contact x = a (Fig. 6). A value of 
3 X 106 cm * s-’ was used which corresponds to the 
thermionic recombination velocity for electrons perpen- 
dicular to the (100) surface. The solution of eqn (8) at 
x = o+ gives S(o+), which is equal to S(o-) = S,+ for 
non-abrupt impurity profiles N.,(x). In Appendix 1 we 
show how an iterative solution procedure of eqn (8) can 
be avoided. 

In the derivation of S, + low disturbance in the p + 
region is assumed implicitly. It may be argued that this 
condition does not hold near the high-low boundary 
when the base reaches high injection. However, this is 
inconsequential for the S, + value obtained with eqn (8) 
and used in eqn (6)) because the current injected into the 

N, (xl 

- sB 

I I c 

0 a x 
Fig. 6. Impurity profile of a pp + high-low junction. 
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p + region is totally determined by recombination in the 
heavily doped region and at the back interface (&) rather 
than by recombination in the lowly doped region near the 
high-low boundary. This has been verified by numerical 
calculations, which established that the lowly doped part 
of the p+ region (NAg s 10” cme3) is totally trans- 
parent for minority carrier electrons. 

For the concentration and field dependent minority 
carrier electron mobility the model presented by 
Selberherr [33] was used, although this model does 
not explicitly differentiate between majority carrier and 
minority carrier mobility. We shall return to this issue in 
the discussion (Section 4). To deduce the effective 
impurity concentration NAcs from the total electrically 
active impurity concentration N., we used the experimen- 
tally determined formula for the bandgap narrowing AE, 
of Slotboom and de Graaff [34], in which the effect 
of carrier degeneracy is embedded as well. The lifetime 
T, was considered to be determined by Auger recom- 
bination and Shockley-Read-Hall recombination, 
where the Kendall model [35] was applied for the SRI-I 
lifetime. The formulae will be given in Appendix 2. 

3.2 SUPREM computer simulations of boron doping 
profiles and comparison with measured profiles and 
junction depths 

For accurate modelling of carrier transport in heavily 
doped silicon precise knowledge of the doping profile is 
required. Complementary error functions, as have been 
used before to simulate the doping profile [23], cannot be 
used without significant errors because the assumption of 
a constant (dopant) diffusion coefficient is invalid for 
high-concentration diffusion. 

Spreading resistance measurements and a spherical 
drilling technique [36] were used to identify the doping 
profile and depth of the heavily doped p + region. For this 
purpose np + junctions have been fabricated by boron 
drive-in cycles as described before; n-type silicon sub- 
strates ((lOO), ND - 5.5 X 10“’ cm-‘) were used to 
allow accurate junction depth determination. Drive-in 
times of 35 min. (batch #I) and 120 min. (batch #2) 
have been chosen. In Fig. 7 a typical result of a spread- 
ing resistance measurement on a sample of batch #2 is 
compared with the theoretical curve, generated with the 
process simulator program SUPREM II [37]. In the 
SUPREM simulations one parameter, which was not 
known a priori, was adjusted to obtain optimum agree- 
ment between computed and measured sheet resistance 
R q ,p+. The measured and simulated doping profiles are 
similar as regards the overall shape; it should be noticed 
that the boron distribution is even more convex than a 
Gaussian distribution. In respect of the junction depth the 
agreement between the experimentally determined value 
and the theoretical one is also satisfactory (the discrep- 
ancy is about ten percent). However, the experimental 
concentration data at high doping levels are considerably 
lower than the values obtained with SUPREM. Two con- 
siderations made us conclude that the experimental con- 
centrations are underestimated here. In the fit place, 
the sheet resistance Ro++ calculated from the experi- 
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Fig. 7. Spreading resistance measurement on a sample of batch 
2 (closed circles) together with the theoretical curve generated 
with the process simulator program SUPREM II (solid line). 

mental data equals 20.0 n/O, a result which is inconsis- 
tent with the experimental value of 11.8 n/n, measured 
directly with the four-point probe method. Secondly, the 
boron concentration near the surface is expected to 
be determined by the boron solubility in Si at 1000°C 
(about 1.3 X 10zo cmV3), because of the high dopant 
concentration in the oxide glass source. The inconsistent 
experimental results were found to be caused by the data 
analysis program. In this program the electrical contact 
diameter of the probes was assumed to be independent 
of dopant concentration (and numerically equal to the 
value at N,, = lOi cmm3). However, the electrical con- 
tact diameter has been identified as decreasing consid- 
erably with increasing dopant concentration. Therefore, 
the experimental concentrations in the lower range are 
reliable, but the concentrations at higher levels are 
underestimated. Unfortunately a data analysis program, 
in which a concentration dependent electrical contact 
diameter had been implemented, was not available at 
the time. 

In addition to spreading resistance measurements the 
spherical drilling technique has been applied for junction 
depth identification. The results for both batches are 
presented in Table 3 and compared to computed results. 
In the last column values are given, calculated according 
to Wang and Lo [38, eqn (19)], assuming that the con- 
centration of (electrically active) boron at the surface 
is determined by the maximum solubility at 1000°C 
(- 1.3 X lb0 cmA3). The agreement between measured 
and calculated values is satisfactory. 
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Table 3. Results on junction depth detenninatioa 

junction depth, w 

experimental 
drive-in b,+ (drillin.3 

# time, min. n/n technique) SUPRBM II 
UUlQtiCld 

1381 

1 35 19.5 .9* .l .81 .84 
2 120 11.8 1.5 f .l 1.41 1.38 

3.3 Results on SW+ caiculations from N,,(x), AEg, 
D. and rn. 

For the calculations of S,,+ in terms of N,,(x), 
AE,, D, and T. [eqn (8)] doping profiles N.,(x) have 
been generated with the process simulator program 
SUPRBM II. We preferred numerically generated rather 
than measured profiles, because of the inaccuracy of the 
latter at high doping levels and also from numerical 
considerations. In Table 4 the results have been sum- 
marized for the pp + high-low junctions under study. 
Columns 3-5 contain information on the numerically 
generated profiles, column 6 the S,+ values for a trans- 
parent p + layer, column 7 the S,+ values neglecting 
SRH recombination and column 8 the S, + values taking 
into account Auger and SRH recombination; the values 
in question for TV, NaA and CeN, am given in columns 7 
and 8. In the last column the S,,+ values, which had been 
determined from solar cell analysis, are presented. The 
results will be discussed in the next paragraph. 

4.DISCUSSION 

First we address the accuracy of the S,,+ deter- 
mination by means of MIS-NIL solar cell analysis. Addi- 
tional consideration of the data of #3 (N,, = 3 x 
10” cme3) showed that .I, curve fits similar to those in 
Fig. 5 could be obtained while varying the S,+ value 
with 12% provided that a higher (lower) S,+ value was 
compensated for by a higher (lower) T value of 20%. The 
V, value also appeared to be rather insensitive to such 
variations in S,+ and T. Therefore it is difficult to esti- 
mate the accuracy of the S,+ value for X3 without 
further experimental data (e.g. cells on wafers of various 
thicknesses). Further analysis of the data of #2 
(NI( = 1 X lOI cme3) indicated that a reduction of S,+ 
with 12% should be accompanied by a T reduction of (at 
most) 20% to account for measured J, values. This, 
however, conflicted with a T reduction of at least 33% to 
account for measured V, values (note that cells X2 are 
in medium injection around V, conditions, whereas 

cells X3 are virtually in low injection over the whole 
voltage regime). On the other hand, an increase of S,, +, 
accompanied by an increase of T, resulted in V, values 
increasing with cell thickness, which conflicts with the 
experimental results mentioned in Section 3.3. Besides, 
lifetimes much longer than 0.6 ms seem to be rather 
improbable [39,40]. Therefore the S,,+ value of X2 
seems to be close to the optimum. 

The calculations of S,,+ from doping profile N,,(x), 
bandgap narrowing AE,, diffusivity D, and lifetime T. 

show that Auger recombination, which had not been 
included before [23], has a major impact on the minority 
carrier reflecting capability of the high-low junction 
(Table 4). This result agrees with those of Weaver and 
Nasby [41], which indicated that Auger recombination, 
besides bandgap narrowing, is a significant factor con- 
trolling injection currents in heavily doped silicon. 
For the Cehh coefficient we used 1 X lo-“’ cm6 - s-‘, a 
value close to the experimentally determined values of 
Beck and Conradt [42] and Dziewior and S&mid [43], 
and somewhat smaller than the theoretically predicted 
value of Lochmann [44]. On the other hand, SRH recom- 
bination appears to be rather unimportant. The parameter 
values in the Kendall model were taken from Fossum 
[ 13,181. It may be argued that a considerable uncertainty 
exists concerning these values due to the sensitivity of 
the recombination lifetime to processing conditions. 
Even the validity of the Kendall model in p-type silicon 
may be disputed [39]. In a separate study we have per- 
formed injection-current analyses of induced-junction 
devices fabricated on floating-zone grown wafers with 
dopant concentrations ranging from 2.5 x lOI crnM3 to 
5 X 1Or7 crnm3 [45]. The fabrication of these devices 
follows closely an NMOS processing scheme including 
several high-temperature steps. For wafers with dopant 
concentration in the 1Or5 and lOI decade only a lower 
limit for the recombination lifetime could be deduced 
(1 X IO-’ s), because the diffusion lengths exceeded 
the wafer thickness considerably. For wafers with N., = 
5 X 10” crnw3 an effective lifetime (i.e. Auger recom- 
bination included) of 1.4 X lo-’ s was found. These 
results together with the high recombination lifetimes 
encountered in the base of the solar cells under study 
indicate that the employed Kendall lifetime model most 
likely underestimates the SRH recombination lifetimes 
in this p-type FZ silicon. From inspection of columns 7 
and 8 (Table 4) we, therefore, conclude that SRH recom- 
bination has only a minor influence on the properties of 
the pp+ junctions under study. 

Table 4. Results of calculated aad experimentally determined S& values 

S&, cm * s-’ 

trans- 7, = 395 /Ls 
NA NS x, R.,+ parent GRH + ce Nti = 7.1 X 10” experi- 

# cm-’ cm-’ * n/o P+ c,fi = 1 x 10-l’ c, = 1 x lo-” mental 

1 1x1o’s 1.45XlP .75 22.1 37.7 50.7 51.3 65-80 
2 1 x 10’” 1.24 x ldo 1.36 13.2 21.1 37.5 38.3 30-45 
3 3 x 10’” 1.32 x IO=’ 1.36 12.1 59.8 113 116 115-130 
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The agreement between the theoretical S,,+ values 
and the corresponding experimentally determined values 
is satisfactory (Table 4)) especially for the pp + substrate 
#2 which has been analyzed most extensively. These 
results support evidence that the bandgap-narrowing 
model according to Slotboom and de Graaff [34] in con- 
junction with majority-carrier mobility data can be con- 
sidered as an internally consistent data set for modelling 
of minority-carrier transport in heavily doped silicon 
(note: the experimental formula by Slotboom and de 
Graaff has been determined under the assumption of 
equal electron mobility in n-type and p-type silicon). 
However, the validity of majority-carrier-mobility data 
(or models) for minority carriers and concomittantly the 
quoted bandgap-narrowing model may be disputed. We 
may expect minority- and majority-carrier mobilities to 
be unequal at high dopant concentrations due to the dif- 
ferent scattering mechanisms [46] and the possibly addi- 
tional effect of minority-carrier trapping in band-tail 
states [47]. Minority-carrier mobility data have been 
published by Dziewior and Silber [48] and Burk and De 
La Torre [49]. The minority-hole mobility, measured in 
the dopant-concentration range from 10” to 10” cm-3, 
has been found to differ significantly from the majority- 
hole mobility. The minority-electron mobility was also 
found to differ slightly from the majority-electron 
mobility in the 10” cmm3 decade, but unfortunately no 
reliable data on minority-electron mobility are available 
in the literature in the dopant-concentration range from 
lOI to 10” cmm3. To the authors’ knowledge neither has 
a comprehensive, theoretical model been published for 
minority-carrier mobilities. On the other hand, an inde- 
pendent (theoretical) model for bandgap narrowing has 
been published by Lee and Fossum [50]. In the authors’ 
view it is, however, incorrect to apply this model in con- 
junction with majority-carrier-mobility data. We believe 
that continued research on minority-carrier transport in 
heavily doped silicon is required for accurate and phys- 
ically correct modelling. In particular minority-electron 
mobility data and comprehensive, theoretical models for 
minority-carrier mobility have to be searched for. 

5. CONCLUSIONS 

An evaluation of boron diffused pp + high-low junc- 
tions for BSF purposes, modelled in terms of an effective 
recombination velocity S,,+, has been presented. Mea- 
sured S PP+ values, determined by means of grating-MIS 
solar-cell analysis, have been related to the physical 
structure of the high-low junctions using the general 
approach by Del Alamo et al. It has been shown that, by 
including as much relevant data as are now known con- 
cerning the profile of electrically active impurities NA , 
Auger and SRH recombination and dopant and field de- 
pendent diffusivities and by employing the Slotboom and 
de Graaff bandgap-narrowing model (degeneracy in- 
cluded), a good agreement is obtained between the 
measured S,,+ values and the theoretical values. It 
has also been shown that Auger recombination has a 
major impact on the minority carrier reflecting capa- 
bility of the high-low junctions. On the other hand, 

Shockley-Read-Hall recombination appears to be of mi- 
nor importance. 
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APPENDlx 1 

Jn order to avoid an iterative procedure for the solution to the The ditferential equation (8) transforms to 
differential equation (8) it is convenient to introduce new vari- 
ables (see Fig. 6) ds* s*= s* dN* -_=--+ 1 

dt D. 
7X+- 
NAP d5 r. 

(A1.2) 

a-x=( 
with the boundary condition S*(O) = &. The value of S*(a) = 

N&) + N&&) 
S,+ is obtained by 

. (Al-l) 

S(x) -+ 5 *(z) dt. (A1.3) 

APPENDIX2 

Mobility model In regions with a high electric field component parallel to the 
For the concentration and field dependent mobilities we current flow, drift velocity saturation has to be taken into ac- 

used the formulae presented by Selberherr [33]. The expression count. This effect has been combined with the previous mecha- 
for the mobility, which models temperature dependent lattice nisms using a Mathiessen-type rule 
scattering, scattering at ionized impurities and electron-hole 
scattering, is in field free silicon given by CL(N, T, E,) = (LLW(N, T)” + (v,/E,)“)“” (cm’/Vs) 

LLU(N,T)=CL~(T)X~+C~~X(~-~) (cm’/Vs) 
(A2.4) 

(A2.1) where v, is the saturation velocity 

where the mobility, determined by lattice scattering, pL(T) is 
expressed as v. = v, x Th (cm/s) (A2.5) 

/JL(T) = A x T-’ (cm*/Vs) (A2.2) 
m 

and where 
v0 h 

1 
a = 1 + (T/300)b x (N/No) 

electrons -2 1.53 109 -0.87 
holes -1 1.62 10’ -0.52 

N = 0.67 X (ND’ + N,) + 0.33 X (n + p) (cm-‘) 
(A2.3) 

Bandgap narrowing model and carrier degeneracy 
To deduce the effective impurity concentration N,,@ from 

the total electrically active impurity concentration N., 

A 8 CLndn b c N. N A~ = NA exp(-AE,(N,)lVr) (A2.6) 

electrons 7.12 ld 2.3 55.24 -3.8 0.73 1.072 10” 
holes 1.35 10s 2.2 49.7 -3.7 0.7 1.606 lo17 we used the experimentally determined formula for the bandgap 

narrowing AE, of Slotboom and de Graaff [341 
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AI& = 9[ln$ + J(ln+ + 0.5)} m” (A2.7) thne ‘SW _ 

in which the effect of carrier degeneracy is embedded as well. 1+$ 
(A2.9) 

Lifetime model 
The lifetime T. wasconsideredtobedeterminedby Shockley- 

and where the Auger lifetime was expressed by 

Read-Hall recombination and Auger recombination 
7*U&$ = (c&P’)-‘. (A2.10) 

7. = (4” + 7&J-’ (A2.8) 
The parameter values used in expressions (A2.9) and (A2.10) 

where the Kendall model [3J] was applied for the SRH life- are given in Section 3.3. 


