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Design Criteria for Si Point-Contact Concentrator 
Solar Cells 

RONALD A. SINTON AND RICHARD M. SWANSON, MEMBER, IEEE 

Abstract-Design criteria for concentrator solar cells are prese11ted 
for the highly three-dimensional case of backside point-contact solar 
cells. A recent new experimental result, a 28-percent efficient cell 
(25 °C, 15-W / cm2 incident power) is used as a case study of the de1,en­
dences of the recombination components and the carrier density !:ra­
dients on the geometrical design parameters. The optimum geomf try 
is found to depend upon the intended design power density as wel. as 
the attainable physical parameters allowed by the fabrication tech­
niques utilized. Modeling projections indicate that an ultimate I ffi­
ciency of 30.6 percent (36 W /cm2, 300 K) is achievable using the 
diffused emitters presently employed on these cells. Incorporation of 
results from the study of polycrystalline emitters could improve tlh ese 
efficiencies toward 31. 7 percent. 

I. INTRODUCTION 

SEVERAL recent studies of silicon concentrator solar 
cells have predicted that efficiencies up to 37 percent · 

are possible in highly idealized cells [1]-[4]. Gray and 
Schwartz considered the efficiencies of a particular cdl 
design, an interdigitated back contact cell with line dif­
fusions, using a two-dimensional analysis [lJ. Campbell 
and Green looked primarily at the fundamental recombi­
nation limit imposed by the Auger recombination in sili­
con in the highly idealized yase in which other recombi­
nation components, the effects of diffusion gradients , and 
the resulting electric field losses present in any specific 
implementations were neglected [2] . The effects of an op­
timization of the acceptance angle for the light absorption 
in the cell to enhance the limits of photogeneration were 
also considered. Swanson developed a three-dimensioml 
model when the point-contact design was proposed for us~ 
as a concentrator cell [3], [4]. This model was based 01 

the experience gained in a program in which a 29-percent 
efficient thermophotovoltaic cell was demonstrated that 
utilized the point contact approach to reduce parasitic in -
frared absorption [5], [6]. The model predicted an ideal­
ized thermodynamic limit of 3 7. 8 percent for silicon con­
centrator solar cells under an incident intensity of 36 
W /cm2 at 330 K. When the point-contact design was con-­
sidered, including incomplete absorption, Auger recom .. 
bination and transport losses (diffusion gradients), the up-
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per limit to the efficiency for silicon cells was 32. 3 percent 
at 330 K under an incident power density of 36 W /cm2. 

This paper closely follows the modeling of Swanson. 
Experimental results from solar cells are analyzed as case 
studies. The various ways in which the performance de­
pends upon the cell geometry are displayed. Data from 
nonoptimal geometries are also presented in order to in­
vestigate the accuracy and limits of the model. This study 
utilizes measured values for all of the parameters such as 
surface recombination velocity, bulk lifetime, and emitter 
saturation currents, as well as recent evaluations of the 
Auger recombination in the carrier density range of inter­
est here [7], [8]. 

II. THE MODEL 

The cells under consideration are fabricated on high­
resistivity silicon, typically 100-400-0 • cm n-type float 
zone material. Under illuminated conditions , the entire 
cell is highly injected except for the heavily doped emitter 
regions. The model considers only the lowly doped re­
gions, and takes the emitter recombinations as a boundary 
condition fully characterized by the experimental emitter 
saturation current J0 e, the carrier density at the edge of 
the space charge region, and the area of the diffusion. 

The model assumes a solution for the carrier density in 
the undoped region as shown in Fig. 1. In region 1, the 
solution is assumed to be one-dimensional; in region 2, 
the carrier density is assumed constant, and a three-di­
mensional solution is used in the collection regions, la­
belled region 3. The approximation of a uniform carrier 
density in region 2 allows the simple tractability of this 
modeling approach. Perpendicular to the back surface in 
region 2, the gradient in carrier density falls rapidly to­
ward zero, its value at a well passivated surface. An upper 
limit to the effects of the neglect of these gradients could 
be determined by simulating a cell that is thicker by half 
of the depth of this region, thus taking this gradient ex­
plicitly into account. For a typical cell to be discussed in 
Section III, a 120-µm-thick cell operating under 36 
W / cm2 of incident power density, this causes a 0.3-per­
cent drop in absolute efficiency (out of 28 percent). 
Bounds on the carrier density drop in the lateral direction, 
between the n + and p + contacts in region 2 can be eval­
uated using standard p + -i-n + diode equations [10]. Since 
the diffusion length is much greater than the distance be­
tween contacts (8], these gradients are entirely negligible 

0018-9383/87 /1000-2 : 16$01.00 © 1987 IEEE 



Authorized licensed use limited to: Sidley Austin LLP. Downloaded on April 28,2024 at 05:00:29 UTC from IEEE Xplore.  Restrictions apply. 

SINTON AND SWANSON: Si POINT-CONTACT SOLAR CELLS 

CROSS 
SECTION 

"2-=================1 I FRONT 

DIFFUSION 
REGION 

Si 
w 

1 t=.=====r~=t=-===~==::::::ir-"""l::=:::==:===:J~ 

- - - - - -,,. ------:::. ~ -i - - - - ~::;.. -- - ' - - r~ - - - - -

/ron 3 \ /rop \ 

BACK 

COLLECTION STAGNANT 
REGION REGION 

Fig. 1. A cross section of a point-contact solar cell showing the three re­
gions considered in the modeling. 

m the devices considered here at the maximum power 
point. 

If there is no recombination or generation in the bulk, 
then the carrier density is described by Laplace's equa­
tion, and the boundary r1 between the one- and three-di­
mensional regions can be optimized to find the best so­
lution using variational techniques [3], [ 4]. The 
assumption of no recombination in the bulk is a very good 
approximation for the cell operation at the maximum 
power point. From the modeling of the best experimental 
cell to date ( a 120-µm-thick cell), the quantum efficiency 
in the lowly doped regions of the cell is greater than 95 
percent at all values of the incident power density 
(AMI .5) in the range of 0.1 to 36 W /cm2 . A thinner cell, 
50 µm, has a base quantum efficiency greater than 97.6 
percent for power densities as high as 56 W / cm2 . These 
figures exclude the surface and emitter recombination that 
are incorporated into the analysis as boundary conditions. 

The modeling considers one unit cell as shown in Fig. 
2, which is repeated symmetrically over the entire back 
surface of the solar cell. Using the notation defined by 
Figs. 1, 2 and Table I, a key result from the variational 
analysis is that the boundary between the one- and three­
dimensional regions r1 is given by 

(1) 

This radius increases linearly as the spacing between 
contacts increases. The radius r1 assumes a hemispherical 
geometry. To make the maximum use of the symmetry of 
the problem, the diffusions are also described as having a 
hemispherical radius r0 n for the n + diffusion, which re­
sults in the same area as the actual square diffusion area 
(after outdiffusion) bn the fabricated devices. The three­
dimensional drop in carrier density from r1 to this hemi­
spherical space charge region edge r on is given by 

An = J(ri) X (P/ (_!_ - _!_). (2) 
n 41rqDn ran r, 

. into the n-type contact and 

An = J(r1 ) X (P/ (_!_ _ _!_) ( 3 ) 
P 41rqDP , r0P r 1 
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Fig. 2. A unit cell which defines the geometry of the diffusions on the 
backside of the wafer. 

for the p-type contact. P is the pitch, or spacing between 
identical contacts. These results are derived in [3] and 
[4]. Although the carrier density was previously described 
by an analytical approximation to the carrier density in 
the one-dimensional region, a numerical solution was used 
in this paper in order to incorporate the effects of bulk 
generation and recombination. This solution was con­
structed by implementing a stepwise integration of the dif­
fusion equation and the continuity equation for the steady 
state. 

dx qDA 
(4) 

and 

dJ~~x) = (G(x) - R(n)). (5) 

In this one-dimensional region the total cunent is zero, 
so ln is the flux of electrons or holes from the front toward 
the back of the cell. DA is the arrtbipolar diffusion coeffi­
cient, and G and R represent the generation and recom­
bination per unit volume. By constructing a numerical so­
lution, the effects of the recombination are incorporated 
into the profile and the consequences of a carrier-density­
dependent diffusion coefficient and a position-dependent 
photogeneration profile can then be evaluated. Although 
the modeling of solar cells near the maximum power point 
is relatively insensitive to the effects of recombination in 
the base on the profile, the removal of this assumption is 
critical for modeling the open-circuit voltage as discussed 
in [8]. 

The value for r1, shown in (1), resulting from the ana­
lytical solution in [4] was used in this case as a reasonable 
approximation. In order to neglect generation and recom­
bination in the bulk, the previous modeling assumed a 
worst case approximation of a delta function of generation 
at the sunward surface of the cell. As a numerical solution 
is constructed in the present work, a more general pho­
togeneration profile can be incorporated. The generation 
profile chosen consists of both a delta function of gener­
ation and a uniform generation (in the one-dimensional 
region of the cell) with the ratio of the two chosen to give 
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TABLE I 
V ARI.\BLES 

Jph Total photogenerated current 
Jterm Terminal Current 
V term Terminal Voltage 
R Recombination rate 
G Photogeneration rate 
r Shockley-Read-Hall high-level inj,ection lifetime 
n Carrier density, n=p in high level injection 
n i:m , n 00 n at the depletion edge of the n+ iP+ diffusion. 
s Surface recombination velocity 
J on/Jop Emitter saturation current densit r for the n+ /p+ diffusion 
An/Ap Fraction of the total back surface area covered by n+ /p+ diffusion 
CA Ambipolar Auger coefficient 
w Solar cell wafer thickness 
p The pitch, or distance between diffusions of the same type, center to center. 
DA/Dn/Dp Ambipolar/n-type/p-type diffusicn coefficient 
r, Boundary between 1-dimensioaal and 3-dimensional regions. 
r0 n/rop radius of a hemisphere of equival,,nt area to the experimental square diffusion. 
n, The carrier density at r1 

6nn/6 np The drop in carrier density acros11 the 3-dimensional region near the n/p contact 

the correct average point of generation as determined by 
an integration of the absorption of an AMI .5 spectrum as 
a function of depth in silicon. For a texturized cell, a de-· 
termination of this average point of generation is more 
complex. The approach used here was to find the average 
point of generation for one pass of the photon spectrum 
through the cell thickness at the angle that would result 
from normal incidence . onto a texturized surface of a 
( 100 ) wafer. The rest of the photogeneration was as·· 
sumed to be uniform with the total photogeneration cho-­
sen in order to obtain the total predicted by Y ablonovitch 
and Cody [9] for texturized wafers, and modified by 
Campbell and Green to take into account more optimized 
optics [2]. The photogeneration predicted by Campbell 
for a 30° acceptance angle typical of many concentrator 
applications was used in this study as an upper limit in 
the evaluation of future prospects. 

The carrier density is assumed to be continuous across 
the boundary between the region of uniform carrier den­
sity and the three-dimensional collection region, labeled 
regions 2 and 3. The current inside the three-dimensional 
region is assumed to be the photogenerated current minus 
the recombination current already evaluated for regions 1 
and 2. An appropriate step size was chosen for the nu­
merical integration in the one-dimensional region such that 
no sensitivity in the efficiency was seen to three signifi­
cant figures. 

Once the carrier density has been modeled, the terminal 
current and voltage can be evaluated. The terminal cur­
rent will be given by the total photogeneration current lp; 
minus the total recombination current, which depends 
upon the carrier density throughout the solar cell [ 4] . 

(6) 

This equation contains the assumptions made for each 
of the recombination mechanisms. The bulk Shockley­
Read-Hall recombination in the first term is assumed to 
be linearly dependent upon the carrier density. The sur­
face recombination is also assumed to be linear in the car­
rier density and must be integrated over the carrier den­
sities at both the front and back lightly doped n-type sur­
faces. The third and fourth terms result from the emitter 
recombination. This recombination depends on the emit­
ter saturation current Ion for then+ diffusion, the fraction 
of the backside area covered by these diffusions An, and 
the square of the carrier density at the edge of the space­
charge region in the lowly doped base. The last term is 
the bulk ambipolar Auger recombination, which is as­
sumed to depend upon the carrier density cubed [8]. 

The voltage can be calculated from the carrier densities 
at the two space-charge region edges with additional terms 
due to the voltage drops from the three-dimensional gra­
dients into the, contacts. The resulting terminal voltage is 
[3], [4] • 

V. = 2kT (nonnop ) 
tenn In . 

q n 1n; 
(7) 

An interesting way to look at this equation for terminal 
voltage is as 

In this way, the effect of the three-dimensional drops in 
carrier density on the terminal voltage is clearly displayed 
by the two correction terms in the argument of the natural 
logarithm. This conclusion follows since this equation 
without these two correction terms would result if the ef-
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fects on the voltage of the carrier density gradients in the 
cell were neglected. Equation (8) contains both the loss 
in voltage due to the decreased carrier concentrations from 
the gradient and the voltage drop, which was evaluated 
by integrating the electric fields through this region [ 4]. 
Note that the conductivity modulation will increase the 
absolute carrier density n 1 thus reducing the voltage drops. 

Some of the effects of the·numerical integration and as­
sumptions about the photogeneration profile can be sum­
marized by their effect upon the efficiency of a test case, 
a 120-µm-thick solar cell as discussed in Section III. Un­
der an incident power density · of 36 W / cm2 , the modeling 
from [ 4] predicts an efficiency of 27. 66 percent. By in­
corporating the numerical integration into the one-dimen­
sional region but maintaining a delta function of photo­
generation at the front surface, the efficiency improves to 
27. 75. Including an approximate photogeneration profile 
taking the texturization into account, this efficiency is in­
creased to 27 .94 percent. The effect on the carrier density 
profile is small at the maximum power operating point. 
Compared to the texturized case, the previous modeling 
would predict carrier densities higher at the front of the 
cell (8 percent in the above case) and lower at the back 
surface of the cell (by 6 percent at the p + depletion region 
edge). 

III. MODEUNG OF A BASELINE CELL 

By applying this model to analyze data from fabricated 
solar cells , a baseline case can be established from which 
future designs can be extrapolated. Data of efficiency ver­
sus incident power density is shown for a recent cell run 
in Fig. 3. This 120-µm-thick solar cell is very similar to 
those reported in [11] except that a 4-µm aluminum me­
tallization was used to reduce the series resistance to half 
that of the previous 2-µm-thick grid. These results were 
measured at a cell temperature of 25°C. The cell is 28-
percent efficient in a range from 4 to 15 W / cm2 ( 40 to 
150 suns). At the highest incident power measured, 53 
W / cm2 , it is still 2.S..4"percent efficient. At the design 
concentration of 36 W /cm2, it is 26.5-percent efficient. 
The test procedure is detailed in [20]. 

This result can be modeled with the parameters showri 
in Table II. The parameters shown have been determined 
using photoconductivity decay methods [12] and open­
circuit voltage steady-state and decay measurements [8]. 
The total photogeneration in these simulations was as­
sumed to be the experimental 0.42 A per incident watt, 
which was measured as short-circuit current under low 
incident power densities. Fig. 4 shows the contribution of 
each recombination mechanism at the maximum power 
point as a function of the incident power density. For a 
wide range of power densities, between 0.5 and 20.0 
W / cm2 , the recombination at the maximum power point 
is dominated by the emitter recombination. This is despite 
the fact that the emitter area has been reduced by a factor 
of 10 from what it would be irt a conventional p-i-n con­
centrator solar cell. The diffusion mask windows were 10 
x 10 µm on a 50-µm pitch as shown in Fig. 2. After 
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TABLE II 
MODELING PARAMETERS 

T 3 millisecouds 
S 7.5 cm/sec 
J on,Jon 4..5 X 10 - 13 Amps/cm"/, 
CA 1.66 x lO ·= cm0 /scc[81 
D, D, = 18 cm'/sec[21,22] 
D./D. Majority carrier. mobility data. [23]/[24]. 
n; 3.563 x I0'"(T' ·")exp(-6980/T) • 

*The activation· energy of this expression was taken from H. D. Barber, 
" Effective mass and intrinsic concentration in silicon," Solid-State Elec­
tron. , vol. 10, pp . 1039-1051 , 1967. The prefactor is a fit which gives the 
value at 300°C, 1.45 X 10'° / cm3, commonly used in modeling. 

outdiffusion of the dopants, the diffusion area at the sur­
face is estimated to be 16 X 16 µm [13]. Above 20 
W /cm2, the recombination is dominated by the bulk Au­
ger recombination. 

The key physical quantity that determines the contri­
bution of each recombination mechanism is the _carrier 
density as a function of position in the cell. The modeled 
carrier density profile is shown in Fig. 5 under open cir­
cuit, maximum power point, and short-circuit current 
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conditions for cells with the emitter spacing and cell 
thickness discussed above ail.d at an operating incident 
power density of 10 W /cm2 . For a fixed pitch of 50 µm , 
these operating conditions are displayed for square diffu­
sion sizes of 8 and 20 µm. The carrier density is highest 
at the front of the cell where most of the photogeneration 
occurs. The carriers then diffuse down a gradient in car-­
tier density to the back of the cell where they are collected 
at th_e contacts. The profiles shown here are from a cross 
section that passes into a p + diffusion. 

By reducing the emitter recombination by decreasing 
the emitter area, higher average carrier densities result. 
The steep gradients near the contacts when current is 
drawn from the cell result from the increased current den­
sity. At the contact, the current density will approach the 
total photogenerated current divided by the back surface 
coverage fraction for each emitter type. From (2) and (3), 
the drop in carrier density is inversely proportional to the 
diffusion size. It is greater for the smaller coverage frac­
tion and partially negates the gains in carrier density due 
to the decreased emitter recombination. These steep gra­
dients also result in non-negligible electric fields that de­
crease the terminal voltage. This effect on the voltage ii. 
seen in (8) where the ratio of the three-dimensional carrier 
density drop to the absolute carrier density enters into the 
expression for the terminal voltage. Because the average 
carrier density in the cell increases as the emitter coverage 
fraction decreases, the recombination due to surface, buik 
Shockley-Read-Hall, and Auger recombination in­
creases . In summary, a decreased emitter recombination 
obtained by reducing the emitter coverage fraction is op­
posed by the increased recombination from the other 
mechanisms due to the three-dimensional carrier densit y' 
drop as well as. by electric fields that result from smal 1 
emitter coverage fractions . 

Another way to look at this same effect is to plot the 
voltage and current at the maximum power points as a 
function of this emitter size at a fixed emitter spacing. 
This modeling result is shown in Fig. 6. Using a large 
emitter coverage fraction as a reference, 24 x 24 µm 
square emitters on a 50-µm pitch, the normalized maxi­
mum power point voltage, current, and efficiency are 
plotted for varying diffusion sizes at an illumination in­
tensity of 10 W /cm2 . The current, a measure of the quan­
tum efficiency, is reduced monotonically as the diffusion 
size is reduced. The voltage is increased at first as the 
emitter recombination is reduced but eventually begins to 
decrease as the combined effects of the carrier loss due to 
other recombination mechanisms and the voltage·drop due 
to the very high current densities near the contacts set in. 
The normalized efficiency indicates that an optimum cov­
erage fraction exists at this spacing and incident power. 
This optimum is for diffusions between 10 and 15 µm on 
a side. 

The same effect of reduced quantum efficiencies and in- -
creased voltage drops can account for the efficiencies ver­
sus incident intensities shown for several different geom­
etries in Fig. 3. Each modeling curve has two branches, 
the lower of the two contains a correction for the lumped 
series resistance calculated for the metallization used on 
each particular cell. The data points near the top curve are 
from the best cell to date as discussed above with 16 by 
16 µm diffusions on a 50-µm pitch. The two lower sets of 
data are for a cell with 13 by 13 µm diffusions on a 5O­
µm pitch (center) and 10 by 10 µm on a 1OO-µm pitch 
(lower data). The cells did not have texturized front sur­
faces and therefore have much lower efficiencies due to 
the decreased photogeneration. Both cells were 86 µm 
thick, differ only in this emitter coverage fraction, and 
were processed side by side with consistent results on cells 
from two wafers of each geometry. By measuring the 
short-circuit current per incident watt at low i~ciderit 
power as the photogeneration (assuming unity quantum 
efficiency), the efficiencies can be modeled with the pa­
rameters from Table II. The short-circuit currents are 0.42 
A per incident watt for the texturized cell and 0 .35 A per 
incident watt for the other two cells. The cell with the 
smallest coverage fraction falls off in efficiency most rap­
idly at the highest incidept intensities. This is due to the 
very large carrier density drops into the contacts that re­
sult in low terminal voltages and very high average carrier 
densities. As discussed above, these high densities in­
crease the Auger recombination so that the quantum effi­
ciehcies of these cells are very poor compared to the cells 
with the larger coverage fractions . In contrast to the cur­
rent, the open-circuit voltages are always better in the cell 
with the smaller coverage fraction because the three-di­
mensional gradients play a very small role when no cur­
rent being drawn from the terminals [8]. 

Notice that, in the modeling for Fig. 3, no free param­
eters were adjusted to obtain a good "fit" at the maxi­
mum power point. Rather, the recombination parameters 
were those from Table Il, obtained through independent 
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measurements. The discrepancies at very high incident 
power densities could be due in part to an inadequate de­
scription of the metallization series resistance or a non­
negligible contact resistance. Typical values for the spe­
cific contact resistivities are 1-3 0 • cm2 for then- and p­
type contacts, each of which has an area of 5 by 5 µm. 

IV. FUTURE ADVANCES 

Several improvements can be projected that will result 
in higher efficiencies than those demonstrated at this time. 
Fig. 4 indicates that, at incident power densities above 20 
W / cm2 , the Auger and emitter recombination are the 
dominant parasitic losses. The emitter recombination can­
not be reduced much further due to the detrimental effects 
of the high gradients near the terminals that result from 
this approach. However, the effect of the Auger recom­
bination can be reduced. The loss of quantum efficiency 
in thick cells due to this recombination is well docu­
mented [13). Since the Auger coefficient is a volume-de­
pendent recombination, efficiencies will improve as the 
cell becomes thinner up until a point where photogener­
ation is lost due to the weak absorption of silicon for light 
that is near the bandgap in energy. This trade-off has pre­
viously been considered for the case that neglected the 
diffusion gradients and non-Auger recombination [2]. For 
an acceptance angle of 30°, typical for Fresnel concen­
trator systems, the maximum photogeneration is 0.432 A 
per watt of incident power for an AMl.5 spectrum in a 
50-µm-thick wafer, which was found to be the optimum 
thickness. Recent experiments [7], [8] indicate that the 
· Auger coefficient for -carrier densities less than 2 x 1017 

cm-3 is four times higher than what had been assumed in 
[2]. This revised coefficient would drive this optimum 
thickness toward even thinner cells, but these would be 
difficult to fabricate with the existing process. 

For the case of this cell thickness and responsivity, an 
optimum point contact geometry can be found. Figs. 7 
and 8 are contour plots of the efficiency resulting from 
different diffusion spacings and sizes for the baseline pro­
cess and physical parameters from Table II. At 10 W / cm2 

( 300 K), the projected efficiency is about 30. 0 percent as 
shown in Fig. 7. Although higher efficiencies than this 
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could be attained for very small diffusion sizes , the em­
itters currently fabricated require deep diffusions in order 
to obtain the lowest possible emitter saturation currents 
given the infinite surface recombination at the silicon-alu­
minum interface. These diffusions are about 4 µm deep in 
the .currenLprocess [8], [13), limiting accessible dimen­
sions to more than 10 µm including the outdiffusion. The 
contours show a fairly sharp optimum with respect to dif­
fusion size for a given spacing, with the optimum diffu­
sion size giving a cell efficiency about 2 percent better 
(absolute) than the limit as the diffusions approach full 
coverage of the backside. 

At 36 W /cm2, attainable efficiencies are between 30.5 
and 31 percent. The optimum with respect to the diffusion 
size becomes much less sharp at high incident intensities 
because the three-dimensional effects that oppose the use 
of small coverage fractions become more extreme at high 
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current densities , Note that these efficiencies were found 
assuming a predicted photogeneration, that has not yet 
been demonstrated (0.432 A/(incident watt) in a 50-µ,m 
cell, However, these results can be scaled once the ex­
perimental photogeneration for any proposed configura­
tion is determined, The highest experimental value is that 
reported for the 120-µ,m cell shown in Fig, 3, at 0.42 A 
per incident watt, 

The most important design rule is to choose the correct 
coverage fraction for each emitter type while utilizing the 
smallest possible dimensions, This criteria can be applied 
to other possible geometries. Consider line diffusions as 
in the interdigitated back contact solar cell [14]-[16], but 
with a spacing of undoped oxide-silicon interface be­
tween the n + and p + lines in order to attain an optimum 
emitter coverage fraction, At a fixed emitter coverage 
fraction and minimum emitter dimension, the carrier den­
sity drop analogous to that given by (2) and (3) is much 
larger in the two-dimensional case. In addition, to achieve 
small ( IO-percent) emitter coverage fractions, the diffu­
sion lines must be spaced distances comparable to or 
greater than the wafer thickness. Hence, the point-contact 
geometry is a prefered method to reduce the emitter area 
given the limitations of the present technology. However, 
in an experimental comparison of optimized line and point 
contact cells, no difference in efficiency was observed 
within the experimental measurement error, although the 
experiment was not considered conclusive on this point 
[17], 

It is interesting to project what should be possible if the 
best available emitter technology were applied to point-­
contact cells rather than the diffused emitters from the 
current process, Results from semi-insulating polysilicon 
emitters indicate that emitter saturation currents of 1,2 x 
10- 14 W / cm2 are possible for n-type emitters and 3. 5 x 
10- 13 for p-type at 300 K [18]. If these results are applied 
to the 50-µ,m-thick solar cell, efficiencies of 31,5 percent 
are predicted. This is for a 40-µ,m pitch with 24-µ,m n­
type contacts and 12-µ,m p-type contacts, A plot of effi­
ciency versus incident intensity is shown for this cell in 
Fig. 9, Also shown is the projected performance of an 
optimized cell that uses the diffused emitters already dem­
onstrated, This cell has 12-µ,m square contacts for both 
the n- and p-type emitters and has an efficiency of 30.6 
percent at the design point of 36 W /cm2, 300 K, 

V. CONCLUSIONS 

Point-contact silicon solar cells have attained a maxi­
mum efficiency of 28 percent at 25°C and 15 W /cm2 of 
incident power. With a universal set of parameters fixed 
by independent measurements, a simplified three-dimen­
sional model is demonstrated to be in agreement with data 
from a variety of cell geometries to within 1 percent i11 
absolute efficiency for a range of incident power densitie5 
from 0,5 to 60 W / cm2 . An application of this model to 2 

study of the recombination in the cell indicates that em-
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Fig. 9. A compariso~ of the projected efficiencies po~sible for a cell in­
corporating SIPOS emitters (solid curve), compared to projections for 
diffused emitters as used to date (dashed curve). 

itter recombination will be the major limiting factor in this 
cell design. This will only become evident on thinner cells 
than those demonstrated to date. The reduction of this re­
combination by shrinking the emitter coverage fraction 
results in high local current densities. A compromise be­
tween these two effects determines an optimum design. 
The efficiency can be improved by 2 percent (absolute) to 
30.6 percent by reducing the cell thickness and further 
optimizing the cell optics. When a cell incorporating the 
lowest recombination emitters available is modeled, the 
result is an efficiency improvement to above 31.5 percent. 
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