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Abstract-A new theoretical model to calculate the effective surface recombination velocity ($a) of a high-low 
junction with an arbitrary impurity distribution is presented. The model is applied to erfc-diffused pp+ junctions 
using experimental data of bandgap narrowing, lifetime and mobility. Bandgap narrowing is shown to degrade the 
minority carrier reflecting properties of the high-low junction. Computer results are applied for the design of BSF 
solar cells and to study other solar cell structures based on high-low junctions. 

NOTATION 

diffusivity of minority carriers 
diffusivity of electrons in a p+ region 
minority carrier current 
electron current in a p+ region 
Boltzmann constant 
minority carrier diffusion length 
electron concentration 
excess electron concentration 
effective intrinsic carrier concentration 
intrinsic carrier concentration 
equilibrium electron concentration 
acceptor concentration 
effective acceptor concentration 
base concentration 
effective base concentration 
effective impurity concentration 
hole concentration 
electron charge 
defined in eqn (9) 
back surface recombination velocity 
defined in eqn (9) 
effective surface recombination velocity of the high-low 

junction 
absolute temperature 
heavily-doped region thickness 
unit of length 
minority carrier transport factor 
minority carrier lifetime 
electron lifetime 

1. INTRODUCTION 

Theoretical studies [ I-31 and experimental results l4-61 

have shown the beneficial influence of the high-low 
junction at the back side of a solar cell. The reflection of 
minority carriers at the high-low junction can be 
modelled by an effective surface recombination velocity. 
The improvement in open circuit voltage and short- 
circuit current of BSF cells has been explained using this 
concept[l]. Design criteria of this highly doped layer at 
the back side is available from exact computer simula- 
.tions when the back surface is totally covered by a good 
ohmic contact [2,31. 

tPresent address: Philips Research Laboratories, Eindhoven, 
The Netherlands. 

Recently the use of high-low junctions on illuminated 
surfaces has been proposed to reduce the surface 
recombination velocity. High efficiencies can be obtained 
with the High-Low Emitter Solar Cell[7,8]. the Double 
Sided Surface Field Cell[9] and the Front Surface Field 
Solar Cell[lO]. In order to maximize the photovoltaic 
response of a solar cell the junction depth of a high-low 
junction at the front side has to be minimized. Hence the 
set of parameter values of conventional BSF design 
cannot be used on these new devices. The impurity 
concentration at the surface and the surface recom- 
bination velocity together with the junction depth must 
now be carefully choosen to obtain an effective collec- 
tion efficiency in combination with a high open-circuit 
voltage. 

Previous models of the BSF effect considered abrupt 
high-low junctions and derived a simple formula for the 
effective surface recombination velocity which explained 
the early successful results[l]. The simplified model, 
developed for the first AI-alloyed structures, is still used 
for the actual deep diffused profiles[ll, 121. Exact com- 
puter simulations that solve the six Shockley equations 
have already included more realistic erfc profiles with a 
position dependent lifetime [2]. Heavy doping effects are 
included by using rigid bandgap narrowing models. Using 
such computer simulations the different physical 
mechanisms underlying the operation of the high-low 
junction are difficult to separate and the importance of 
certain parameters can easily be shadowed. 

In this paper a new simple one-dimensional analysis of 
the high-low junction is presented. This model can be 
applied to an arbitrary profile and includes mobility and 
lifetime that are position dependent. It considers heavy 
doping effects and a finite surface recombination velo- 
city. Usually some approximations are allowed and sim- 
ple formulae can be derived. Design criteria for the three 
afore-mentioned new structures are considered. Also the 
case of partial coverage of the back contact by an oxide 
is studied since this has been recently proposed as a 
method to increase the short-circuit current of BSF 
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cells[l3]. The results of this simple modelling are com- 
pared with exact computer simulations, solving the six 
Shockley equations. 

The paper proceeds as follow. Section 2 develops a 
theoretical model to calculate the effective surface 
recombination velocity of a given profile. A simple 
differential equation is derived to take into account the 
three main physical mechanisms affecting minority car- 
riers: diffusion, drift and recombination. Two particular 
interesting cases are studied: abrupt junction and trans- 
parent layer (recombination only at the back contact). 
Simple equations are derived for both cases. Section 3 
solves the differential equation derived in Section 2 for 
some particular cases. The main physical mechanism are 
identified and their influence is explained. In Section 4 
design criteria for BSF solar cells are revised. High-low 
junctions on illuminated front layers are studied. The 
diffusion parameters for an optimum operation are 
established. Section 5 summarizes the main conclusions 
of the paper. 

2. THEORETICAL MODEL 

It is well known that the presence of a back surface 
field in a solar cell lowers the dark injection current into 
the bulk and thus enhances the open-circuit voltage of 
the solar cell. Figure I shows an arbitary acceptor im- 
purity profile on a substrate of Ns acceptor atoms per 
cm3. The thickness of the p’-layer is W and the impurity 
concentration at every point is denoted as N,=,(x). The 
usual way of studying the physical mechanisms underly- 
ing the operation of the back surface field of a BSF solar 
cell is through the introduction of an effective surface 
recombination velocity (&) located at the high-low 
interface[l]. This .Sefl takes into account at once the 
minority carrier behaviour in the highly doped layer 
when the lowly doped substrate is under study. 

Set is defined as 

s eff = 
Je(O-7 -- 
qn’(O-) 

(1) 

where Je(O-) and n’(O-) are respectively the electron 
current and the excess electron concentration at the 
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x 

Fig. 1. Impurity profile of a pp’ high-low junction. 

low-side of the pp+ junction. The distinction between O- 
and 0’ is made to include the case of an abrupt junction. 

After a rigorous study of the equilibrium potential 
distribution within the space charge region (SCR) of a 
high-low junction Gunn[ 141 concluded that the potential 
drop across the SCR never exceeds kT/q and is almost 
entirely related to the low region. Hence, one can write 

J.(O_) = J,(O’) (2) 

n0.U * p(W) = NO+). p(O+) 
n W) nt(O+) ’ (3) 

The two relations are valid provided that changes in 
the quasi-Fermi levels across the SCR are negligible and 
the recombination within the SCR can be neglected. 

In the range of doping levels used in actual BSF solar 
cells heavy doping phenomena have to be taken into 
account. From an engineering point of view this can be 
done by means of a rigid bandgap narrowing model[lS]. 
The effective intrinsic concentration becomes position 
dependent through position dependence of high doping 
concentration and hence the electron equilibrium con- 
centration, no(x), is calculated as 

n’(x) 
b(x)=%=& (4) 

where nf, is the conventional intrinsic concentration and 
NAeff is the effective impurity concentration[lS]. 

The combination of eqns (l)-(4) allows to express S,, 
as 

noticing that a quasi-neutral low-injection condition is 
assumed at the edges of the SCR, and thus n’(O-)= 
n(O-), n’(0’) = n(O’), ~(0~) = NB, ~(0’) = N,(O’). 

The minority carrier current density in the quasi-neu- 
tral p’-region can be written as [ 161 

[ 
n’(x) dNA.dx) dn’(x) 

L(x) = @L(x) ~a.t(x) . dx+dx 1 (6) 

The combination of eqn (6) and the continuity equation 

Wx) n’(x) 
-=47,(x) dx (7) 

leads to the following differential equation 

J. ( > 2 I 

-3 De NM 
_s!!Yf(_$)+$(_$)+t_ 

(8) 

The definition of the new variable 

S,(x)= --$$ (9) 
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simplifies eqn (8) to 

dS S2 2=-L +s,dN~ 1 --- 
dx D, N.,efi dx rr’ (10) 

simplifications step 

(15) 

This first order non linear differential equation takes 
into account the three main important mechanisms 
affecting minority carriers: diffusion, drift and recom- 
bination. The boundary condition is the recombination 
velocity at the back contact. The solution of eqn (10) at 
x = 0’ gives S,(O’) which is related to S,* through eqns 
(5) and (9). 

In general eqn (10) must be solved numerically. We 
will consider two particular cases in which analytical 
solutions can be obtained. For nn+ high-low junctions 
eqn (IO) is again found but changing the subindexes “e” 
by “h” and “A” by “D”. In the following calculations 
we will omit the subindexes. 

(a) Abrupt junction 

In this case NCR, D and T are constant all along the 
highly-doped side. Equation (10) can easily be integrated 
since it now becomes 

dS S2 I -c-e-. 
dx D r (11) 

Integrating, S,* results to be 

SbL,thF 
s J&D D -- 
” Nes L l+sbL !! 

Dth L 

(12) 

where Sb is the surface recombination velocity. A for- 
mula like (12) has been first deduced by Sinha and 
Chattopadhyaya[l7] using the abrupt junction results of 
Goldlewski et ai.[l]. Here a more general deduction has 
been carried out. 

(b) Transparent heavily doped region 
Shibib et a/.[181 show recently that the emitter dark 

current of modern solar cells is mainly dominated by 
recombination at the surface rather than within the bulk 
of the layer. In certain situations high-low junctions may 
behave in a similar way. 

When recombination in- the heavily-doped region can 
be neglected, eqn (10) becomes 

ds(x) _ S’(x) + 3x1 cK&) 
dx D(x) N,,odx (13) 

This differential equation is now integrable and the 
solution is 

seff = (14) 

For BSF solar cells Sb = 2: and eqn (14) admits another 

Equations (14) and (15) are of considerable interest 
since the integral can be very accurately calculated with 
a simple pocket calculator, i.e. an error of less than 4% 
can easely be obtained. 

The importance of the integrated doping profile in the 
base of a BSF solar cell combined with the mobility 
concentration dependence was already shown by 
Fossum[3]. However in this work the influence of the 
weight of the integrated doping profile of the heavily- 
doped layer on S,e is outlined. This fact allows the study 
of the base of the solar cell in the conventional way and 
a deeper physical interpretation of the high-low junction 
minority carrier reflecting properties will be now 
feasible. 

3. COMPUTER RESULTS 

Equation (IO) has been numerically solved in the case 
of a pp+ high-low junction. A complementary error 
function profile was selected as the best approximation 
to a real impurity profile. Experimental concentration 
dependence results from Conwell[l9] were used as 
mobility data. At every integration step the mobility was 
calculated taken into account the local impurity concen- 
tration and the total electric field. The lifetime model 
proposed by Kendall[20] and already used by 
Fossum[21] and Lauwers et a/.[221 is also used in the 
present study 

12 
rr = 

NA 
psec. 

1+5. 10’6 

(16) 

The experimentally determined formula of Slotboom 
and de Graaff [23] is employed here to calculate the 
effective intrinsic carrier concentration, nc, at every 
point of the p’-layer 

AV,,(N,)=9. [ln$,+ J(In’++0.5)] mV. 

(17) 

S., is calculated from eqn (10) as a function of 
the layer thickness, surface impurity concentration and 
surface recombination velocity. The results are shown in 
Figs 2-4. The substrate impurity concentration is 
lOI cm-?. 

In Fig. 2 an infinite surface recombination velocity is 
assumed. This is the case for BSF solar cells. Two 
clearly defined regions can be observed in the 2 and 
5 pm curves. First a quite steep decrease of S.* when 
the surface concentration increases is noticed cor- 
responding to the transparent region. Above some times 
102’ crnw3 the SeR saturates. This is due to the increasing 
recombination in the layer due to lifetime degradation at 
high doping levels combined with the slower increase of 
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Fig. 2. S,, of erfc pp’ high-low junctions as a function of the 
surface concentration and the layer-thickness CS, = 0~). 

the integrated effective impurity doping profile caused by 
the bandgap narrowing. In narrower p+-regions this 
second mechanism is not so important because of the 
reduced recombination volume. 

A saturation rather than an optimum point is found 
when the surface impurity concentration is increased. 
This result is in contradiction with[l7]. This discrepancy 

lo*> j 
I J 

IO'S 1020 102' 
NJ W) (cmm3) 

Fig. 3. S,, as a function of the surface concentration and the 
surface recombination velocity ( W = 1 km). 

Fig. 4. S,, as a function of the layer thickness and the surface 
recombination velocity (N,(W) = 4.10. lp” cm-‘). 

arises from the fact that the abrupt profile considered in 
[17] overestimates the influence of the degraded lifetime 
with respect to the most real erfc profile. In Fig. 2 the 
broken line gives the Sea of an abrupt profile with a 
minority carrier lifetime given by eqn (16). The dotted 
line represents the same case, but with infinite lifetime. 
The comparison of these two curves indicates that the 
bandgap narrowing would not be responsable for the 
existence of an optimum doping level in an abrupt high- 
low junction. 

Figure 3 plots the calculated L&S when different sur- 
face recombination velocities are considered at the sur- 
face of a 1 pm thick p’-layer. For high S,, the & 
decreases with increasing surface concentration since the 
recombination at the back contact is the main recombin- 
ing mechanism (quasi-transparency). This effect is pre- 
dicted by eqn (14). For low Sb however the recom- 

IOpm 

\ 

4 

Fig. 5. V,, as a function of ScR and the base thickness of a BSF 
solar cell (L = 882 pm[20], D = 23.3 cm’/sec[l9]). 
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bination within the layer is dominant and hence as the 
dopipg level increases the lifetime progresively degrades 
and .!& increases. 

In Fig. 4, Sea is plotted as a function of the layer 
thickness and of the surface recombination velocity for a 
typical surface concentration of 4. 102’ cme3. When the 
p’-layer is very thick all the injected minority carriers 
recombine within the bulk of the heavily doped layer and 
a small number of them reach the surface. In this region 
of total “opacity” the S,, is independent of surface 
treatments. 

To clarify the concepts of “transparency” and 
“opacity” and to determine the range of application of 
eqns (14) and (15) we introduce a transport factor, aT, 
analogous to the transport factor in the base of a tran- 
sistor. (Ye is defined as the minority carrier current 
reaching the back contact divided by the current injected 
into the layer 

J( W 
aT=Jo. (18) 

The use of this parameter provides more physical 
insight than the transit time used by Shibib et a1.1181. In 
their case the definition of a mean lifetime is required to 
be compared with the transit time and establish where 
the recombination mainly takes place. The problem of 
defining a mean lifetime in an inhomogeneously doped 
region is avoided with the definition of the transport 
factor. 

Table 1 collects the calculated transport factor of two 
extreme cases and the different results obtained for S.r 
from the exact computer simulation, eqn (IO) and (14). 07 
illustrates the use of eqn (14). 

4. IMPLlCATlONSONSOLARCELLDESlGN 
BSF solar cell design is quite well established[2,3]. 

However further remarks can be made from the 
numerical results obtained earlier. Fossum’s 
conclusion[3] that in the presence of an infinitely 
recombining contact at the back of the cell, increasing 
the surface concentration much above lOI cm-j and the 
thickness of the highly doped back layer more than 
0.5 pm does not improve solar cell performance, seems 
to be too optimistic. 

We have calculated the dark saturation current of the 
base of a solar cell 1241 with an impurity concentration of 
10’6cm-3 as a function of the recombination velocity at 
the back surface. Assuming negligible recombination in 
the emitter and a short-circuit current of 30 mA/cm’ 
(AMI) the corresponding open-circuit voltage has been 
deduced. It is plot in Fig. 5 for several base thicknesses. 

Table 1. Data and results of two typical opac and transparent 

erfc pp' high-low junctions. 

Layer characteristics &(cm/sec) 
W(wm) NA(W) &(cm/sec) exact eqn (10) eqn (14) (I~ 

x (cme3) 

0.2 4.102O 2 2127 1919 1969 0.95 

5 4.1t.P = 217 207 85 0.14 

To reach an upper limit of 615 mV, which is the value 
obtained for a good emitter, at least an S.* of 300 cm/set 
must be present at the back contact, independently of the 
layer thickness. Such a low & can only be tech- 
nologically feasible by means of a highly doped layer at 
least 2 pm thick and a surface concentration of 
10” cme3, or 5 pm thick and 3 ., lo’?’ cme3 surface con- 
centration. The discrepancy is a major effect of bandgap 
narrowing since no one kind of heavy doping effects 
were included in the modelling made at [3]. Our more 
restricted experimental lifetime model of [20] can also 
influence the final result. Measurements recently repor- 
ted [25] on high-efficient BSF solar cells confirm our 
expectations. 

It has been proposed that partial coverage of the back 
contact of a BSF solar cell can provide a lower back 
surface recombination velocity and decrease the .!& of 
the high-low junction[ 131. However this will not improve 
the open-circuit voltage of the solar cell if the BSF were 
already efficient. This can be concluded from the com- 
bination of Figs 3 and 5. In the case of a highly-doped 
layer with a surface concentration of 4. I@” cme3 and a 
thickness of 1 pm as shown in Fig. 3, Serr will decrease 
from 420 to 290cmlsec when Sb changes from a to 
IO5 cmlsec. This will improve the V,, less than 5 mV 
(Fig. 5). Only a further passivation to lower the & down 
to 100 cmlsec will improve the total efficiency of the BSF 
solar cell provided that the emitter is good enough. 
However a surface recombination smaller than 
IO3 cm/set cannot be obtained on a surface with an 
impurity concentration of 4. 102’ cme3. A thin heavily- 
doped layer rather than a thick one will improve Sea 
without such an energic passivation of the surface. 
Figure 4 opens this possibility if the layer thickness is 
0.3 pm and Sb = IO4 cmlsec. A further optimization of 
the surface impurity concentration will be necessary as 
stated in Fig. 3. 

To lower the emitter recombination current a high-low 
emitter has been proposed [7,8]. In Fig. 5 the V,, of a 
10pm thick high-low emitter with a low-side impurity 
concentration of lOI crnw3 [8] is presented as a function 
of the See of the front high-low junction. To have an 
increase of the open-circuit voltage further than 620mV 
aain an effective surface recombination velocity smaller 
than 3OOcmlsec must be reached. Since the thickness of 
the highly-doped layer must be kept as thin as possible 
such an S,, is only achieved if a passivation of 
l@cm/sec at the surface is feasible, as we concluded in 
the previous paragraph. The technological problems in- 
volved in passivation of heavily doped surfaces have not 
been solved. In fact no more than 625 mV at 25°C (AM0 
conditions) have been obtained from a diffused - HLE 
cell [SJ. 

Lammert and Schwartz proposed the Interdigitated 
Back Contact Solar Cell for operation at high concen- 
tration levels 1261. The absence of a front grid pattern and 
the considerable reduction in the series resistance due to 
the back contact are its major advantages. For the cor- 
rect operation of the IBC cell two important conditions 
must be fulfilled: a high-lifetime bulk and a low front 
surface recombination velocity. In the case of a bulk 
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lifetime of 1000 psec the front surface recombination 
velocity should be lower than 32 cmlsec if a 90% of the 
maximum conversion efficiency wants to be reached [261. 
To achieve such a low number von Roos and Anspaugh 
proposed the fabrication of a high-low junction at the 
front surface[lO]. From Fig. 4 we can conclude that an 
erfc p+ layer of 4.1020cm-3 surface concentration could 
provide the adequate Sefl if the thickness of the p’-layer 
is at least 0.8 pm. We assume that a recombin- 
ation velocity of IO5 cmlsec is attained at the surface. 
This conclusion applies for a I4 n/cm (Ns = lOL5 cmd3) 
substrate, necessary to obtain long lifetimes. With the aid 
of eqn (5), we see that the S,n of this case is one tenth of 
the Set when Ns = lOI cm-‘. 

A double sided BSF solar cell (DSSF) was proposed 
by Luque et ul.[91 to be used in conjunction with low- 
concentration quasi-static systems. As for the FSF solar 
cell the collection efficiency of this structure is very 
sensitive to the value of the effective surface recom- 
bination velocity of the high-low junction. On I4 R cm 
p-type substrate exact computer simulations indicate 
that SeR should be lower than 42 cmlsec. A OS pm thick 
p’-layer could only provide the required S,, if it is 
doped at least up to 4.10*’ cme3. No one practical value 
of surface concentration seems to be possible with layers 
thinner than 0.4-0.5 pm if surface passivation is not 
available. 

5. CONCLUSIONS 
A simple theoretical model to calculate the effective 

surface recombination velocity of an arbitrary high-low 
junction allows to design high-low junctions for solar 
cells. When the high-low junction is located at a non- 
illuminated surface, like in the case of BSF solar cell, the 
tendency is to obtain smaller Ses.s when the high-low 
junction is thickner and more heavily doped. There is not 
an optimum value of surface impurity concentration. 
However if passivation of the heavily doped surface is 
available a thinner and lower doped profile and selective 
metal contact on the surface can further reduce the Ser. 

For high-low junctions located on illuminated surfaces 
the effort must be concentrated on passivation of the 
surface. The reason is that the lower the surface recom- 
bination velocity the thinner the highly doped side is 
required for obtaining a given desired S.,. An optimum 

surface impurity concentration is shown to appear 
depending on the degree of passivation achieved. 
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