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ION-HIGH JUNCTTON THEORY APPLIED TO SOIAR CELIS

by Michael P. Godlawski, Cosmo R. Bareoma,
and Henry W. Brendhorst, Jr.

Hationsl Aerooautics and Space Administration
Lewis Research Center
Cleveland, Ohio

Becent use of alloying techniques for rear cootact
formation hes ylelded & new kind of silicon solar cell,

the Yack surface field (BSF) cell, with shanormmlly high

open circuit voltage (Vo.) and improved radiation re-
sistence. Several analytical models for V.. bassd on
the reverse saturation current are formulated to ex-
plain these observations. The zero SHV case of the
couventional cell model, the Irift field model, and the
low-h’gh junction (IAT) model cen predict the experi-
mental trends. The 1HJ model applies the theory of
the low-high junction end is comsidered to reflect a
more realistic view of cell fabrication. This model
can predict the experimental trende observed for BSF
cells. Detailed descriptions and derivations for the
models are included. The correspondences between them
are discussed. This nodeling suggests that the meaning
of minority carrier diffusion leogth measured in BSF
cells be reexamined.

TABIE OF STMBOIS

D minority carrier diffusion coefficient,
cf/eec
electric field strecgth, volt/cm

[ minority carrier generstion rate, sec™l

) S shart circuit curremt density, amp/caP

I, diode eaturation current density, amp/cx

J mipority carrier current demsity, amp/cn®

K demege constant for 1 MeV electrons,
particle-l :

& Boltzman constant, 1.38}A0723 joules/K

L minority carrier diffusion length, cm

a minority carrier concentration, cm™3

o0, /@ excess electron or hole concentration, cm”>

ng intrinsic carrier concentration, a3

1) donor concentration in n-type material, cm™3

Na, Mg+ Aacceptor concentration in p, p+ meteriel, am™3

q electronic charge, 1.620"Y coulambs

R minority carrier recombination rate, gec™1

s surface recombination velocity, cm/sec

8 normalized surface recombination velocity for
low-high junction model, dimensionless

1 total solar cell thickness, ¢

T temperature, kelvin

open circuit voltege, volts

) region thickness, cm

x arbitrary distance into the cell, cm

X depth of metallurgical junction, cm

X subregion boundsry plane location, cm

M minority carrier mobility, aa/volt sec

T mirority carrier lifetime, sec

° floence of 1 MeV electrons, ca™2

v equilibrim barrier potential of the low-high
Junction, volts

Subscripts

P associsted rith p-type region or with

minority carrier electrouns
p+ associated with p+type region

associated vithk n-type region or with
minority carrier holes

n+ associated with n+-type region
INTRODUCTION

Recent efforts to improve the performance of sili-
con solar cells have resulted in an increased open
eircult voltage {Voe) for 10 olm-cm silicon material.
For years the Vo, Of the 10 ohm-cm silicon cell was
fixed at about 0.55 volts. However the use of en
alloying fabrication technigque (1) for rear conmtact
formation hes resulted in the beck-gurface field (&SF)
cell having voltages as high as 0.58 volts. In addi-
tion, improvements in short circuit current, efficiency
and fil1 factor have also been observed. Unlike the
couventional 1C olm-cm cell, the Vo, of the BSF cell
appears to be independent of cell thickness at least
over the thickness range of 100 to 400 micrometers.
These improvements in cell performauce are directly
attributed to the presence of a heavily doped p-type
layer (referred to as the p+ layer) formed during rear
contact fabrication. Measurements of tke effective
diffusion length of these cells using verious techni-
ques bave produced uncertein information. In some cases
the effective diffusion lengths are in excess of values
measured for conventional cells.

Analytical modeling for the BSF cell has not re-
ceived as much attention as the experimental work.
Thus the purpose of this paper is to present calculae
tions of V,. based on conventional, irift fiel:, ard
low-high junction one dimensional solar cell models and
to test these calculated results against the experi-
mental data. The model for the conventional celi as-
gumes an arbitrary front and back surface recombina-
tion velocity (SRV). This model has four limitirg
cases: 1) the infinite SRV case, 2) the zero SRV case,
3) thr SRV equals diffusion velocity case, and L) the
infinitely thick cell. The drift field model for V.
is based on the same assumptions and boundary condi-
tions as Wolf's drift field model used for the calcula-
$3on of collection efficiency (2). The new model to be



proposed here 1s the low-high Junction (LHJ) model.

The requirement for a IHJ rear contact structure (p-p+)
‘n the BSF cell results in boundary conditions that
reflect the minority carrier blocking promrer.. of the
LHJ first reported by J. B. Gunn (3). The LiS = lel
presented here differs from that derived by ™utton and
Whittier (L) by neglecting apace charge reccmbination
effects. However this work extends the work of ref. 4
by including the p+ region geometry factor.

Although LHJ effects are well-known and heve been
applied to the modeling end analysis of semiconductor
rectifiers (5), this paper represents a first attempt
at applying this model to photovoltaic energy conver-
ters.

The approach taken in the modeling is to relate
the V,. to the diode saturation curremt (I,) and
short gircuu: current (I,.). Expressions for are
derived assuming boundary conditiosns for low injection
minority carrier tramsport with boundary conditions
appropriste to each model. The performance of all the
models and ceses is compared with the experimental
Voe versus thicimess data. Finally, the radiation
degradation belavior of Vo, is calculated using the
1A model.

THEORY

If it is essumed that ihe curreat transport in a
solar cell is daminated by minority carrier diffusion
Processes, then the open circuit voltage (Vo) can be
related to the short circuit currenmt (Iy.) and the
diode saturation current (I,) by the following eimple
expression

1
kT ]

Voc = -; In (t + 1)
Hence an analysis of the Ve
ventional, drift fleld, and low-high junction models
of the solar cell using expressions for which re-
flect the cell structure and properties ue to each
model. These expressions are given below, Calcula~
tions were made using & high speed digital computer
and a programmable desk top calculator. All calcula-
tions were made for short circuit density of about
40 ma/=? and 8 diff'.uiﬁ region_saturation current
(Io,) equal to 1.2x10°1% emp/c®.

Counventional I, Bxpressions

(1)

A camnon view of the conventional n on p solar
cell structure is one in which the p-base dopant and
properties are uniform, the device dimensions are fi-
nite, and contact effects are described by the surface
recapbination velocity (SRV). The I, for this gen-
eral case has been lerived by McKelvey (6). This ex-
pression is given by equat.n (2a) for the n anmd p
regions.
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The SRV is represented by s, and L is the bulk dif-
fusion length. The other parameters have their ususl
meaning. HRote that the product of the diffusion lergth
(L, or I.p) with the reciprocsl of the bracketed ter—s
defines an "effective"” device diffusion length. This
equation howvever reduces to the following approximate
forms.

1) Infinite SRV Case. When s, and s, are
very large as woull be the case for ommic contacts,
equation (2a) reduces to the familiar hyperbolic cotan-
gent form.

QniD Hn qniDn ;2
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This case gives a reasonable description of the tase
region of the conventional cell structure,

2) Zero SRV Cage. If the SRV's are sssumed to

be zero, (2a) reduces to a second form now containing
the hyperbolic tangent geometry factor.
anD W qnib W
T ==L tanh =8 + === tamn
° lDI“p I‘p Bala L (2¢)

This case impiies non-ommic comtacts and does oui fe-
flect the practical solar cell.

3) Diffusion Velocity Case. If the SRV for the
front end rear contacts are equal to the minority
carrier diffusion velocities (D/L) in each base region,
the bracketed terms of eguation (2a) reduce to unity.
This approximate I, is identical to the infinite base
case given below.

4) Infinite Base Case. When the base region
thicknesses are much greater than the bulk diffusion
lengthe, the bracketed terms in equation {2a) again
reduce %0 unity. The resultant 1, given by equation
Ea«;) is the well-known expression derived by Shockley

7).
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° by LA (24)

This case and the preceding case predict the I, tobe
irdependent of base reglon thickness.

Drift Field Model I,

Practical solar cells are fabricated by diffusion
and alloying processes which usually resuit in regions
having significant non-uniform impurity distributions.
It i3 easily shown that such distributions give rise to
an electric field which can significantly influence
minority carrier trangport in thogse regions. Kleirmman
(8) and Wolf (2) have calculated the cell I,. using
an expression for the collection efficiency which con-
taing drift field effects. The cell was mathematically
divided into subregions which can be assigned separate
material properties and dimensions. For example Wolf
used a four layer model in which exponential impurity
distributions could te essigned to each regic.a. The
important features of this model are that the minority
carrier density and the current density are continuous
at the subregion boundary. The for this structure
hag been derived (9) and includes not only finite geo-
metry and contact effects, but also the effect of sub-
region drift fields. The p-base component of the n on



p solar cell containing a drift field only in a thin
region in front of the rear contact is given by equa-

tion (3). The p-type base subregion nearest the junc-
tion is uniformly doped and therefore field free.
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A gimilar expression is written for the n-type diffu-
sed region with the appropriate change in subscripts
and by assuming an erfc donor distribution. The drift
field region ie nearest the junction for this case.

It can be seen that equation (3) will reduce to the
general SRV case given by equation (2a) if a single
layer, fiell free model is assumed.

low-High Junction (LHJ) Model I

For the IHJ model, the subregion boundary, unlike
the drift field model, represents an abrupt transition
between the thick, lightly-doped p-region (i.e., sub-
region nearest the junction) and the thin heavily-
doped p+ region. Both regions are assumed uniform in
dopant and materials properties. It has been shown by
Gunn that this junction has the unique property of
preventing excess minority carriers in the p-base fram
entering the p+ reglon. Majority carriers pass freely
acrogs this junction. The minority carrier concentra-
tions at the space charge region edges depend on the
barrier potential (v) associated with the low-high
Junction as shown in equation (ba)

e o i

In addition, the diffusion currents at the p+ ana p
region space charge edges are proporticral to ihe gra-
dients of the minority carrier densities there, and
given by equation (4b)

(La)

By = Pp My (ub)
Equation (La) represents a subregion boundary condi-
tion which differs significantly fram that assumed in
the drift field model. Pecombinatior effects and
thickness of the LK spece charge regicn are assumed
negligible. The I, wusing this model is derived in
detail in the Appendix. The r~gult for the p-gide is
given by equation (5) where ¢ 48 the cell total
thickness
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The parameter S 1is defined as & normalized siurlsc
recambiration velocity. It contains t:e i1
factor ( ;é/ } 5nd the mobility and 1iffision lungt.
ratics © tﬁe p end p+ region, S elso contai-s a
geometry factor for the p- regxon, the SRV for the
metal-p+ contact (sr), and the p+ region thickness
(Hgt) Tee totel I, must include the n-base campo-
. In the simplest case i3 described by
the 4r f1e1d model given by equation (2). rowever
for the range of variables considered here. I,
alwvays significantly greater than I, for 1o‘p ohm-cm
material. Therefore I, 1is neglected. However the
importance of Io and Its effect on the perrormance
of low reu.stivity and deep diffused cells is recog-
nized.

REVIEW OF EXPERIMENTAL DATA

Published ndemsurements on the high voltage (BSF)
10 olm~cm solar cell are assembled .cre to provile a
comparison with the theoretical predictions. The data,
shown in figure 1, are grouped int:> two lategories as
foilows: dependence of V,. on cell thickness (1)
and the response of V,. t0 1 MeV electron exposure
(1, 10). The data of ref, 1 for the high voltage cell
is shown in fig. la. Veoltages as high as 0.58 v are
measured and are approximately independent of cell
thickness in the 100 to 30C micron renge. Vg varia-
tions of £ 5 mv at each thickness are not unreasonable.
More recent unpublished data suggest tnat constant vol-
tages es high as 0.60 volts are achievable. Thsse data
are in striking contrast to thcse gshown Jor the conven-
tional cell, where thinner cells have lower voltages.
Apparently the only difference in the fabrication be-
tween the high voltage and conventional 10 ohm-cm cells
is the additional alloying and/or diffusion and sinter-
ing associsted with the rear contact of the high vol-
tage cells. The radiation behavior (1) of various
thicknegses of high voltage cell is shown in fig. 1b,
Aleo shown are data for conventional cells of 150 ani
300 micron thickaess. The initial voltages are higher
for the high voltaze cell compared to ‘he conventional
cell of comparable thickness. In adiition the high
voltage cells maintain a higher voltage for larger
fluences than do the conventional cells. Furthermore
the thin high voltage cell meintains a superiority over
the thick high voltage cell. At high fluences the mag-
nitude of the voltage end the rediation degradation
rate of all high voltage c¢ells arz the samnz as {or t-ne
conventional cell. Also shown in the figure are un-~
published data (10) for a 100 um high voltage cell
megsured by JPL,

RESJLTS
A et.ly of the open :xirecuit voltege dependen-e

on cell structure hag been mede using equation (1) ana
equations (2), (3), and (5).



Conventional Model

Figure 2 shows the dependence of V,. on p-bage
diffusion length for the infinite base case where the
requirement is that >>I.p. As can be seen voltages
in excess o 0.590 volts are predicted providing the
p-base diffusion length is greater than 1000 micro-
meterg. This cell would be at least 0.3 cm thick in
or 'er to obey the cell thickness/a1ffusion length re-
qu.rement. Because the model assumes an infinite
(> 0.3 em) thickness at all diffusion lengths, there is
of course n0 Vo, depcndence on thickuess.

Volteges calculated for a range of cell thick-
nesses and p-base diffusion lengths using the finite
width model are shown in fig. 3. The dottcd, solid,
and dashed lines represent calculations for the infi-
nite SRV, the zero SKV, end the special case where the
SRV 1: equal to the diffusion velacity (Z/L), respec-
tively. Voltages that are indeperdent of cell thick-
neas are predicted only for the latter case. For wwry
thick cells and a specified diffusion length, ail cases
predict voltages that are approaching the limiting
values of the infinite width case. This is not unex-
pected aince the further away the rear contact is from
the Junction the less it will influence the minority
carrier distribution in the p-base. As tne cell de-
comes thinmer, the predicted voltage trends becume
very difierent. It is seen that tbe zeru 38V case
predicts voltages for thin cells that are well in ax-
cess of those predicted by the cther two cases. In
addition only the zero SRV case will predict voltages
above 0.58 volts provided the p-base diffusion length
is substantially greater than 200 um.

Drift, Field Model

The results of the voltage calculations for the
arift field model are shown in figs. L and 5. A 0.5
wm thick p+ region in which an exponential acceptor
concentrat fon profile exists was agssumed. For the re-
sults shown in fig. &, the p+ region diffusion length
was assumed tc be 1.0 um., It can be seen that the
magnitude of the voltage depends on cell thiczlmess and
p-base diffusion length. Below 0.54 volt (l.e.,
approximately 200 micrometer diffusion length) the
Voc 1is nearly independent of cell thickness. Above
0.54 volts the voltage increases with increasing cell
thickness similar to the infinite SRV case.

Figure 5 shows the varistions of the voltage for
values of p+ region diffusion length between 1 and
about 220 um. Calculations were mede for p regicn
diffusion lengths of 50, 200, and 600 um. The p+ re-
gion width is again 0.5 um. As shown, the diffusion
lengths associated with both regions control the mag-
nitude of the voltage and its dependence on thickness.
Iarge values of p+ region diffusion lengths are neces-
sary to produce high volteges in thin cells. The vol-
tages predicted for cells where the p-base diffusion
length is much emaller than the base thickness are
identical to those shown in fig. 2, the infinite base
case.

Low-High Junccion Model

The recults of voltage calculations using the low-
high Junction model are shown in fig. 6 for a range of
p-base diffusion lengths. In practice, there is a 20
mv gpread in voltage reflecting the actual 7 to 1k
ohm~cm resistivity variation for nominal 10 olm-cm
material. Silicon in this resistivity rang~ ir c2lled
naninal 10 ohm-cm. A uniform p+ region acceptor con-
centration of 1.3x1019/cm3 wes assumed ylelding a
NP/NP* ratio of 10™%, The p+ region thickness and

diffusion length are 0.5 .um and 1.0 .m respectively.
Contrary to the drift field model, increases in <ne

p+ region diffusion length up to 200 .m had no in-
fluence on the Vgy.. The voltages for thick cells as
asymptotically approach those cf the infinite base case
since W/L>>1. Tor the corniitions assumed, tic shggpe
and magnitude of the V,./thizkness crves are :ienti-
cal to those calc.lated for the zero IRV case. - us,
the zero SRV case, can ce used, as an approximaticn <o
the LHJ model, to calculate cell V.. with perazion
diffusion length es the only varisble. As in t-e pre-
vious models, the magnitude of the vcltage is de<er-
mined primarily by the p-base di“fusion length w-ich in
itgelf yields limited inforrmatior. Ir the LM’ -adel
the parsmeter S, which incorporates properties of the
LH/ and the p rezions, assumes ma‘or .wportance in
determining cell performance.

Figure 7 shows a plot of the voltage agains: th:
megnitude of the normalized surface recombinaticn velo-
city S defired by equation (5b). The calculations
are made for geveral valueg of cell thickness for a
p-base diffusion length of 574 um. This figure shows
clearly the inflrence of £ on the magnitude of the
voltage. For reference, the curve of figure 6 corres-
ponding to the 600 um diffusion length has an S equal
to about 10-2. For emall values of S (less then
unity), the voltage asymptotically approaches the val-
ues predicied Ly the zczo SRV case shown in fig. 3.

For large valueg of S, the V,, approaches that pre-
dicted bv the infinite SRV case of fig. 2. Thus fig. 7
shows graphically the manner in which the LiJ model re-
duces to both the zero SRV and infinite SKV models.

For intermediate values of S 4in the range o€ 2.1 (0
10, the voltage varies greatly between the two limiting
cases. For S equal to unity, the voltage is inde-
pendant of cell thickness and equal in magnitude to
that predicted by the infinite width cese.

Figure 8 shows the calculated woltage respoanse to
1 MeV electron exposure. PResponse is calculated using
the LHJ model for cells of various thickness. Calcula-
tions for the conventional cell of 100 and 400 um
thickness using the infinite SRV case is also shown.
An initisl p-base diffusion length of LOO um is assumed
for all cells. The voltage degradaticn is simulated by
assuning that radiation damage alters the diffusion
length through lifet ime degradation. The diffusion
length in the I, equations is replaced by the follow-
ing expression containing the radiation demege coeffi-
cient (K) and the initial diffusion length (Lp(O)):

21 .1
ey
Lp(o) Lp(o)

+ Ko (6)

¢ is the eie)ctron fluence and K is equai to 315”11

(electrons™) (11) for 10 otm-cm material. At zero
fluence the thin high voltage cells have higher voltages
compared to the thick cells, This superiority is main-
tained to sbout 11015 e/cr®. Beyond this all cells
degrade at the seme rate as the conventional cells.

DISCUSSIOR

Baged on the above data, the infinite SRV case
can explain the experimental trends of the conventional
cell, As will bte discussed below, the trends of the
BSF cell are predicted using either the zero SRV case,
the drift field model, or the LHJ model. lowever in
all cages the "goodress of fit" is critically dependent
on the ragnitnie of the bulk diffusion length us=1 ¢
the calculations. These diffusion lengths are not in
agreement with those determined by experiment. Some
reagsons for this will be discussed.

e



Comparison of fig. la and fig. 3 shows that the
infinite SRV case predicts the correct V,. thickness
trend for conventional cells. However the magnitude
of the voltages for cells of different thicknesses >an-
not be predicted using a single value for the p-base
diffusion length. The voltazes for thin cells are pre-
dicted only for a diffusion length that is lower than
for thick cells. For example, from fig. la, conven-
tional cell voltages of 0.55 and 0.52 V are obtained
for cell thicknesses of 300 and 10% .m respectively.
Calculations using the infinite SRV model require bulk
diffusion lengths of 300 and <50 um respectively for
these two cases. Cell meagurements also indicate a
reduction in diffusion length. The mechanism of this
apparent reduction in diffusion length is not under-
stood. It is possible that reductions in diffusion
length are effected through impurity iatroduction dur-
ing processing or by cell geometry changes.

Of more present interest are the voltages observed
in the BSF cells. It is not possible to predict either
the magnitude of the voltage or its trend with thick-
ness for BSF cells using the infinite SRV case. The
diffusion velocity case yields voltagea above 0.58 V
only if the p-base diffusion length is greater than
600 ym. In this case the wvoltages are independent of
cell thickness. Also, the zero SRV case yields vovl.
tages above 0.58 V for 4i¢%:;1ou lengths above 300 um
depending on cell thiciness. The thicker the cell, the
greater the necessary diffusion length. However these
cages provide li.tle information which is traceable to
fabricatinn protz3scs atwut tne influence of cell
structure properties on cell performance. Because of
this, these cases will not be ccnsidered further.

The drif%, fleld model and the LHJ model alsc pre-
dict high voltages provided the W/L ratio of the p-base
is less than unity. It should be noted that the drift
field model approaches the voltage/thickness trend of
the zero SRV cage of the LHJ case only for high p*
region diffusion lengths. In addition, these models
both contain parameters relating to controllable cell
fabrication features, such as p* region width and do-
pant concentrations, as well as carrier mobility and
lifetime. As shown in fig.. 5 and 7, these features
can significantly influence calculated cell performance.
Cages of observed independence of cell voltage on
thickness are predicted by both these models. Fur the
drift field model, the voltages will be nearly indepen-
dent of cell thickness only for e particular value of
p'-region L which is about 2.5 um for the 0.58 V
case. The IHJ model can predict the experimental
Voo/thickness treads by applying one of the following
approximations to equation (5):

1. Wp » Ip
2. 8=1
3. Diffusion length dependent on cell thickness.

The first approximation is trivial and ylelds the in-
finite base case. The BSF cells do nut physically con-
form to this case. The second approximation, however,
imposes specific relationships between certain ccll
properties. Equation (5b) for § can be reduced to
equation (6) by assuming an olmic contact to the p*
region

N, D L
8o A 2 coth
A* "p p* p* (6)
For 8 = 1, an appropriate relationship must be estab-
1ished between the p* region geometry, the diffusion

velocities (D/L), and the LHJ barrier height (Np/Ny+).

It is easily seen that there 18 no unique set o pare-
meters which satisfies the condition. Therefor: the
S = 1 aporoximation would seem to necessitate s 4if-
ficult interaction and/or counterbalancing of multiple
cell paraneters.

Examination of fig. © suggests that if a line
corresponding to O.58 volts, for exasrle, were .rawn
parallel to the thickness axis, a .nizie value -7 217
fusion length would correspond to each cell thicsness.
Using this method, a 150 .m thick cell would rec:ire a
300 um diffusion length while a 500 .m thick cell wouzld
require a 500 .m diffusion length.

This trend of decreasing diffusicn length with
decreasing thickness is ulso c-served in conven-isnal
cells as shown previously. Ziffusion length mezs.re-
ments of Iles (12) on wufers ranging from L0 = <o
severel centimeters thick also sugges*t that Qif®:sion
length does indeed decrease monotonicslly as sarple
thickress decreases. The measured L varied rrox <00
um for the LOO um thick wafers to over 1000 ¢m for the
very thick samples. All samples had olpic contacts.

No data presently exists for samples having "zero SRV"-
like contacts as might be expected from a high voltage
(BSF) cell rear contact. Therefore, fram the trends
Seen Iin cells, & delrease uf diffuziss length witn de-
creasing cell thickness appears to be reasonable, al-
though no mechanisz has been advanced as yet to ration-
alize the effect.

The requirement that high voltage cells have dif-
fusion lengths that are substantially larger than the
200 um measured for conventional cells also is of con-
cern. However, in addition to the experimental evi-
dence of Iles (12) that long diffusion lengths exist,
other theoretical and experimental bases can be found
in the literature. The published work by Zimmerman (13)
suggests that the ILHJ causes an excess minority carrier
distribution in the p-base that differs significantly
from the simple exponentiasl profile that occurs in a
conventional cell geometry. Therefore, it is suggested
that methods of measuring diffusion length that rely on
semi~-infinite cell dimensions and/or omic contacts,
although used on the IHJ structure, cannot be in the
usual straightforward manner to yield the bulk diffu-
sion length when a IHJ is present. In addition there
is some experimental evidence from the work on epi-
taxial structures (14) that the presence of a IHJ
structure results in a higher measured device diffusion
length compared to similar devices without the n,-n or
p.-P contact. This work suggests again that the usual
methods of determining device diffusion length must be
critically reviewed in light of the carrier accumla-
tion (or blocking, property of the LHJ. Furthermore,
the effect of finite sample dimensionsg, particularly as
regards the influence of surface effects on the bulk
diffusion length must alsc be considered when inter
preting a diffusion length measurement.

Let us now turn our attention to other features
of the LHJ model which are useful for interpreting the
experimental results. The LHI model appears to have
wide applicability and permits a degree of insight into
the influence of Tabrication methods on cell parfor-
mance. For example, the LHJ model has been applied to
the pre- and post-irradiation performance of the epi-
taxial solar cell (15) with considerable success. 1Ir
addition, the predicted radiation performance of tnick
and thin PSF cells, shown in fig. 8, arc also in rea-
sonable agreement with measured trends.

It is known that not all cells fabricated using
the BSF process exhibit the high performance. The LHJS
model vin the parameter S (equation (S5b)) suggests
that in some cases the low voltages may be traced to



an imperfect Li barrier (Nj/Np+) and uncesiravle p*
region properties (width and diffusion length) both
of which can result ir large S wvalues. The parame-
ter S can be interpreted as a dimensionless quantity
related to leakage of minority carriers in the p-ze-
gion across the IH barrier into the p* side. The
greater this leakage is, the larger the magnitude of
S. This leakage is influenced by at lemst the follov-
ing thres effacts: 1) e poor quality IKJ due tc »
diffusion anomaly, 2) an undesirable diffusiou velo-
city (D/L) ratio, and 3) a small p* region W/L ratio.
The first effect may arige from crystalline imperfec-
tions whick erhance metallic precipitation and impur-
ity spiking. In addition the alloying or diffusion
process may be critically dependent on crystalline
perfection and the prasence of impurities which in
turn would influence the p* region thickness and the
carrier lifetime. Small values of the p* region W/L
ratic can cause substantial increases in S even
thoug: the Np/Na+ ratio may be desirably small and
the p-region diffusion lezgth relatively large. The
consequence of these effects is that the cell would
behave as if it had an ohmic rear contact, and hence
yield voltages approaching those of the corventional
cell,

in addition to the quality, the uniformity of the
low-bigh j netin= ruost a2s55 influence cell performance.
The effect of loralized regions of the LHJ having
widely different “A/“A* ratios, for example, is not
kmown. This is true not only for the influence on
Voc but e2lso on the measured cell diffusion length.

SUMMARY AND CONCIXSIONS

The open circuit voltage as & function of cell
thickness has been calculated using the diode satura-
tion current expressions appropriaste to several solar
cell structure models. Expressions were derived for
the diode saturation currents appropriate to the drift
field model and a new model proposed here, the low-
bigh junction model. Also investigated were the infi-
nite and finite base width cases of conventional cell
model. In the latter, the zero and infinite surface
recombination velocity approximations were considered.

igons were made with experimental data for back
surface field (BSF) and conventional cells. The low-
high junction model was compared to the experimental
data for an unirradiated cell and cells irradiated
with 1 MeV electrons.

Bagsed on these analyses the following conclusions
are made:

1. The zero SRV case of the conventional cell
model, the drift field model, and the LHJ model can
predict the high voltages measured in BSF cells. High
voltages are predicted only when the W/L ratio of the
p-base is less than unity However only the drift
field and IHJ models describe cell performance in terms
of parameters that are traceable to the fabrication
process.

2. Baged on the results of calculations, and the
present lack of experimental data, no clear choice can
be made es to which model is more appropriate for the
bigh voltage BSF cell.

3. Calculated voltage degradation due to 1 MeV
electron bambardment was compared with a limited amount
of experimental data. The experimental trends of vol-
tage degradation with cell thickness was predicted.

4. The p-base diffusion lengths required in the
drift field and IHJ models of the high voltage cell
are about 2 to 3 times higher than those required in

the infinite SRV case applied to the conv itioral

solar cell. The requ'rement of a hig~ diffusic- lergth
poses an unresolved dilemma which sugzest a fur-her
exploration of the factors that irfluence diffusion
length.

5. The LHJ has been applied to the epitax:al
solar cell and successfully predicts ‘he measur-:
trends.

APPENDTX
DERIVATION OF Io FOR THE LOW-HIGH JUNCTICX
MCDEL Orf THE BSF SCLAR ‘ELL

The cross section of a solar cell with a 1l..- 2137
Jjunction as the rear ~ontact is shown in fig. G. The
derivation of the saturatio- cuirrer’ Ior ~his o:ll
structure begins with the folluwing ej.ations tzsic
to any semiconductor device analysis:

Continuity Equations

1

dn
o G -R, + 2 - Jn  electrons (1a)
3 _Gg-R -2v-Jp boles {28
& p e P )
Current Trangport Equations
Jy = Qu0E + @D ™ electrons (34)
J = - qD hole: ka
p = UPE - a0 P 8 (ka)
Poisson Equation
B =4 (p- -
V+EB= e, (p n+ND NA) (sa)
where
Es-9v¥ (6a)

Equations (1A) to (LA) may be cambined following
van Roosbroeck (16) to give the ambipolar continuity
equation assuming space charge neutrality (i.e.,

m = /p)

Lo oo+ W"EV () + D* F () (78)
where
u" embipolar mobility Bl 5 (8a)
n
(94)

* + N
Dp* embipolar diffusivity Wu—p

For extrinsic material p' = and D* 4 Dn and
equation (7A) reduces to the more familiar expression
describing continuity of minority carrier transport

.G .R 4y B () 4D, 2 () (1ca)
A more general statement of (10A) can te written ss-
suming that not only the carrier density but alsu the
mobility and the impurity concentrations are spatiall:
dependent. Using equation (1A) to (5A) again, this
equation has the form, for no external carrier genera-
tion and a steady state mode of operation

. <.
V%*(ﬁ+ %Vn>+ (S-E-: %..-77.95-.1‘".0
kT Hn kT ¥ KT ¢ (114)




It should be recognized that in this case an effective

electric fleld B s defined by
Bt

and an effertive diffusion i=rgth T by

iy E_1_1
i A

In the field free case assuming a homogeneous materiel
equation (ilA) reduces to the aimple form for low in-
Jection

Faadao (124)
n
This equation has the general aolution
o{x) - A ccah x + B sinh x (13A)

In applying this sclution to the p-tase solar cell

containing a high low j'mection the following boundary
conditions are employed

A. x-xa,n-npo(expav-l) -~ junction edge

B. x=X, np(x) = %+(X)exp B ¥y --- sugregion

quwy(x) - qu+mp+(x)

C. x=W, qu+Vhp+(“) =-q80,4(W) --- metal-p*
interface

Boundary condition B is of prame importance since it
contains the potential barrier vy associated with
the high-low junction and expresses the minority car-
rier concentratiors at the space charge edges. The
condition for current transport acrogs the x = X boun-
dary assumes that space charge recombination is negli-
gible and that current is primarily by diffusior. pro-
cesses. This has been implied by equation (12A). Any
excess minority carriers appearing at the p* region
space charge edge as a result of the biasing of the

n* p Junction are assumed to diffuse to the metal rear
contact. The recombination of the excess carriers
there 1s rontrolled by the surface recoavination velo-
city, s.

The solution for the excess minority carrier con-
centrat ion for the one dimensional case is derived by
dividing the p-region into two subregions the p-base
and the p* base. The subregion boundary occurs at
x = X. Both regions are assumed homogeneously doped,
having acceptor concentrations Ny and Np+. In
addition the two regions are assumed to have different
values of carrier lifetime and mobility. The genersl
solutions for the p-base and p* region are

ny(s) = A) cosh x + By sinh x xJSXSX

np*(x)=A2coshx+stinhx X<x<W
Application of the boundary conditions results in
four equations and four unknowns. -

Solving for the unknown coefficients results in
the following solution for the excess carriers in the
p-base

cosrxx—il‘-+samhx'—x

P
cosh =™ + S sinh

L

np{x) s n i
L

? LP

(1A

where & is defined as a normalized recamb’ wation
velocity and is given by the following expression

s L
Lo .L
N, D. L 7, ¢ tent
s'u—A‘SL"P' _p______%
+* +*
S 1‘_‘Lr> tath?-L (15A-1)
Pt p*
where wp,sw-x

As can be seen the parameter S not only describes
the influence of tne low-high junction by the &p/ip+
ratio but also inclides the p* region geumeiry factcr
in the bracket and the mobility and diffusion length
associated with the two p regions. If it is assumed
that an ohmic contact is made to the p* region, then
the expression for S can be simplified to

e _I'a o

— eoth for g~ ®
NA* DP - Lp (15A-2)
In order to determine the diode saturation current,

the gradient of excess carviers must bYe determined.
This is obtained by differertiating equation (1LA).
Hence

sinh XX | 5 cosh

L
=t ;s
I'p cosh T * S ginh
P

(16a)

ot bﬁl

The diffusion curreunt is obtained by evaluating the
gradient at x = 0;
dn

Jo=1(-q) D, F

P n dx xsx‘,

This ylelds for "he p~base component of the diffusion
current

r

w

tanh =R

qD x.i S+ L
Ib w (exp Sv'l)
AP 1) 4+ 8 tann 2

J =

P
(178)
or

3y« I (eppv-1)

The expression for the p-base diode saturation is

anZ E4tanh—21
1, «-81

Op Ap

1+ S tanh -2J (184)

This can be expressed in terms of -otal cell thickness
by recognizing that Wy = t-W ,- (W_,) where Woe
and W_, are the n* diffuae iBn and p*

layer pth:lcknesaes.



Since the total diode saturation current is com-
posed of t'e n-layer and p-base contributions, an ex-
pression for the n-layer is needed. Either of three
expressions may be appropriate depending on the parti-
cular model for the diffused layer. The n-layer may
be viewed as & uniformly doped region of finite thick-
ness W+ bounded by the space charge layer on the
one side ari a metal contact of surface recombination
velocity s on the other., For this case

lrL Hn
qn2D D +t"“""L—
n n
s
DLP 1+ fL“ f. (194)
n

If the n* layer is ‘nhomogeneously diped the drift
field model should be used. Should a low high junc-
tion model be used than an expression similar to
equation (17A) can be derived.

Bowever, it will be assumed for the purpose of
this study that the diffused region contribution is
alvays at least three orders of magnitude smaller that
of the p-base. Simple calculations show this to be
true anuming a neous donor distribution of
about 1017 to 1018/ce. Therefore the total diode sat-
uration current can be approximated by (18A) alocne.

If it is assumed that diffusion transport pro-
cesses are dominant in a solar cell operating at open
circuit voltage, then the V,. can be related to the
saturation by the expression

I
kT 8¢
v = — 1n —4.1)
oc I
4 (P

This equation togeiBer with (18A) is used in the study
vhere a? wd Ig, = 4O me/

(208)
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DEPENDENCE OF OPEN CIRCUIT VOLTAGE ON LELL THICKNESS
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DEPENDENCE OF OPEN CIRCUIT VOLTAGE ON CELL THICKNESS
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CALCULATED RADIATION PERFORMANCE FOR
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