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ADVANCES IN THE THEORY AND APPLICATION OF BSF CELLS

by Joseph Mandolkorn apd John I,

Lamnock

Natlonal Aeronnutices and Spuce Administration
Lew(s Rosenrch Centor
Clevoland, Ohlo 44136

SUMMARY

‘The charactoristies and hehavior of p*, p solar cells
wero investignted. The p+, p colla were made by removal of
the n* surface layor from n+, p, p+, BST cells followed by ap-
plication of a suitable contact to the resultant p+, p strue-
tures. The open~cliroult voltage, Ve Of p+, p cells was
found to inoreaso with Inoreasing "'p" bulk resistivity. The
measured Voo temperature-coolficients woro positivo and
{neroasod with Inareasing rosistivity, This behavior is ox-
ncuy the opposite of that observed for conventional colls,

,p orp,n structuros Furthormore, It was found that the

o Value of n p p cell correlated direetly wlth tha V
vnlua of then™ ) p BSTF cell from which the p P ccll wns
made; that is, the higher thc V g of an nt 2+ P p cell, the
highor was the V,; of the p ,p coll made from {t, The re-
sults 1ndicnte ulat the viilug of Voo and the unique behavior
o(’ Voo of n* ) p colls rosult from the V , at the front,

. p. jurmtion helng (nfluenced by a photovoltuge gonerated
at the back, p by junction. Tho eoncopt of majority earrier
collaction 18 proposed ns r possible mechanism for genorn-
tion of the photovoltnge at the back p+, p junction,

An ouiline of prior limitatlons in solar cell desipn is
prosented, and the romoval of these Hmitations through use
of BST effeots is pointed out,

The study of BST eficcts has mnde feasible productlon
of vory thin high efficlency silicon cells as well as high
res{stivity-high effictency cells, two desirable types of sili-
con calls which wore proviously impossible to make,

INTRODUCTION

Muothods for [abricating high resistivity thin silicon
solar cells so that they have hitherto unattninable high opon-
elrcult voltagoe, Voc' and high short-cireuit current, Iogr
were developed and disclosed (1}, One of those methods has
been adapted to production of thin, high clficlency cells (2),
Theories have been advanced to explalin the high [sc {3) and
the high V, (4) of the new typa of cell, designated n Back
Surface Fleld, BSF, cell.

The study reported hereln is part of a continuing offort
to determine the behavior of BSF cells and the influence of
fabrication processes and bulk material properties on such
behavior. This eifort has two cbjectives: (a) the utllization
of BSF coffects to areale improved solar colls; (b) aiding the
formulation of a comprehensive theory for such effects.

Tha high value of I of thin BST cells has been theo-
roticnlly based upon the back surface field aeting as an ol-
fective barrier to flow of minority carricrs from the bulk to

tha Lacle contnet (3), Thoe minority carrior barrior efficet has
also baen used to expliin the high Voa values of colls, ns-
sumling vory loeng minority carrler Ifetimes oxist in the ocoll
bulk {1), However, a prior study (5) showod no correlation
existod bhotween the Llocling cifectivencss of the back barrier
and the value of Vou of colls; saveral 10 R-em BST colls with
highly effectivo barrlers and good junetions had the same
value of Voo &8 eonventional 10 ﬂucm colls. The study of the
plmtovnltaic propurties of tho p .p, back junctlon of DSF
cells wns undortakon to help resolve the factors giving rise
to the Voo cheractoristios of BSF colls.

Procedurg

The p+, p cells stwlied wore [abrlcated from "parent!
n"', P p"’, BSF colls as shown [n i, 1. The back surfncos
of the BSF cells wero protected by aplezon and the top nt
surfnce ctched off, Following this, the motal contaot to the
back p+ surface was romoved with hydrochloric aetd, loaving
2 contxctloss p+, p struetura, A silver-aluminum contact (6)
was then applied over the entire "p" surface. The silver-
aluminum makes a low resistance ochmie contact to very high
resistivity "'p" type sllicon, an important consideration in the
study of high rosistivity p+, p cells,

Evaluation consisted basleally of mensuring and com-
paring the photovoltages of varjous ecells, The cells were
hald by vacuum suction, "p'" slde down, on the surface of n
thick brass block, Water, lept at a constant tomporaturoe,
was rapidly eirculnted through the block so that the block
temperature nlways cqualled the water temperature. A probe
contact was mada to the top, p+, surface of tho eells, A fab-
ricated contacl o this surfoce 18 not necessary for photovolt-
age mensuroment because it {8 so heavily doped, Photovolt-
ages wore meansured upon {lluminating the p+ surface of the
colls with tungsten lght, the Intensity of which was main-
tnined constant at a level normally used for meeeuring the
performance of conventional colls, MenrBurements were
made at 25° C, Vge VOTsUS temperature measurements
were made by varying the cireulating water tamperature.

RESULTS AND DISCUSSION

Mueh higher photovoltages were obtained from 100 8-cm
hulk p+, p cells than from 10 f=cm p+, p cells, as shown In
Table I, ‘The data indiecate that the Voo of p+, p cells In-
creases with inereasing "p" bulk thickness and rosistivity,
For valid comparisons, it is therefore necossary to mnke
measurements on equalty thick cells,

Table I shows that for equally thick 100 Q-cm p+, p



calls, the valuo of V, 00 ofa p+, p cell correlates divectly
with tho valug of Vo of ita "parent” B3F cell; thc highor the
Vog ol DBSF coll, lhn higher is the V_ o[ the p ,p cell
made from it, This suggosts that tho lncrcnucd Voc of BSF
colls 18 directly refated to o photovoltage genorated at thelr
p"', p back surfnce junctions, It should bo noted that BSF
colls have highor values of V. than conventional colls of
etunl resistivity oven at very low llumination tovels and,
correspondingly, vory low injection lavels, ‘The higher Y
cannot, thorefore, he an cffoct dependent upon high level in-
jnction,

As shown In Table II, V. values of 0.6 volt were ob-
tatned {n 100 §-cm BSF cells equal te the moximum values
obtalned in 10 f-om BSF cells, Thus, o mochanlsm exists
which makes the Vm of the BSP cell independent of bullkc re-
sistivity,

Solid stale voltage genoratore have charncteristic V
tomperature-cocificionts, As shown in Table I the V,,
tompamture coefficient of n*, , p cells 1s negative, that [s

o tecronscs g temporature inerenses, whoraans that of
p+ p cells is positive, The temporature coclficients of hoth
typos of coll Inerease with incrousing resistivity, ‘The data
Indicate thnt for the DSF, n” By p , cell, the coelficient of
tho back p , p junciion ndds to the coeffleient of the {front
n"', p junction to give high rosistivity BSF cells an ndvania-
gaor., unusually low V o tomperature coe[[lclent These
results further substununtu the concapt that tho p , p junction
functions as n voltage generator within the BSTE cell,

oc”

in 1053, Brattain published a theory for p+, p nnd n+, n
junction photovoltages {6). Basieally, n photovoliage I8 pos-
sible haeause of the difference In Ferm! level between the
p+, and p regions, In conformance with this concept, it hag
been observed, In production (2), that the maximum Voc
values of BSF cells made with boron diffused p rogions are
approximately 10 mV higher than those of BSF cells made
with aluminum diffused p+ rogions, This observatlon was
originatty made by the authors on small numbers of labora-
tory made colls, Itis presumod that the higher solubllity of
horon in silicon as compared to aluminum yields a greater
Fermi level differcnce for boron diffused cells.

The effocts of changes in the Formi lovel dliference
neross the p+, p junction can bo used to explain the unique
V, characteristic of BDSF cells, Tablo IV points out the
changos in Fermi-level-difference, AF, which theoretically
aceur as the "'p" bulk rosistivity of cells is Increased. A
decrease in AF theoretically should result in a decrense of
V o for any junction. Consldering the n+, p ecll, as "p" bulk
reslstivity is (nereased, AF s deereased, and, correspond—
ingly, V will decrense, As [llustrated, theld0fQ-cm p p
cell has u lower Voo 0.48 volt, than t.he 0. 65 volt V__ of
the 10 §-cmn ,p coll However, for p p cells, the Ln-
crease in "p'* bulk resistivity produces an incroase In AF
and an increase in Voo Tnble IV illustmtesrypothetlcnlly
that, by uddltion of V, values at the back, p', p, junciion
and the froni, n ,p, junc.f.[on we can account for the V.
values of BSF cells being independent of resistivity, Inan

analogous manner, tho independence of Voo-tcmpcmture-
coofflcient and bullkk resistivity of DSYF colls can be necountad
for,

A comprehensive theory for BSF cclls must aceount for
the additional unique Voo characteristio of such cells fllus-
tratod in Table V. DBST cells wore made from wafors taken
from the same reglon of an ingot using n selected nluminum
p+ process to ylold maximum Voc valuos. Equnl, high Vao
values were obtnlned for ull tho eolls made jrrospective of
coll thickness, In tho thickness runge [nvestignted of 0,010
to 9.033 Inch, Similarly, high voc values woro oblained In
10 pum thlek colls (5). This complete independeney of Vou
und cpll thiekness over such n large thicknoss range does not
appenr consistent with any mechanism [nvolving movement of
genernted minority corrlers to areate a back junction photo-
voltago, It is therelore proposcd that the p+, p junectlicn
photovoltage is genarated by majority earrler collection, ns
depleted in Fig, 2, Tho difforence in hole concentration bo-
twaen the p* nnd p rogions of the BSF cell resuls in diffuslon
ol holes from tho p+ regton Into the "p" reglun. A depletion
region and assoelated equilibrium hole densfty nre estab-
lished, Undor (llumination, cleetron-hole palrs are goner-
ated, primarily ot the [ront of the bulk, Most of the genor~
ated oxcess oleetrone leave the bulk by boelng collected at the
n+p junction, Excoss holes cannot cross the n+p junction be-
cause the n* region constitutes a hole barrler, The presenco
of the unbalanced axcess holes in the bulk disturbs the cqul-
ilbrjum at the p+p junction and a balanclng flow of holes Into
the p+ reglon (hole collection) takes place, Flgure 2 deplets
the photovoltage mechanism In its slmplest form, It {8 rec-
ognized that the bulk constitutes o [eedback element botween
the front and vear junctions, thercforo the volltage and cur-
rents al both junctions must be inter-related (7) The voli~
ages and currents are algo dependent upon the propertles of
cach element of the cell in accordance with semiconductior
theory.

Although n comprehensive theory has, as yet, not been
formulated, suffieient information hns been gathered to apply
BSF effects olffectively, The advantages of using high resis-
tivity silicon for cells are Improved, stuble characteristics
for very shallow junctions and Increased radiation damnge
resigtance, as reporied many yoars ngo(8), However, the
then known penalties proventing the use of high res!stivity
slilcon were low Voo Blgh bulk series resistance, and high
Voc-tcmpcmturc—coet’f[cinnt {8), This is pointed out in Ta-
ble VI, Since the Vnc and Voc-tempemmre-cocf[lclent of
BSF cells are improved and independent of resistivity and
thickness, it 1s now possible to make very high reslstivity
thin cells having Wgh quality extremely shallow junctions and
high initiel efficlency. Furthermore, such cclls can have
improved high temperature performance and radintion dam-~
age resistonce, The achievoment of Voe values of approxi-
mately 0.6 volt and high vaises of I, for 10 pm thick cells
(5) opens up new horlzons (or attaining high efflclency, ex-
tremely thin, low cost chemicatl vapor deposiled, CVD, colla.

Thus, BSF effects permit a new latitude in solnr coll
dasign.
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CONCLUSION

Tho ompirical study of BSF coll fabrication and charac~
teristios has revealed sevoral unique proporties of such
cuolls as woll as tho fabrleat!on controls nocossary to opti-
miza cell performanca, Possible mechanisms for BST coll
behnvior have boen consldered in the light of observations
made, ard it ig concluded that o photoveltage 18 generatod at
tho p*, p back junction of the coll, Soveral Umitations In
solar coll doslgn have been removed by the advent of the BSP
eell, Romoval of thogo limitations has made it possible to
fabricate high efftcienoy thin colls from high resistivity sili-
con, The advantage of this for spaco application les in Im-
provement o{ radintion damage resistance and reduction in
woight, whrreas, for terrestrinl applications, low cost-high
officlency cells aro nchicvable. It 18 also possliblo that do-
velopment and control of BST processing may result In the
highest efficlenclos being obtained from high resistivity BSF
colls,
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TABLE L - V,, OF p', p CELLS

Bulk resistivity, Thiclmess, Vg,
f-cm mils mv
10 il 5= 10
100 W] B4
FS T4
86 91

ORIGINAL PAGE Ip
OF POOR QUALITY

TABLE II, - V,, CORRELATION
nt,p,p*~p’p
[100 =cm, 10-mil thick,]

Cell Voar ¥V
100 f-om n+| P D+ F+1 p
443-3 0. 626 0,038
443-2 , 540 ,038
441-2 . 587 . 04D
467-2 .602 . 063
467-3 , 805 . 064
10 fi-cm 0.6 Max,

TABLE III. - V,, TEMPERATURE COEFFICIENTS

Resistivity, t~om 10 100

Cell type Tomporature coefficlent, mV/*3
ntp -2,3 -2.0

p*p 40,1440,002 40, 050,06
n*,p,p* 2,150, 02 -1,040,01

TABLE 1V, - FERMI LEVEL DIFFERENCE, AF, AND Voo
AF§—~ Vo ot

+ 4 + +
n,p p,p N,uPp

Ap "'p" rosistivity t, AF ¢ 4
Voo ' t No change
{, Increnses, | Decrenses
b phe nfinpt
v 10 Q-om 0.56 9,080 0.0
oc 1100 ft-om .48 . 120 .0

TABLE V. - MAXIMUM voc VERSUS
THICKNESS OF BSF CELLS

Thickness, A
mils v
0,4 0, 694
10,5 , 601
16,5 . 603
24,0 , 603
33,0 , 695

Bgpitaxial cell (5).
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TABLE VI, - THE SIGNIFICANCE OF BSF EFFECTS

Coll charaoteristia "'p" Bulk requiroment Conventional cell

Lightwelght
Low cost

Incronsed : .dintion

raeglstance

Bost junction
AN yalue

Stable junction
VAN valua

Low tomperafure
coeffieiont

Low serles resis-
tanee

Thin

Extromaly thin

High resistivity

High rosistivity

Iiigh rosisilvity

Low resistivity

Low raslativity

penally

Low efficloncy
Very low offi-
clenoy
Low cificicnoy
High tomporature
coolficient
Low cfliciency
High tomperature
coofficiont
Low cificlency
High temperature
coclfleiont
Poor junctions
High radiation
damnge
Low 'ac

Poor junctions

High radiation
damage

Low I, e

BSTF cffocts = thin-high resistivity cells; high efficlency,
low temperature coefficient, high radintion resistunce,
stable junetion, Lest junction "A" valus, supor blue responsc.
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