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SUMMARY ’

The primary objectives of this contract were to develop
an l8-percent efficient 700-mV silicon solar cell in 0.1 Q-cm
p~type material and the experimental methods for realizing these
goals. In the event these values were unattéinable, the contract
objectives were tn determine the limitations that prevent their
achievement and, through a thorough understanding of the device
physics, explain the mechanisms of the limitations.

Based upon existing solar cell theory, experiments were
designed to determine the velative impact of the various contri-
butions to the solar cell dark current. Bandgap narrowing, as a
result of heavy doping, has a deleterious effect on the dark cur-
rent from both the surface and the bulk of th#(emitter. Even
though heavy doping effects in the emitter (n~type silicon) were
found to be less than predicted by many models, the magnitude of
these effects is such as to have the greatest single impact on
solar cell performance. Surface recombination velocity was also
identified to be a limiting factor. After removal of the effects
.of high surface recombination from the metal-silicon interface of
the grids, there remains significant recombination at the rest of
the surface that dominates in cells with shallow junctions.
Electric fields in the junction region were found to affect cell
fill factors, and various emitter doping profiles were tried in
an effort to improve £ill factor and open circuit voltage.

Although the effects described above could not be
altered enough to result in achieving either 18-percent effi-
ciency or 700 mv, several improvements were realized. Reductions
in the emitter and bass dark diffusion currents were accom-
plished. Minority carrier lifetimes in the base were improved by
low temperature getterihg techniques to the pdint where 0.1 9-cm
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lifetimes were comparable to those normally seen in 1 9-em mate-
rial. Induced n-type layers (created by applying surfacs charge,
or forming MIS structuras, for the purpose of studying the, ef~‘”
fects qof heavy doping and surface recombination) in MIS cells
were effective in achieving dark saturation current densities as
low as 2 x 10713 A/cm?, Electrostatic surface charge was found
to alter open circuit voltage in cells with low doped emitters by
as much as 100 mv, . ‘ N

The best cell, resulting from incorporating as many of
these improvements as possible, achieved in the work of this conr
tract was an n*-p, diffused junction cell which had an open gir-
cuit voltage of 654 mV under AMO at 25°C. This is the highest
open circuit voltage ever reported for this type of cell. The
reasons for lack of improvement beyond this value of open circuit
voltage are discussed, |

N
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1. INTRODUCTION

over the past few years evidence (1] has been accumu-
lating for mechanisms which limit the efficiency of silicon solar
cells to significantly less thawn the idealized theoretical maxi-
mum (2] of about 24 percent AMO. Once recognized, these limiting
mechanisms can be removed, bypassed, or at least reduced in their
influence [3].

Bandgap narrowing, resulting from heavy doping, is one
mechanism that limits cell open-circuit voltages. Recent efforts
have sought to provide a consistent theoretical and experimental
basis for predicting the extent of this limitation [4-8]. Other
efforts haves sought to reduce the consequences of bandgap narrow-
ing by use of ion iwmplantation to control junction profiles [9);
by use of high-low emitters to isolate the heavily doped regions
[10]; and by use of charged oxides or metal-insulator semiconduc-
tor (MIS) structures to induce a high carrier concentration with-
out the need for high doping concentrations [l1]. Other voltage-
limiting mechanisms such as surface recombination velocities [12]
and junction recombination currents [l] have been identified.

The purpnse of this contract was to develop a 0.1 f~cm
silicon solar cell that under AMO illumination and at 25°C would
have an efficiency of 18 percent and an open circuit voltage of
700 mV. In the event these values were unattainable, the secon-
dary objective was to determine and explain the mechanisms of the
limitations that prevent their being achieved. To fulfill these
goals, a major effort was made to confirm the limiting factors
and overcome them, where possible. Results of this contract will
pertain to all solar cell work in that simple theory is supported
to explain limitations in cell open circuit voltages. In addi-
tion, experimental techniques were developed which have improvéd

1-1
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terrestrial and space silicon solar cells and which might also
improve characteristics of cells made from other materials,

The theoretical and experimental bases for this effort
are described in Appendix A (1]. A discussion of the cell limi-
tations and the technical approach to reducing these limitations
was presented at the Third High Efficiency Solar Cell and Radia~
tion Damage Conference in 1979 [3]. Parts of the proposal for
this contract (Appendix B) cover the material presented at ‘that
time. /

The theoretical limits for shért circuit current in
silicon sclar cells have been approached by use of nonreflective
surfaces, wrap around contacts; and sawtooth oovecslides (see for
example reference 13). The £ill factor should increase with in-
creaged open-circuit voltage, Vgo. To achieve the la¥pg:gent
efficiency at AMO and 259C, one must obtain open circuit voltages
in excess of 680 mV. Since the current limits were already
reached, new technology would be needed only in the voltage
study. In concurrence with the NASA technical monitor, the plan
of attack was directed toward the 700-mV goal. Tha open circuit
voltage depends primarily upcn the dark diffusion current contri-
butlons from the emitter and base of the cell. This report is
divided along these two lines with an additional chapter on spe-
cial structures included to delineate promising devices that do
not necessarily fit the theory and practice of diffused n*p solat
cells. Another chapter is included to address the impact of pro=
‘cessing, to improve voltage, on the other cell characteristics.

o 1-2
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In material with resistivity, p, on the order of
1 f-cm, the dark diffusion current (~2 x 1012 p/cm?) from the
base dominates the open circuit voltage.* When the resistivity
is reduced to p # 0.1 Q-cm, the computed value of this dark
cugrent, Jgp, from a 0,02-cm thick base is lowered to
Jap ¥ 1.0 £ 0.6 x 10733 a/em?, |

The contribution to the dark current from the base can

be written as

qnfD (8Ln/D) cosh (W/Ln) + sinh (W/Ly)

JdP = NaLn |(5En/D) Binh (W/Ln) + cosh (W/Lp) (2-1)
where
q = electronic charge = 1.6 x 1019 ¢
D = minority carrier diffusivity = 10-~15 cm?/s
Np & acceptor doping level = 1.5-4.5 x 1017/cm3 (p = 0,1 f-cm)
L, £ minority carrier diffusion length > 0,02 cm
ny & intrinsic carrier concentration = 1.2-1.5 x 1010/cm 3
W £ base length 2 0.02 cm
S = back surface recombination velocity = 104-10€ cm/s

The range limits indicate the possible choices for NA,kni, and D
obtained from the literature; the value of L, for the particular
cell; whether or not bandgap narrowing in the base is assumed; |
and the influence, which is reflected in the value for surface
recombination velocity, S, of the back surface. The value of the

¥See Appendix A for a review of the diode equations, etc.

2~1
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bracketed term in equation (2-1) is shown in Figure 2-1 as a
function of W/L, and SL,/D. The impact of cell thickness and
surface reccrbination velocity on dark current are clearly
exhibited in this figure.

From equation (2-1), it can be seen that reducing § and
D or increasing Np will lower Jqp and thereby increase the open
circuit voltage. Since L appears in functionally different
forms, an increase of L does not necessarily reduce Jqp. The
following sections detail the reductions in Jqp that were antici-
pated, based upon theoretical grounds, and the positive results
and limitations encountered during‘the contract.

2.1 Pt BACK CONTACTS

A pt layer should reduce recombination at the back sur-
face, thereby decreasing Jgp, increasing the open circuit volt-
age, and increasing the collected photocurrent. TIf the pt layer
is very effective, then the value of S (surface recombination
velocity or SRV) in equation (2-1) is very low and the terms con-
taining S can be ignored. In this case,

2 .
qn i W

i ;
Jgp & NaLn tanh [ (2-2a)

If Ln > 3W, then tanh(W/L) = W/L, equation (2-2a) becomes

2
Jép g 3232? (2-2b)
dP = NL2

and the dark current is minimized by reducing W or increasing L,
or Np. ‘
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Pigure 2-1, A Family‘of Curves Showing the Bracketed Term in
Equation (2~1) as a Function of W/L and SL/D
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If the pt barrieﬁ;is not very effective, then the situation is
much more complichted. Reference 14 gives an excellent descrip- -
tion of the means of calculating S and its impact on Jgp. (S‘of
Reference 14 is our S times Ln/Dn.) In brief, the effectiveness
of the p* layer depends upon the height of the p-pt barrier
expressed as the ratio of the doping concentrations in the two
regions, Na+/Np; the greater the ratio, the higher the barrier
and, therefore, the lower the value for S. In general, the SRV.
also depehds inversely upon the rate of recombination in the pt
layer and, therefore, the better the diffusion length in this
layer the lower the value for 8. Unfortunately, heavy doping ef=
fects tend to keep the effectlve pt doplng from ‘increasing as
rapidly as the actual doping increases and the p-p* barrier to
minority carriers is, therehy, reduced. This results in an
incresse of dark current generated in the p* layer. Data exist
indigéting bandgap narrowing of 42 mv at 1018/cm3 boron

doping [8] and 15 mV at 2 x 1017/cm3. The theoretical potential
barrier resulting from a p-type doping level change from

2 x 1017/cm3 to 1018/cmd would be ~40 mvV so that with béndg?p
narrowing, the net barrier for electrons would be ~33 mv*, év-
less than kT/q. Likewise, at 1019/cm3 thé bandgap narrowing is
~68 mV combared to the theoretical p-pt barrier of ~100 mv.
Kgain, the nét‘barrier to electrons is 2kT/q. The referenced
data extend only to Nj = 0.3 x 1020 /cm3, If the bandgap nar-
rowing levels off somewhat at doplng levels greater than
1020/cm3, then an ionized acceptor concentration (pg) of

3 x 1029/cm?® should improve the barrier beyond 2kT/q with a cor-
responaing improvement in collected photocurrent and a possible
reduction in dark current. (However, Auger recombination may be

¥40 - (42~15) = 13 nmv
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be so high at this doping level that no decrease in dark current
is observed.)

A p* layer of 1.5 x 102%/cm3 would have an effective
doping of between 3 x 1017 and ~1039/cm?3 (as a result of bandgap
narrowing), D 2 1 - 3 cm?/s, and L, & 1 = 10 x LO”5 cm. These
large ranges of uncertainty in both effective doping and minority
carrier diffusion length are obtained from the literature. If
the most optimistic of these values are correct, a pt contact
with a low barrier (~4 KT/q) would result [14]. Unfortunately,
the generally accepted values (resulting from experiments to mea-
sure heavy doping e¢ffects [6],[8] and Auger recombination life~
times [15]) indicate that such a heavily doped layer on 0.1 f-cm
material would bhe little better than an ohmic contact (see Sec-

tion 3.4). , ,
Aluminum, when alloyed into the back surface, produces

cells with good base diffusion lengths. However, on 0.1 f~cm
material, no effective p* layer has been observed from this pro-
cess. Boron, which has a much higher solid solubility in silicon
than does aluminum, could provide the high acceptor concentra-
tions necessary to create an effective p* layer. Emulsitone
0317D, which should provide surface concentrations on the order
of 102%9/cm3, was used to form these layers (runs 1403, 141},
1423, and 1433). Since the boron doping level does not reach the
critical 3 x 1020/cm? level, the resulting values of Igc and
gamma cell* currents should be, and are, comparable to those from
the lower doped aluminum p+ backs. Some improvements of boron
over aluminum [17] have been observed in highar resistivity

*That current, Iy, resulting from the uniform carrier generation
provided by a 69Co gamma cell, which is used to determlne L [16]
(large Iy implies large U). .




ORIGINAL PAGE I3
OF POOR QUALITY

material (up to 1250 Q-cm), but no attempts have yet been made to
optimize the boron pt layers as has been done:for aluminum. (The
boron p* layer work is discussed in the next section and in
Appendix C.,) Of particular interest would be the use of laser
annealing for very high concentrations of active boron
(>3 x 1020 /cm3) [18].

Alternatives to the laser annealing process for lower-
ing the SRV would be the use of an MIS back contact [19] or a
well passivated and/¢r charged oxide layer with very low area
metal contacts distributed across the surface. Both procedures
might benefit from a slightly increased doping at the back sur-
face since boron tends to out-diffuse during growth of an oxide.
The metal contact area must be very low (<1 percent) in the sec-
ond procedure or no benefit wili be derived on 0.1 @-cm material.

2.2 BASE DIFFUSION LENGTHS, Lp

With the understanding that no significant improvement
is likely from a p* back on 0.1 9-cm material, equation (2-1) in-
dicates that increasing the minority carrier diffusioh length is
the most likely candidate for reducing the dark current contribu-
tion from the base. Figure 2-2 explicitly displays the depen-
dence of Jgp on L (W = 0.02 cm). It is noted that with an ohmic
or near ohmic contact (S/D > 1,000), the bracketed term in equa-
tion (2-1) reduces to coth (W/L). No improvement in Jgp with Ly
can be expected when L > 2W since coth (W/L) = L/W and °
equation (2-1) reduces to

Jgp = = ‘ (2-3)
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(SL/D) cosh (W/L) + sinh (W/L)
(A} = TSL7BY SInR (W/L) F cosh (W/LY

2°°'|‘1|'|||r|'||

100 |-

S0 |-

[Al/L

L/W

Figure 2-2. A Family of Curves Showing the Diffusion Length
: Dependent Terms in Equation (2-1) as a
Function of L/W and S/D
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Given the present cell thickness of ~200 uym, and typical diffu- ?
sion lengths in the range of 200 < L, < 400 uw, impﬁcvement from

increasing Ly beyond 400 um is not expected (Figure 2-2). How-
ever, with an ohmic back contact.and Lj = 400 um, a factor of two
decrease in Jgp could result from increasing W to 800 um r
(Figure 2-1). ) ;
In the low diffusion length regime (L < W/2),

coth (W/L) = 1 and equation (2-1) reduces to

[

—

Jap * "NWain (2-4)

Diffusion length is obviously important in this case.

Most of the sclar cells fabricated during the contract
(W = 200 ym) exhibited diffusion lengths with W/2 < L < 2W., If,
in addition, the pt back layer is effective enough ‘to have the
ohmic cgntact COndiﬁion break down, the dependence of Jgp is
¢closer to that of equation (2-3)., For 630% mv cells from this
-contract, a large drop in L, (e.g., as a result of irradiation)
must be experienced before any significant effect on Voo is ob-
served. (A reduction of L to L/2 results in less than 5 mV drop
in Vge.) This wcuﬁd indicate that Lp is in a range such that Jgp
is not sensitive to large reductions in L (the right side of the
S/D > 1000'curve of Figure 2-2) and/or the total dark current is
strongly dominated by the emitter or some other source. In the
first case, Lp must exceed 500 pm; this is possible, but the sec-
ond case is more probable. In the case of 650-mV cells, Jg is
lower by a factor of 2. If we assume that the emitter current
has been reduced to achieve this Voo, then Jgy must be reduced by
more than 2X and Jyp may dominate the dark current in such a
case. Irradiation of 0.1 and 0.2 9-cm cells was carried out to

2-8
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alter the base diffusion length and to distinguish the Jgqp and
JdN contributions (Appendix D and Reference 31).

A large body of diffusion length data was obtained dur-
ing this contract and several trends can ‘be observed in
Table 2-1, The results of a series of experiments in which the
heat treatment and the p* layer dopant.were varied (Table 2-1)
point to a weak dependence of V,, with respect to L when
Iy > 6.0 mA. With a few exceptions, the gamma current of the
. cells increases with increasing time and temperature of heat
treatment., Several cells are displayed that have low voltages,
but with Iy 2 6 uA, indicating a dominant failure mechanism other
than the bulk diffusion length. 1In several cases the dark
diffusion current, Jgq, is included for comparison with Iy and
Voce It will be noticed that the cells of set 1441 (all with
Iy < 6 pA) display a strong inverse relationship between Iy and
J3. The high values of Iy would correlate with a reduction in Jg
only if the base were contributing to the dark current. However,
set 1440, which exhibits some of the best values of Iy in
Table 2~1, has higher average values of Jq than does set 1441.
The implication is that while the base diffusion length and the
- quality of the back contact (both together represented by IY).cap
influence the dark current in these cells, some other source of -
dark current has a greater effect. The most probable SOurc¢ is
the emitter (see Section 3). If this is the case, the emitter -
appears to be influenced by heat treatment and/ox the nathre of
the back surface during such treatment. The c¢cell voltage can
also be influenced by junction recombination currents, Jy as well
as by the diffusion currents. Cells 1441-1 through 4 are
examples of this. Their low values of Jg should provide about
5 mV greater Vg than that of the other tells in the set if Jp

were ignored. However, the junction recombination ‘currents of °
‘ ) , g

- 2~9
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the former are about twice those of the latter cells and this
reduces both the f£ill factors and the open circuit voltages.*

Cells with boron diffused p+ back contacts (set 1423
for example) can achieve values offiy (given long anneal times)
comparable Lo cells with aluminum p+ backs but their voltages and
base diffusion lengths are not consistently as high as those of
cells fabricated more simply and quickly with high temperature
aluminum. Appendix C describes a self-consistent model of get-
tering that compares the action of various diffusants and pro-
cesses on bulk lifetime in silicon. :

2.3 BASE THICKNESS, W

A means of reducing base dark current contribution in
high resistivity material is the reduction in base thickness W if
a good p* back layer can be achieved (Figure 2.1 and eq. 2-2b).
However, as mentioned in Section 2.1, a good p* back cannot be
achieved with 0.1 Q-cm substrate material and so the best to be
expected is a relative independence of bulk dark current on cell
thickness once W becomes greater than ~2L. On the other hand, if
a very thin layer of higher resistivity p-type silicon were used
between the emitter znd a p* substrate, an effective p-p*~barrier
results and equatinn (2~2b) pertains (since t = L2/D, E
Jgp = qniw/NAr);f If the p layer were 2 9-cm and 10 um thick
instead of 0.1 8-cm znd 200 ym thick (n*ppt vs n*p*), if the
lifetimes T were comparable, and if the p* back contact were per=
fect (S = 0), the base dark current would be lower in the 2 a-cm

*The junction recombination current is deduced from the I~V
curves by a computer £it to the diode equation which contains, a
term in exp(qV/nkT), where n 2 2 (see Section 4.1).

2-12
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case. As a means of evaluating such thin base structures, epi-
taxial layers on ~0,01 f-cm substrates have been made into solar
cells. Initial attempts have been carried out with commercially
available material (2-9 g-cm, 11+30-um thick epi layers on

0.01 f-cm substrates) to determine feasibility of using this type
structure., The short circuit currents were low, as expected from
such thin active layer devices, and correlated well with epi
layer thickness. The voltages were lower than those from n*p*
control cells or those predicted by simple theory. That the
voltages are less than simple theory is not unexpected since per-
fect p* backs cannot be obtained even on higher resistivity
material. If the epi layer is good, this technique provides a
means of determining bandgap narrowing in heavily doped p-type
silicon. However, the cell £ill factors were low and so indicate
a problem with the epi material. Work in this area was, there-
fore, not pursued.

On several occasions solar cells of basically the same
material but different thicknesses were fabricated. The strong
dependence of gamma current on cell thickness (Table 2-2) points
to long diffusion lengths (L, > 200 um) and ohmic or near ohmic
back contacts. The maximum Iy, values indicate non-ohmic back
apntacts and/or extremely high values for L.

Table 2-2, Influehce of Cell
Thickness on Gamma Current

Iy(ud)
Material
Avg. Max.
COMSAT 0.1ficm | "
8 mil 6 6.8
10-11 mil 72 8.4
NASA 0O.1l0cm
9 mil 6
25 mil- 12




2.4 BASE_DOPING CONCENTRATION, N

As another means of determining the relative contribu-
tion of the base dark current, 0.2 fi-cm cells were fabricated in
parallel with 0.1 @-cm material. Use of equation (2-1) indicates
the influence of this change. D is silghtly larger for the
0.2 fi-cm material; therefore, Np should decrease by a factor of
>2 and L should increase somewhat. The increase in L should not
change Jgp much (as discussed in Section 2.2), but the reduction
in base doping will increase the effectiveness of the p-p* bar-
rier. The improved barrier will increase Iy and Igc but will
have little or no effect on J4qp since the dark current contribu-
tion from the p* layer is unchanged. The net result is that, if
the cell is base-dominated, (Jglg,2 5 2 x (Jg)o.1 and Vo of the
0.2 92-cm cell should be 518 mV less than that of the 0.1 fi-cm \
cell. In actuality, the results (set 1402)%bonfirm the increase
in Iy but reveal only a 9 mV lower Vp¢ reiative to the 0,1 Q-cm
values. The small difference indicates that contributions to the
dark current from the pt layer and/or the emitter dominate that
from the bulk. ;

Irradiation, sufficient to lower the diffusion length
of both 0.1 and 0.2 9-cm cells to approximately 40 um; was used
to establish the relative contributions from the base and emitter
of these cells. If we assume that the contribution from the
junction is small compared to that from the emitter and bhuik,
calculation for an unirradiated 635 mv, 200 pm, 0.1 Q-cm cell
indicates that the base dark current is less than 30 percent of .
the total dark current. If the pt layer is a‘perfec% reflector
(s = 0); the contribution from the base is about 28 percent of
the total dark current for che unirradiated cell. If the p*
layer is ineffective and acts as an ohmic contact, then the

2-14

) &r oy




T R i S = ST T ¥ (IR RO PSS e Shahht s habsa it VR TV, e e v e e

/6

contribution from the base is negligible. The real case is
somewhere in between, Similar calculation from the data for &
0.2 2-cm cell indicates the base contribution to the total dark
current to be less than 50 percent prior to irradiation.

- A later experiment, comparing 1 g-cm and 0.1 f-cm cells
(set 1455), proves that excellent diffusion lengths can be main-
tained for material below 1 f~cm. Assuming that the 1 f-cm cells
are voltage 1imit§duby the hase, an increase in base doping by an
order of magnitude would increase Voo from 605 to 665 mv, if
n =1 and no conﬁxibution from the emitter were experienced in
the 0.1 Q-cm cells. On this basis, 650 mV, 0.1 Q-cm cells (with
the same diffusion length) have about equal dark current contri-
butions from the base and the emitter.

Heavy doping effects could influence the base bulk con-
tribution to the dark current [8] even at a resistivity as low as
p = 0,1 @-cm (2 - 4 x 10 7/cem3), If these effects are not
strong, if the diffusion length dwes not change rapidly with p,
and if the contribution from the p* layer is small (or the cell
is made thick enough), then lowering the bulk resistivity could
be an important means of reducing the total dark current for
660 mv cells. .

2.5 MINORITY CARRIER DIFFUSIVITY, D

The last variable to be discussed in equation (2-1) is
the diffusivity, D. Normally, this term is assumed constant for
a given doping concentration; however, two earlier observations
might indicate a source of variability. We have commented on the
apparent insensitivity of Vyo to variations in L for unirradiated
630-mV solar cells (Section 2.2) and attributed this to a

.
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dominant emitter dark diffusion current. Another explanation is
that stress generated by the cooling of a silicon-aluminum alloy
on the back of a ﬂell might lower D throughout the cell and,
thereby, result ﬁn a lower Jpp compared to an unstressed cell
with the pame measured diffusion length. In addition, unexpec-
tedly low quantum yield results (Section 4) in cells fabricated
with a double diffusion process [20] sould support such a hypo-
thesis for the emitter region and front portion of the cell,

' In recent work at NASA/Lewis (private communication, -
Vic Weizer), the alloyed region was removed from the back and

rediffused with boron., This process should remove stress arising‘

from the Al alloy in the cpll without disturbing the ppt field
created by the Al diffusion front. No change in Igs or Voo was
noted, so a change in D from stress appears unlikely in the base
as a result of the p™ back diffusion.

2-16
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3. EMITTER

The previous section indicates severe limitations on
the reduction of dark diffusion current from the base. However,
significant data exist (e.g., Table 2~1 and Section 2.4) to indi~
cate that base parameters may influence but do not dominate V¢
and, therefore, it is concluded that a major portion of the total
dark current in mest present cells (630-640 mV) must come from
the emitter. Sources of the emitter dark current, Jqy, include
the grid contacts, the oxide-silicon interface, and the bulk of
the emitter. Each of these regions has heen studied experimen-
tally in an attempt to minimize Jgy. A simplified model [1] is
used for shallow junction solar cells in order to facilitate dis-
cussion. The assumptions in this model are:

a. The doping profile consists of a thin (depth
Ws 2 0.03 um) heavily doped layer near the surface followed by a
lower doping concentration which grades down to the junction;

b. Bandgap narrowing is intense in Wg; ‘

c. Auger recombination dominates lifetime in Wg;

d. Yark current from the low-doped region of the emitter
is negligible compared to that from Wg;

e. All photogenerziced carriers transit the low doped
region without loss; and . N

f. The dark current from the surface can be obtained by a
linear combination of contributions from the metal contact area
and from the oxide~-covered area. The emitter dark current (Jgy)
can, therefore, be written as

Jau = An/A)TNy + (1 - An/A0)ISy (3-1)

Endad; P e e T e e B R s it e T e 1
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where Ap/Ag is the fractjon of the total cell area contacted by
métal. /

~ In view of assumption d, the emitter dark current term can
be written as: ‘

4PoPp Sp + (Dp/Lp) tanh (Wg/Lp)
dN ©  Lp (Dp/Lp) + Sy tanh (Wg/Lp)

J (3-2)
which can Le simplified since (as seen below) Wg << Lp. There-
fore, tanh (ws/Lp) §~WS/Lp and, with 1/t # D/L?,

Sp + Ws/T

. o
Jan ¥ o T SpWs/D

(3-3)

The dark current from the metal cbntact area (Jgﬁ)'

becomes
2
njy b
m o —— ' -
JdN g q N (3-4)
D 1

since Sp (the SRV of the metal interface) has a very high value
(for ohmic contacts ~10% cm/s) and pq =-n§/NB. The dark current
from the oxide area (JgN) becomes

2
Jo. =g -—= - +(3=5)

) ‘ '
where Np is the effective doping level in Wg, Sg is the SRV of
the oxide 1nterface, Ta is the Auger llfntlme, and the other sym-

bols have their usual meanlng.
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Some typical values for the surface layer are:

Donor density ~ Np ¢ 2 x 1020/cm3
Effective donor density Np* =z 1038/cm3
Auger lifetime for Np T 20,3 -1x 107%s

mn

Diffusivity for Np D 21 cm?/s

Surface Layer thickness Wg 21 - 3 x 1076 cm
SRV ' So 25 x 103 cm/s
Intrinsic carrier ng 1.2 x 10'0/¢m3
concentration

2-3 x 105 om

[
>
m

Diffusion Length in Wg

As can be seen from equations (3-1) and (3-4) the dark
current from the metal contacts can be reduced by reducing the
contact area or increasing the thickness of the heavily doped
layer beneath the contacts (so that Wg + Lp). The dark current
contribution from the oxide-silicon interface and emitter bulk
[equation (3-5)] is reduced by lowering the surface recombination
velocity S, and the heavily doped surface layer (Wg/ta) term.
(For our normal values of S, and Wg the SoWg/D term in the denom-
inator of equation (3-5) can be ignored.) It is apparent that
heavy doping effects {which lower Ns) increase the dark current
from the emitter bulk, the contacts, and the surface.

3.1 CONTACTS
With a normal grid contact area of about 5 percent of the
solar cell surface, the calculated dark current contribution from

this area is 2-5 times greater than the contribution from a
reasonable oxide-silicon interface. By restricting the contact

L 5 T e



area to small holes through ﬂhe oxide, the ohmic contact area can
be reduced by nearly two orders of magnitude, to only 0.1 percent

of the cell area, and thus its contribution to Jqy should’be in-
significant, or at least much less than that from the oxide [1].

Histori§ally, COMSAT Laboratories has fabricated solar cell
~contacts by eGk@brating Ta metal over the cell surface and then
Cr-Au grids on top. During the thermal oxidation of the Ta to
Taj05(525°C), near ohmic contacts were made (Sp 2 4 x 105 cm/s,
[1]1). The present low area contacts are made by: a. evaporating
Ta over a photoresist/grid patternfwhich is then lifted off;

b. oxidation of the remaining Ta which provides an AR coating
with narrow bands of bare silicon exposed; and c. deposition of
Cr=Au grids and pads aﬁkright angles to the exposed silicon. The
resulting cross-hatch pattern of grids across open lines in the
AR coating provides point contacts that are approximately

1/4 mil x 1/2 mil rectangular "dots." An additionalyadvantage of
this process is that the contacts are not heated; and, therefore,
the contacts have a lower SRV than would be expected from an
ohmic contact. With Sy < 3 x 105 cm/s, J?N would no longer he
accurately described by equation (3-4) and the contribution to
Jgy is less than that from ohmic "dot" contacts. |

3.1.1 - CONTACT AREA

A set of 2~ and 0.12-2 cm cells [1l], processed identi~-
ICally except for the grid contact area is compared in Table 3-1.
The low contact area is seen to have an effect even for the
2-Q ém cells. In the 0,12 9-cm cells, where dark current from




the emitter dominates, the impact of the contact area is quite
strong.

Table 3-1. Influence of Grid Contact Area on
Different Resistivity Cells

Substrate Grid Metal to Jq, Total Dark Open Circuit
Resistivity | Silicon Contact | Diffusion Current Voltage
(9-cm) (%) (pA/cm?) (mv)
2 5 2.8 " 598
0.12 5 1.8 606
0.12 0.14 0.8 616

A set of cells (1410) was fabricated to test the effect
of reducing the area of present contacts by comparing the open
circuit voltage of medium and shallow junction (Xj‘= 0.3 - 0.4
and 0.1 um) solar cells with 5-percent and 0.l-percent contact
area. The 5-percent contacts were laid "in," not "across" the
open spaces in the AR coating, but still were never heated.

Table 3-2 displays the results and indicates that even medium
junction-depth cells are slightly influenced by the present metal
contact area if the heavily doped layer (Wg) is not too deep.

The difference in Voo between the 5-percent and 0.l-percent area
contacts is only about 7 mV on the shallow junction 637-mV cells
as compared to 10 mV on 616-mV cells in Table 3-1. This indi-
cates that the SRV of the present metal contacts, which are never
heated, is significantly less than the 7 x 105 cm/s reported
earlier [1] (and in Table 3~1) for Cr contracts heated to above
300°C. The fact that the change in V4. is greater for the shal-
low junction cells than for the medium junction cells when Ayp/A¢

1
I

varies (Table 3-2) indicates that minority carrier transport




between the surface and the junction is not as good in the case
of the thicker emitter. This conclusion is strengthened by the
higher blue current (Ip) seen in the shallow-junction low contact
area cells. It should be noted that the relatively constant
value of £ill factor verifies that no increase in series resis-
tance has resulted from the reduced, or dot, contact area.

A comparison (in Table 3-2) of cells 1 and 2 with cells
5 and 6 shows the slight average increase in blue reéponse ex~
pected from shallow junction cells; however, a significant drop
(~5 mV) in Voc is also observed. The loss in Voo for the 5~
percent contact cells with shallow junctions points to the quali-
tative agreement of data with equation 3-4 and the dominance of
the contacts in equation 3-1. The Vg5, of the shallow=junction
low contact area cells (7 and 8) is not greater than that of the
deeper junction cell 3. This points to the SRV of the oxide-
silicon interface as the limiting factor in the emitter of these
cells (which were designed to minimize the dark current contribu-
tion from the bulk of the emitter, see Sections 3.3.1 and 4.1).

Table 3-2. Influence of Grid Contact Area on
Different Junction Depth Cells

Junction Depth* | Contact Area Voe Ip { Fill Factor
1410-1 0.3~0.4 um| 5 % 635 mv| 39 0.79
1410-2 0.3-0.4 ym| 5 % 635 mv| 38 0,79
1410-3 0.3-0.4 ym| 0.1 % 638 mv| 38 0.79
1410-5 0.1 um 5 % 628 | 40 0.79
1410-6 0.1 um|{ 5 % 632 39 0.80

- 1410-7 0.1 um 0.1 % | 636 41 0.79
' 1410-8 0.1 ypm 0.1 % 637 | 42 0.76

*Estlmated junction depths based on measurements made on
silicon wafers treated in a like manner.
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3.1.2 GRID SPACING

An experiment (set 1420) was carried out to check the
effect of the grid structure on shallow-junction solar cells
because it was noticed that 2 x 2-cm, 0.1 fi~cm cells made with 45
line patterns consistently displayed lower V,. than like cells
with 60 line patterns. Line densities were varied (45/cell,
6G/cell, 89/cell, and 178/cell) and it was observed that V,q
increased with increasing density up to 60/ce11.and then leveled
off. It has been suggested that increagnd line density would
reduce the excursions in surface potential at V5. that are
revealed in a 2~dimensional analysis of a distributed resistance
model [21]. This explanation has not been conufirmed for the con-
tact geometry and sheet resistivities typical of our cells.

3.1.3 LOW SRV CONTACTS

The processing to form ohmic contacts typically either
severely disturbs or heavily dopes the contacted surface. A suf-
ficiently disturbed surface under the contact is a strong source
or sink of both type of carriers. An adequately doped surface
results in a Debye length that is short compared to an easy tun-
neling distance. An aluminum alloy step is probably a combina=
tion of the two cases, although the dominant nature is process
dependent. S
If the material to be contacted is already heavily
doped, most contacts will be ohmic in the current density range
of interest without processing beyond the evaporation step; “The
surface recombination velocity of such a contact would be'low,
‘but could be increased by heating; however, for most purposes



this is unnecessary, To put this in perspective, consider an
ohmic contact with an SRV of 106 cm/s on a material actively
doped to 1020/cm3, The charge ELow, that would introduce a
0.1-mV voltage drop in the contqcted material, will create at the
surface a deficit of majority cdwriers (in the limit of small V)
An = qVno/KT = 4 x 1073n,. The ¢jirrent density through the con-
tact will be é :
J = An+qe*S = 4 x 10-3 1020 . 1,6 x 10-19

¢ 106 «~ 6 x 10% A/cm?2,

Our "dot" contacts (6,000-9,000 per 2 x 2 cm cell, 5 x 10 um), if
ohmic, could carry 30 mA/dot (3 orders of magnitude more than
required). Therefore, even if the SRV were 10" cm/s no resistive
losses would be expected at the contacts. ‘If,'howevar, the dop-
ing in the material is lowered, the current capacity of the con-
tacts decreases markedly as n decreases, since the tunneling dis-
tance becomes longer and, therefore, the barrier is less likely
to be penetrated (s decreases). Another problem is the voltage
loss associated with the reduced current capacity of the less
heavily doped emitter layer and the current concentration about
the dot contacts (Section 3.1.2).

When the material doping becomes too low, unheated
contacts become resistive and high current densities result in
voltage drops at the contacts. Under these circumsﬁances, dot
contacts become detrimental to solar cell characteristics.

Larger area contacts, with their lower current density, would not
have such an effect. Large area contacts are also more likely to
'have localized regions of high conductivity in the interface.
(The density of these small regions is assumed to be the same
regardless of contact area.)

3-8
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Small local regions of high conductivity in a large
area rectifying contact become like dot contacts on a heavily
doped emitter structure. However, such region in dot contacts
may be far enough apart that severe surface resistance limita-
tions are encountered, especially since the sheet resistivity
(pg) of even a thick, low-doped emitter is generally higher than
that of a heavily-doped, very thin emitter. (An emitter doped to
1019/cm3 would have to be ~2 um deep to bhe comparable in pg to a
0.2 um emitter doped to 1020/cm3,) Figure 3-1 displays the I-V
characteristics of a low doped emitter with dot contacts. The
central curve is the AM0 response with no surface chuarge added.
The cell, when forward biased to voltages beyond the ankle near
Voc: Will result in a flattened curve between 0.5 and 0.7 V.
Beyond this region, a second knee is observed and the curve turns
down again. The total curve is identical to an illuminated diode
in series with a dark diode. The upper curve indicates the
influence of positive charge on the surface of this cell (see
Section 3.2.1). Even though the SRV of the cell is reduced (as
seen in the increased current and voltage), and the sheet
resistivity is lowered by accumulation of majority carriers in
the emitter, the curve shape does not lose the ankle near Vyg.
The reason is that the charge cannot influence the region below
the grids and, therefore, cannot alter the tunneling barrier.

The lower curve is the blue response characteristic (with posi-
tive charge) and confirms that sheet resistivity is not the cause
of the unusual curve shape since reduction in currznt does not
alter the shape. TIf the contacts and AR coating are removed and
replaced with full grid contacts (Figure 3-2), the curve shape is
returned to a more normal solar cell characteristic. (No change
in surface doping or contact material was made.) This identifies
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the curve shape problem as due to rectifying contacts and not
contact spacing. !

MIS contacts (which have an insulator deliberately
placed between the metal and silicon) would not have the same
problem on low~doped substrates because: 1) they are geherally
larger area, and 2) they accumulate cha:ge under the contact and
thereby reduce the tunneling distances to near that of the thin
oxide. Therefore, good MIS contacts display low resistance and
low SRV regardless of the substrate doping (Section 6.1), (For
low doped emitters, use of dot contacts may Dot e necessary for
low net SRV, but it is unlikely that full area contacts could be
used if they are heated.) The metal used on the MIS contacts
should have a work function lnw enough to induce a field in the
emitter to prevent depletion o the subcontact layer and to
assist charge transport through the oxide.

3.2 OXIDE-SILICON INTERFACE d
~The antireflective (AR) coating on all cells fabricated
under this contract is thermally oxidized tantalum. The surface
recombination velocity (SRV) has been determined to be
5~ 7 x 103 cm/s for Taz05 on heavily doped n-type silicon ([1].
Several experiments (sets 1434, 1436, 1437, 1438, 1439) were
performed in an attempt to lower this value by annealing of the
Taz05-silicon interface in forming gas (450 and 700°C) and by 1
growth of dry or wet silicon dioxide (at 780°C) layers between
the Taz05 and the silicon. Buccess in this endeavor has been
only marginal in that no improvement was observed from single
step anneal processes and a maximum reduction in SRV of only
20 percent was inferred from Voc values after use of a drfi




oxidation process for 30 minutes at 750°C., The inability to
significantly reduce the SRV is not unexpected since lower values
reported in the literature for the oxide-silicon interface are ¢
almost always measured on undiffused and much less heavily doped
material. 1In addition,surface state density has been shown [22]

to increase markedly with dopant concentrat:ion. ‘With the "dot"
contact pattern used on all shallow junction cells at present,

the SRV under the AR coating appears to be the limiting factor.

3.2.1 TAZ05

The emitter dark current contribution from SRV depeénds
upon both Sp and po [equation (3-3)] where S is the recombina-
tion velocity of holes at the surface and py is the hole. concen=
tration. Passivation techniques are used to reduce Spe Other
techniques (such as ion implantation, material modification, or
electrcgtatic charging) can alter the oxide to reduce p, at the
silicon surface (Section 3.2.2) by producing strong electric
fields with positive charge trapped in or on the oxide. Thermal
annealing in forming gas is expected to inject Hy through the AR
coating to tie up loose silicon bonds that would act as recombi~-
nation centers at the interface. The failure of this treatment
on thermally oxidized Ta could imply that the silicon bonds are
all tied up or that other recombination centers dominate the
~interface.

i
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Electrostatic charge applied to the surface of the AR
coating should generate an intense field within the dielectric
and for a very short distance into the heavily-doped emitter.,
This field can shift the carrier concentrations (and, therefore,
Fermi level) near the surface and thereby alter p,, the SRV, and
the resultant dark ocurreént contribution. When such charge is
applied to cells with only thermally oxidized Taz05 coatings, no
change is observed.* There are four possible explanations for
this negative result.

a, The defect density at the oxide~silicon interface is so
high that the charge trapped there prevents any field from enter-
ing the silicon. High SRV and low blue response would résult if
this were the case. We have fabricated cells with a dquantum
yield approaching unity at 0,3 um, which would argue against such
high defect densities. However, these cells had very shallow
junction structures with doping gradients which could provide
electric fields which extend to the surface. Under these circum-
stances, the recombination rate at the surface could still be
moderately high, but the photogenerated minority carriers are
swept out of the thin surface region (Wg) before recombination
can occur. The high recombination rate could, therefore, con-
tribute to the emitter dark curvent and lower the open circuit
voltage without hurting the blue reSpohse. Another argument

‘against ‘a high TapOg=-silicon interface defect density can be

inferred from the results from other oxides which provided poorer
Voc and/or blue response. |

*A Zerostat® anti-static pistol, normally used to neutralize ,
static charge on phonograph records, was the method of deposit-
ing charge upon the surface.
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b. The charge trapped in the 7Tag0g exceeds the charge
deposited on the surface, and, therefore, little change in field
is observed at the interface. It is known [23] that thermally
oxidized Ta contains negative charge when processed on p-type
silicon:, If similar charge results in n-type diffused layers, it
will raise the SRV and lower the blue response of our cells.
Nevertheless, the amount of charge trapped in the Taz05 on p-type
silicon is not adequate to allow a null effect for the charge
applied to the surface.

c. Migration or tunneling of charge through the interface
into the dielectric could be adequate to compensate the surface
'charge and, therefore, reduce the electric field at the inter-
face. Only minor hysteresis is observed in C-V measurements of
MOS structures with this oxide on p=type silicon [23). If the
results are similar for heaviliy doped n-type material,:¢harge
transfer is inadequate to compensate the surface charge.

d. The inability of surface charge to alter Vyo would also
result if the change in minority carrier concentration (py) is
offset by a change in SRV as the Ferml level at the interface is
shifted by the external field. This explanation has much to
recommend it, since a shift in Fermi level (Ep) will change the
population of the different charge states of a defect (with
Eq ¢ Ep) so as to increase the recombination probability as pg
goes down and decrease it as py 1s increased. Also field en-
hanced recombination can compensate for changes in minority car-
rier population. The argument against this explanation is based
on the improbability of two ar three effects intefacting in such
a manner as to cancel out 80 we, L. B

None of these explanéﬁions can be rejected or accepted
completely, as yet. It is likely that some combination of these
effects takes place at the Tajz05-silicon interface.
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The scope of this contract did not permit detailed in-
vestigation of this type of side issue that often surfaced. A
very useful but difficult [24] test would involve C-V measure-
ments of MOS structures on heavily doped (preferably diffused)
n-type silicon with the thermally oxidized Ta applied as in our
solar cells. However, further tests of the nature of the Taj0s5
and interface with n-type silicon were carried out by comparison
with other oxide structures.

3.2.2 OTHER OXIDES

Removal of trapped negative charge* from the Taj0s5
should lower the SRV and reduce the requirements for an extremely
shallow junction. In an attempt to replace the negatively
charged TapOs with neutral or positively charged oxides, NbjOs,
evaporated Si0 and thermally grown oxides were used in various
combinations. The Tap0Os was the best, by far, which points to
the fact that surface state density and nature (energy levels,
capture cross section, etc.) may be more iﬁportant than charge
alone. (Passivation of these other oxide-silicon interfaces by
annealing in forming gas or other ambients was not attempted for
2ll combinations.) '

The most successful modification to the COMSAT process
was an addition of a 30 min. 750°C dry oxidation step afﬁer the
thermal oxidation of Ta at 525°C. An average (but not consis-
tent) increase in Voo of ~5 mV was observed in cells with this
modification. However, the most interesting change was an onset

*Negative charge in the Taj05 is verified by the greater impact
of positive surface charge than negatlve charge on the
structures described below.
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of sensitivity to surface charge. Cells with Voo 2 635 mV cduld
be raised to nearly 650 mV by the addition of positive charge to
the surface of the AR coating. Negative charge could lower Vy¢
by a smaller amount. Unfortunately, cells initially near the
650 mV mark did not show similar gains. Addition of this thin
silicon oxide between the Taz05 and the silicon could: a. alter
the dunsity of defects at the oxide-silicon interface; b. reduce
the negative charge in the Taj05 and/or compensa“~ it by a posi-
tive charge in the S8i0j laver; c. block migration of charge from
the silicon into the Taj05 when a field is applied; and/or
d. alter the interface defect energy levels and/or nature so that
a change in Fermi level would not éluer the recombination rates
of the defects.

Part of a single set of Cells (set 1441, Table 2-1)
expoSed to the 750°C oxidation step was further annealed in form-
ing gas. A slight improvement was noted in Voc as was a slightly

greater sensitivity to surface charging. The hydrogen attachment

to dangling silicon bonds appears useful at a 5i05-Si interface
but not at a Ta05 interface. (However, a forming gas anneal of
p-type Taj0s5 structures was observed to lower negative trapped
éharge [23]). -

A probable explanation of the success of Taj0s5, in
spite of some major limitations, involves the presence of impuri-
ties at the surface of a heavily diffused layer. As is noted in
Appendix C, the phosphorus diffusion getters material to the
silicon surface. These impurities, and the phosphorus itself,
can form major interface defect sites during the oxidation of
such a surface. If these impurities are trapped in or on the
Tap0g5 during the early oxidation stage then the Si surface is
much cleaner by the time the SiOj bégins‘to grow. The SiO3 under
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Tap05 is, therefore, a much better surface passivator than sili-
con oxides thermally grown on bare silicon with similar doping
concentrations. C-V measuraments were made on MOS structures
where the oxides were formed on p-type silicon by: a. gréwing
§107 underneath a the:mally oxidized layer of Ta (continuing the
oxidation process after all of the Ta is oxidized); and
b. growing a dry oxide on silicon then thermally oxidizing a
layer of Ta deposited on top. The result of the first oxide
structure had opposite trapped charge compared to the second
structure. The Si0On in the first case was probably grown at a
much lower rate. Since no lwpurities were drawn to the surface
by a diffusion step in these test structures, oxide growth rate
may bha more important than surface impurity coneentration.
Cursgory attempts at anodic oxidation and acid etching
of the silicon surfaces prior to application of the AR coating
produced low voltage cells. The idea in these attempts was to
remove surface contaminants and a small portion of Wg. The"
method and/or technigue that we tried introduced wore problems
than were solved; nevertheless, this concept is sound and should
be pursued. h
The use of surface charge to increase Vge is a useful
tool. However, it does not provide a permanent ilmprovement.

Section 4.3 discqusses a wmore permanent structure with great prom-

ise in the use of $i0 which has a large positive trapped charge
density. Work at NBS has involved implantatici of Na into an
oxide for similar purposes ([25]. Later sections will describe
other results of tests involving surface charéing as a tool.
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3.3 EMITTER BULK

Use of the "dot" contacts gives a value of Ay/Ap = 1073
in equation (3-1). Therefore, the contribution from “he contact
regions is small relative to that from the rest of the emitter
and Jgy 2 JQy . Since SWg/D << 1 for the oxide used, equa-
tion (3-5) reduces to I = qn§($ + WS/TA)/NQ: i.e., a simple sum
of the surface and heavily doped layer components.

In the previous section, the surface-related term was
discussed; in this gection the surface layer and bulk of the
emitter will be discussed. To differentiate the two terms more
clearly, equations (3-5) and (3-3) are combined with the
SWg/D << 1 assumption to give: |

Iy = A0S *+ aniWg/ T, N¥ (3-6)

where: py is the hole concentration at the surface and use of
this form rather than nf/NB (which terms are not affected by
field) more clearly indicates the influence of surface fields on
the dark current contribution from the surface; nf/NB gives the
hole contribution in the emitter region where fields are too
weak to modify the hole concentration; and the implicit depen-
dence of doping concentration and heavy doping effects are dis-
played in NBh h

" Chronologically, the first efforts at reducing J%gy
involved the lowering qE'WS. Since this heavily doped surface
layer grows linearly with time (t) and the remainder of the
emitter (x; ~'W55/grows as vYt, short diffusion time is the best
means of reducing Wg without lowering xj too much. (If xj gets
too small, problems with cell fill factor become severe as a
result of strong junction fields and interaction with surface
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defects.) Diffusion times as short as 5 minutes at 820°C have
produced successful cells (f.f. > 0.79). However, the majority

of these cells displayed lower fill factors. Moreover, Vo, did

not improve for diffusion times below 15 minutes at 829°C. A
slight reduction in Jgy could be observed with decreasing time,

but an increase in the n 2 2 combonent of dark current (from the
junction region kept Vo, from rising. A number of variations in
emitter dopant and doping profile were attempted in an attempt to
reduce hoth the n =1 and n 2 2 components and improve the yield

of high quality cells.

3.3.1 EMITTER PROFILE

The major goal of emitter modification was to provide a
very thin, heavily doped surface layer (Wg) with an abrupt drop
in doping adjacent and a more gradual gradient in the junction
region to spread out the space charge region and reduce the elec-
tric fields in the junction. This variation on the high-low
emitter [10] must not increase the size (and, therefore, the re-
combination volume) of the space charge region too much, or there
- will be an increase in dark current from the junction [i]. (A
minimum in junction dark current is to be found between the high-
field, narrow-space=-charge regime, and the high-recombinatioh,
-broad-space~charge regime.) Several processes were tried in ﬁhe
attempt to obtain the "ideal" profile. | '

a. Arsenic is capable of creating é high concentration

surface layer with a very abrupt drop in doping beyond.
Therefore, R R
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(1) a shallow arsenic diffusion followed'by a low con-
centration phosphorus diffusion to form a deep
junction; or R

(2) a phosphorus diffusion followed by a shallow
arsenic diffusion which would lower the P
concentration and’drive in the P to form a deep
junction would provide near ideal shape.

b. A shallow P diffusion followed by a cleaning step tc
remove the spin-on dopant, a l6-hour drive-in step, and then a
second shallow diffusion would provide near ideal shape{v (This
process of diffusion-clean-drive~diffusion will be referred to as
the dcdd process. Other processes, such as long diffusion-
clean~-diffusion, 1ldcd; and diffusion-clean-drive, dcd; are minor
variations.) '

c. Anodic oxidation and etching is a means of reducing Wg
on a medium junction cell to provide an "improved" but not
ideal profilie. : |

d. A shallow diffusion on a thin, lightly boron-doped,
epitaxial layer would provide a long space chafde region while
maintaining strong gradients in the emitter. The size of the
space charge layer is controlled by the doping in the epi-layer.

e. Variations in the composition of N250C might allow the
codiffusion of P and As to provide the ideal profile in a single
step.

None of the above processes produced cells With better

Voc than a single diffusion with N250C and most resulted in sig-
nificantly poorer cells for one reason or another.

a. Results poor = Voo and Ig. were low. See

Sections 3.3.2 and C.3. /}
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b. ' Results good - Voo was comparable with single
diffusion results, the £ill factor was improved

(0.80-0.81, vs 0,79-0,80), but the blue

response

was down as expected. See Section 3.3.4.

c. Results poor - Voo and £ill factor were
Section 3.2.2,

down, See

d. Results mixed - base diffusion length L, was very
poor, but Vyc was bhetter than would be expected
for such low Lp. See Sections 2.3 and 3.3.6,

e. Results poor - both voltage and £ill factor were

down. See Sections 3.3.3 and C.3.

The inability of the modified profiles to raise Vo is
attributed to the limitation created by the SRV (Section 3.2).
The improvement in £ill factor for the dcdd process is a positive

step which predicts that if the SRV limitation can be overcome,

cells with both high V5. and high fill factor can

3.3.2 Arsenic Doped Emitters

be fabricated.

puring the contract, periodic attempts were made to use
arsenic as a means of a. increasing the surface donor concentra-

tion (4 x 1029/cm3 vs 2 x 10%0/cm3 for phosphorus); b. altering

the junction profile (to provide a high~low emitter); and c. re-

ducing the lattice stress which could propagate damage into the

junction. Hope was raised in this endeavor since
tone N250C spin-on dopant has been so successful.
contains four times as much arsenic as phosphorus
resulted in reproducibly better cells than use of
phorus sources.

3-21
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Attempts at arsenic doping alone (with Emulsitone spin-
on sources, sets 1421 and 1435) resulted in poorer cell perform-
“ance characteristics than those resulting from use of N250C. Use
of N250C, either prior to (sets 1428 and 1430) or subsequent to
(set 1422) arsenic doping improved the situation, but not to a
point comparable to N250C aldne'(see Section C.3). Doping con-
centration profiles from secondary ion mass spectroscopy (SIMS)
data (Figure C-=1) indjicate that despite the higher arsenic con=-
centration in N250C, the arsenic concentration in an N250C dif-
fused surface will be two orders of magnitude less than the phos=
phorus concentration. However, sheet resistivity measurements on
arsenic diffusions alone indicate doping concentrations in excess
of 1020/cm3. The conclusion that the presence of phosphorus
reduces arsenic diffusion is inescapable. ' ‘

Since ‘arsenic diffusions alone do not give good re=-
sults, but arsenic with phosphorus (as N250C) does, an attempt
was made to vary the ratio of arsenic to phosphorus ‘in a single
mixture. Two variations from the basic N250C formulation were
tried (Appendix C.3). One had a reduced phosphorus concentration
(LoP/RA) and the other had a reduced phosphorus and arsenic con-
centration (LoP/LoA). A series of diffusion schedules (sets 1448
and 1449) were carried out with the new formulationsg on 1 Q-cm
material. Sheet resistance and junction depth measurements have
indicated that the interaction between the diffusing dopants is
more complicated than expected. It appears that only afgigh con-
centration of phosphorus suppresses arsenic diffusion, but a high

concentration of arsenic strongly énhanceg phosphorus diffusion.
The use of the LoP/RA mixture, therefore, provides a good donor
profile for a high-low emitter by driving a low concentration of
phosphorué in front of a shallow heavily doped arsenic layer.

3-22
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Other results from these experiments include confirma~
tion that both blue response and open circuit voltage are reduced
when arsenic is used (alone or with phosphorus in concentrations
below that in N250C) and that minority carrier lifetime in the
bulk is degraded for high concentration arsenic diffusions above
850°C. Three hypotheses are proposed to explain the data:

a. The surface recombination velocity (SRV) of arsenic-
doped silicon is higher than for phosphorus-doped silicon.

b. The arsenic doping relieves stress in the heavily dif-
fused region and thereby increases the mobility over a region
heavily doped with phosphorus (therefore, the junction fields
have less opportunity to draw carriers away from the surface
before recombination occurs).

¢. The active doping in heavily arsenic-diffused layers
may exceed that of phosphorus-diffused layers. If this were the
case, the majority carrier concentration would increase and
therefore the Auger recombination would also increase and the
blue response would decrease. The effective doping which could
raise Voo would probably not increase much; but this prediction
depends upon which bandgap narrowing model is used.

A high SRV (as in a.) would not reduce the open circuit
voltage on deep arsenic-diffused cells, but such devices have not
been fabricated because of the time required for low temperature
diffusions. A higher mobility in arsenic~doped material (as in
b.) would not alter V,c [see equation (3-6)], but in deep junc-
tion cells, would reduce the minority carrier gradient toward the
junction and thereby reduce the blue response. When compared to
phosphorus-doped material, a high mobility in As-diffused silicon
could show up in experiments comparing the two dopants in deep




junction cells where D becomes important [equation (3-2)]. If
Auger recombination is higher in the As-doped emitters (tp is
smaller), these cells (as in c.) would be dominated by the
heavily-doped layer rather than SRV, and the emitter dark cur-
rents should be more sensitive to variations in Ws than our N250C
diffused cells. L

The present status of arsenic-~doped solar cells is that
solar cell characteristics are degraded by use of this dopant,
either alone or in conjunction with phosphorus, when it is the
dominant source of donors. Therefore, in spite of our ability to
diffuse nearly ideal emitter profiles* by combined use of As and
P, this technique does not appear useful in solar cell process-
ing. However, a comparison of As~ and P-doped emitters might
provide data and insight on surface recombination velocities and/
or stress effects on mobility.

3,3.3 LOW-DOPED EMITTERS

This section describes the effort to raise V,o by re-
ducing the heavy-doping effects [6] and, thereby, raise.Ns in
equation (3-5). A comparison of cells with low-doped emitters,
with and without shallow heavily-doped surfaces, provides impor-
tant information as to the effectiveness of doping profiles,
doping concentration, and surface passivation.

Theoretical calculations, based on several of the
bandgap-narrowing models ([5]-([7] predict an optimum effective
emitter'concentration (NB) at an actual doping level near

*Profiles were deduced from sheet resistivity and junction depth
measurements. - _
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10}° phosphorus atoms/cm3. We have obtained these surface con-
centrations by diffusion from low concentration sources and by
diffusing a thin layer of hea-ily-doped gilicon, removing the
spin-on source, and driving the remaining dopant into the silicon
over a long period of time. The first process provides a lightly
doped (~5 x 10}9/cm3) shallow layer and the second process (dcd)
provides a lightly doped (~10!%/cm3) deeper layer. In both
cases, the Auger recombination will be much lower than in the
heavily doped surfaces and the effective doping should be higher.
Therefore, J4y should be lower (because of Ng) and dominated

by S [see equation (3~5)]. Since the surface doping is lower
than that of regular cells, S should be lower also. The cell
should also be more responsive to surface charge, since the Debye
length is longer in the less heavily-doped surface material, and
Po at the surface will be more easily altered by éxternally
applied fields.,

Table 3~3 gives the results of a series of experiments
to identify the impact of low emitter concentrations on cell
characteristics. A more lightly-doped base (1 @-cm) was chosen
to reduce the probability of excess acceptor buildup at the emit-
ter surface (see Figure C-1) which would have a particularly
harmful effect on cells with low donor concentrations in the N
emitter. The dark current contribution from the bulk is higher
for 1 Q-cm cells but the influence of emitter structure is still
apparent. Dot contacts were used to assure contributions to Jan
only from the oxide interface and the emitter bulk. Shallow
(1451-4,5) and deep (1450-7,8) junction cells with heavily doped
emitters are used to define the oxtyeme conditions of cells domi- -
nated by SRV and emitter bulk, respectively. Addition of a low
doped step (~10!%/cm3) to separate the junction from the heavily
doped surface (1453-1,2 vs. 1451-4,5) creates a drop in blue
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current (Ip)* but has no significant impact on Voc. Addition of
the heavily doped surface layer (1453-1,2,6,7) to a deep, low-
doped emitter (1453-3,4,8,9) creates a major increase in Ip and a
distinct rise in Vgoo. The varied dependence of Voo and Ip on
junction depth (Xj) and surface condition points to an emitter
which (for X4 = 7 um); 1) allows transport of minority carriers
through it; 2) captures some minority carriers generated by blue
light within it; and 3) has a high enough SRV so that SL/D > 1
(see Figure 2-1). The addition of a positive charge to the front
surface of the AR coating reduces the SRV but is not as effective
at this as is a heavily-doped surface layer (compare footnoted
values in Table 3-3 with 1453-6,7). The cell data in the table
provide evidence for strong statements about heavy doping effects
and SRV,

a. An effective high-~low barrier exists between regions
doped at 2 x 1020/cm3 and 1019/cmd, Therefore, bandgap narrowing
does not fit the models which predict a reduction in effective
doping with an increase in actual doping [5]=[7] (Section 3-4),

b. Surface recombination velocity at the 10!9/cm3 level
appears to be comparable to that at the 2 x 1020/cm? level
(~5 x 103 cm/s). (Negative charge trapped in the Taz05 would
have a greater effect on the lower~doped emitter surface, thus
preventing the expected decrease in SRV.)

c. Based on change in Vge and expected contributions from
the bulk (base and emitter), the dark current from the emitter
surface, as a result of added surface charge, should decrease

*A slight difference in AR coating thickness between batches 1451
and 1453 makes the change in I appear more drastic than it
really is. '
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by more than a factor of 2. Since the heavily doped layer is
even more effective, the effective doping at 2 x 1027/cm? could
well be three to four times that at 1019 /cm3.

some other low doped structures were examined in prepa-
ration for MINP™ work. These results, shown in Table 3-4, are
from cells with relatively shallow, low-doped emitters,and ultra-
Shallow moderately-doped emitters., Cell 1460~4 had an overnight
drive-in (diffusion after a light deposition of N250, a short /
diffusion, and removal of excess). Cell 1460-2 was treated in a
similar manner but a Tag0g layer was thermally grown on the wafer
surface prior to this drive-in step (SiOp will grow under the )
Tag0g during drive-in). Of particular interest here is the fact
that negative charge can also increase the current collection in
this ce#se where a thick? thermal silicon-oxide is present on the
surface. The Voo changes in the expected manner, but only to a
very small extent.

Cell 1460-4 acts in a more expected manner, and the
lower response to a negative charge compared‘to a positive charge -
implies that the Tas05 does in fact contain negative charge
trapped within it. The near total collection of photocarriers
generated in the surface region, when positive charge is applied
to the AR coating, is different than that seen in Table 3-3 for
deep, low-doped emitter cells. The very low voltage when recom-
bination losses at the front surface are made near zero is hard
to explain unless the effective donor concentration is two orders

“of magnitude less than that of heavily-doped emitters. If this

A7
7

were the case, a greater response to surface charge would be

*A structure utilizing MIS contacts: and charged oxides to
accumulate an nt surface in a lightly doped n layer on a p-type
substrate. : S ‘ '

tThick relative to Si0p grown under Ta0s for 30 min.. at 750°C.
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expected. The possibility of heavy compensation by boron, from
the 0.1 f-cm background and/or additionally accumulated during
the diffusion (Figure C-1), would reduce charge effects and
account for a poor effective donor concentration,

The very large impact of surface charge on the very
shallow emitter of cell 1460-6 is in part due to the increase in

.. surface conductivity resulting from accumulation of the n-type

silicon in the diffused emitter. The propagation of field into
the diffused emitter implies an increased junction barrier height
and corresponding Vyes. Since the charge cannot reach beneath the
contacts, full benefit of the increased junction potential cannot
be realized but the influence on dark current is seen. MIS con-
tacts could take fuli advantage of both effects (see Sec-

!r!'

tion 4.2). The very low voltages could alternatively be a resulf
of leakage currents through or around the very thin junction;
however, shunt resistance was measured to be in the 1 k@ range
and that is too high to cause any loss of Vgo. Tunneling through
a portion of the very shallow high concentration gradient, emit-
ter, would influence (shunt)kthe forward biased cell but not the
unbiased cell.

3.4 BANDGAP NARROWING FROM HEAVY DOPING

We have seen in Section 2.1 that an effective pt back
on 0.1 2-cm material has not been achieved by diffusion proces-
ses. Recent work at NASA/Lewis (private communication,

Vic Weizer) has confirmed these results for boron doped iayexs,

diffused by laser heating, where the active doping should be sig-
nificantly greater than that possible by diffusion. The band _gap
narrowing model of Slotboom ana ‘Degraaff [8] predicts an i

o
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improvement in the pp* barrier characteristic above ~1020/cm? and
this is observed in nn* barriers (Section 3.3.3). Three explana-
tions are possible:

a. There is a difference in bandgap narrowing with heavy
doping above 3 x 10!9/cm3 in n- and p-type silicon. Theory (5]
predicts that bandgap narrowing would be more severe in n-type
silicon. However, this theory also predicts a functional depend-
ence of bandgap narrowing with n and p doping concentration that
is quite different from that experimentally observed in this work
and in Reference 8. v

b. The p* layers had ohmic surfaces and their thicknesses
were less than the diffusion lengths in the p+ material so that
the surface, not the p* bulk, dominated recombination in the p*
regions.

c. The measurement techniques were not sensitive enough to
detect an improvement in ppt barrier characteristics. Both gamma
current, Iy, and Voo measurements should be sensitive to changes
in the back surface for the cell parameters used. However, no
distinction can be made between changes in the back surface and
in the bulk diffusion length.

Studies of p*pn cells (thin p layer) with light inci-
dent on the pt surface should be a method of verifying the band-
gap narrowing model for p-type silicon as was done for n-type
silicon in Section 3.3.3.

For the present, we feel that the Slotboom and
DeGraaff [8] model fits both n- and p~type silicon data for dop-
ing below 2 x 10!9/cm3, Results in n-type silicon appear to show
somewhat less bandgap narrowing than predicted above
2 x 10!9/cm3., Results in p-type silicon appear to indicate
greater bandgap narrowing than predicted above 2 x 10!3/cm3,

3-31



(e R R U S I P R e T L T R RN g s e T SRR 1

820034/pr21

4. DOUBLE DIFFUSED CELLS

The best cell (1408-8) fabricated so far under this
contract is characterized, with and without a coverslide, in
Figure 4-1. It is seen that this cell is healthy in all respects
prior to being covered: however, it appears that the cell has had
its £ill factor reduced as a result of being covered (C.80-0.78).
Nevertheless, the expected increaées in Igc and Voo are observed
for the covered cell. The quantum-yield data are presented in
Figure 4-2 along with data from a deeper junction cell
(xj 1.6 uym) from the same batch and a shallow junction
(xj 0.1 uym) single diffused cell (1407-3). A quantum yield in
excess of 0.8 at 300 nm is very good, but shallower junctions
should improve it further and raise Igs by > 4 maA.

Results of an analysis of the illuminated I-V charac-
teristic of the bare cell 1408-8 are shown in Figure 4-3., The
data are fitted with three components of the diode equation:

mn

R

a. The junction recombination (J,) term with an n = 2
slope;

b. The diffusion current (Jq) term with an n = 1 slope;
and

¢. The current leakage term resulting from shunt
regsistance (Rgp).

The series resistance (Rg) is varied to get the best correlation
of data to the diode equation. It is seen that neither Ry or Rgp
contributes to the curve shape near Ppayx (at V =z 560 mV) but that
the n = 1 and n = 2 terms are nearly identical at this éoint and
Jy will, therefore, reduce Ppzyx. The fill factor (FF)“for this

cell exceeds 0.80 despite the strong n = 2 contributidn, but will
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not increase as Voe is increased unless J, is reduced. There-
fore, it is seen that to achieve cells with significantly higher
maximum power, both J3 and J, must be reduced.

4.1 PROCESSING

Fabrication was a combination of COMSAT and NASA/Lewis
developments. Critical factors include the dot contact [12] and
the Tajz05 AR coating [23] which lower the effective surface re-
combination velocity and permit use of shallow junctions to
achieve the resulting high blue response without loss of Vge. 1In
fact, the best values for Vo, were obtained for the cells with
highest blue response. The NASA/Lewis development is the use of
a two-step diffusion process with intervening etch step [20].
Without this two-step process, the best voltages obtained were
nearly as good but not consistently as good. The specific steps
used here are:

a. An overnight (17 hr) drive~in at 880°C of an
{Emulsitone) N250C spin-on, followed by

b. An etch step that removes nearly all of the diffused
layer, and then ;

¢c. A 15-min. diffusion at 820°C, again with N250C.

The back surface has 1 ym of evaporated aluminum
applied prior to the second diffusion.

Tantalum metal is. evaporated over a fine line grid
(50 lines/cm) pattern of photoresist. The photoresist is removed
and the remaining Ta oxidized at 525°C. Chrome-gold contacts are
evaporated in a grid pattern at right angles to the patternkih



the Taz05 on the cell front (resulting in 5 x 10 um "dot" con-
tacts at the intersections) and over all the back surface. All
metal is silver plated and a 2 x 2 cm square cell is cut out of
the round wafer and given a quick edge-etch to remove saw damage
and other sources of shunt resistance. Standard solid-state fab-
rication practice is followed in cleaning the silicon slices
prior to and during processing.

4.2 DEVELOPMENT AND ANALYSIS

A major effort of this contract was directed toward im-
volume of heavily-doped (and, therefore, bandgap-narrowed) mate-
rial which can contribute so strongly to the emitter dark cur-
rent. Use of dot contacts reduced the recombination at the
contacts and, thereby, permitted the reduction of junction depths
to below 0.1 ym in 0.1 9-cm material without the increase in Jg
experienced with full contacts. Reduction of carrier losses in
the emitter and its surface resulted in a gquantum yield at 300 nm
approaching unity. The use of shallow junctions was not entirely
without cost as two problems were observed to correlate directly
with reduced junction depth. Shunt current and junction recombi-
nation both became more significant as the junction was moved
closer to the surface. The shunt currents could sometimes be
reduced to insignificant levels by use of a longer edge etch; but
often a residual, low shunt resistance was still present and the
cell fill factor was reduced; The junction recombination current
(Jr) has been found to increase markedly with reduced junction
depth and has been attributed to field-enhanced recombina-
tion [1]. Again, the £ill factor is lowered as this n = 2



component is increased. Use of the two-step diffusion process
appears to have reduced both of these problems.

Typically, the front junction is created using N250C in
a short, low-temperature process as a simple, reliable mzthod of
providing a high-quality n* layer. Diffusion with the N250C
spin-on dopant results in migration of impurities (gettering),
including boron, into the diffused region (see Section C.3).
These gettered impurities can shunt the junction and also lower
the lifetime in the junction and emitter regions. As a conse-
quence of etching off.the results of a diffusion, the material
with most of the impurities is removed. Therefore, the shunt
resistance is higher and the Jy term is lower after a subsequent
diffusion. Table 4~1 gives the pertinent characteristics of two
sets of cells. Set 1407 is diffused with N250C at 820°C for 15
minutes, and set 1408 has had an overnight diffusion with N250C
at 880°C followed by different etch times prior to the same N250C
diffusion at 820°C for 15 minutes. Comparison of the two sets of
data indicates several differences resulting from a prediffusion.
Most important are a 10-mV increase in Voo and an improved £ill
factor with more consistent results within a set. The penalty
paid is a reduced Igs and blue current Ip. The improved Vg is
explained by the lower J3; the better fill factor is due to the
lower Jrc* and higher Rgy (Table 4-1). Since the diffusion
lengths (as indicated by IY) are nearly the same, Jgp (that por-
tion of Jgq from the p~type base) will be the same unless the min-
ority carrier diffusion coefficient, D, is changed [14]. 1If D
changes, an opposite change in minority carrier lifetime =1 is
required to maintain a constant value of L since L = /Dr. 1If Jdp

*Jrc is the junctlon recombination current extrapolated back from
Ppax to V = 0 assuming n = 2,

4-7
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is unchanged by the prediffusion step, then the decrease in Jg
must be a result of decreased Jgy. Material improvement in the
emitter and junction regions appears to be the mechanism respon-
sible for improvement of Voc in the double-diffused cells
fabricated under this contract.

4.3 HYPOTHESES

The double diffusion process used to fabricate cells
with Voo » 650 mv had an influence that does not easily fit pres-
ent models. If only a deep junction cell showed such a high
voltage, then a fit to the general model could be made by assum=-
ing that the mobility u (and thus D in equation 3-=2) in the
emitter were somehow reduced. This hypothesis is supported by
the obsi&rved loss in blue current which would result from the
increased emitter transit time, which increases the minority car~
rier concentration in the emitter and therefore allows a higher
chance for carrier recombination in the bulk and at the surface
of the emitter. ‘

If only a shallow junction cell exhibited high voltage
as a consequence of the double diffusion process, then the'simple
model would suggest a reduction in S rather than mobility since
removal of the bulk contribution term [Wg/ta in equation (3—5)]
is probably not adequate to cause the observed voltage increase.
However, in the case of reduced 8, the blue response would in-
crease rather than decrease as observed; therefore, this hypo-
thesis will not stand alone. -

Since 650-mV cells have been fabricated with junction
depths of both 1.5 and ~0.15 um, the possibility of other mecha-

nisms must be examined. An increase of effective doping NB in

4-9



equation (3-2) is one of the possibilities examined. It has been
propised (1] that the compensating acceptors in the gnitter in-
crease the bandgap narrowing in the nt layer. 1In the process of
studying the doping profile of diffused structures, some support
for this hypothesis was provided. SIMS data of 0.1 f~cm silicon
diffused with Emulsitone N250C spin~on dopant (Figure C-1) indi~-
cated a very high concentration of boron at the surface. A blank
silicon wafer with no diffusion or heat treatment was similarly
measured (Figure 4-4) and no excess surface boron concentration
was observed. A hypothesis is proposed that the boron buildup
during the first diffusion is removed in the subsequent etch
step, and as a consequence, the buildup duriﬁg the second diffu-
sion is reduced. Figure 4~5 shows such a reduced build up and
also hints that out-diffusion (perhaps with "emitter push") re-
duces the boron concentration slightly in%the layer beneath the
surface. The first effect (reduced buildup) should lower the
bandgap narrowing in the emitter surface layer and the secénd
effect (out-diffusion) could reduce the bandgap narrowing in the
rest of the emitter. If the boron surface concentration @Tkﬁ°t
electrically active, other effects such as changes in minority
carrier lifetime and/or mobility must be considerad.

In an attempt to simulate the undoping of boron from
the wafer surface, high temperature oxidation was tried (Fig-
ure C-2). Howeveyr, no improvement was observed when solar cells
were fabricated from such oxidized material. (A degraded bulk
lifetime points to damage introduced by the high temperature
step.) A second attempt was made to reduce the boron surface
concentration by using 2-um, 50-100 ¢-cm, p-type, commercially
prepared, epitaxial layers on 0.1 @Q~-cm substrates. The wafers
were made into cells with the N250C diffused into the epi layer.
The base diffusion lengths of the resultant cells were less than
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50 um, or from 5=10 times lower than cells fabricated from the
same material without an epitaxial layer. Since open-circuit
voltages approaching 630 mV were obtained in spite of the low
value for L,, several attempts were made to getter and/or anneal
" the material prior to, during, and after the diffusion steﬁ.
‘Only minor improvement was observgd, «Sbme samples were processed
with the epi layer etched off, and diffusion lengths Qere still
low. The problem was attributed to substrate poisoning during
the epitaxial deposition. . v .

The effalrt (as above) to provide verification of the
influence of boron on the double diffused cells was not success-
" ful. Nevertheless, this hypothesis logically explains the data
available. _ ;
| One of the early difficulties with the double diffusion
process was control of the etch rate in a diffused sample with
the 100:1; HNO3:HF acid used. A well-controlled hydrazine etch
allowed us to etch off thick layers (1-2 um) to within a few per-
cent of desired thickness. The first double diffusion cells made
using this process were almost exactly that expected from single
diffused cells of the same structure; i.e., the voltéges did not
show the improvement and the blue current did not show losses
expected from the new process. A possible explanation of this
result [20] is that the long first diffusion of the double dif-
fusion process stresses the material in such a manner as to sig-
nificantly reduce the mobility in the emitter and perhaps beyond.
There is evidence that differences exist in stress relief when
usiﬁq acid etches as opposed to basic etches [26].
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4.4 SUMMARY

High-quality shallow-junction solar cells have been
fabricated on 0.1 9-cm float zone refined silicon using N250C.
Use of a process similar to the NASA/Lewis double-diffusion pro-
cess has reduced shunt leakage and junction recombination cur-
rents while adding 5-10 mV to the average open-circuit voltages
obtained from our single~diffusion process. I~V analysis indi-
cates that the junction recombination current has a small
influence on open-circuit voltage and a more significant influ-
ence on the fill factor.
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5. I~V CHARACTERISTICS

The primary effort in this contract was directed at
increasing Voo It is desirable that the other I-V characteris-
tics (which had been optimized previously) not be degraded in the
process of improving Vye. Such degradation could be innate to
the structure or process or a result of non-optimized conditions.
,In only a few instances were the voltages enhanced 1if the other
characteristics were not near optimum.

5.1 SHORT CIRCUIT CURRENT

Several structures which were designed to increase Vg

resulted in lower Igg.

a. In Section 3.1.2, it was noted that grid spacing has an
influence on Vge. The finer grid spacing (required for maximum
Voc) increases the grid shadowing and, therefore, lowers Igg.

b. MIS structures require a metallic layer over the whole
surface, thereby introducing an optically absorbent layer which
also increases the surface reflectance. (The actual Vgo at AMO
was lower than the best diffused cells because the metalization
was not optimized for optical transmission and no AR coating was
applied, Section 6.1.)

c. Double diffused cells with the best voltages also had
reduced blue response (Section 4),

d. Decreased base resistivity (to 0.1 ©-cm) was expected
to reduce Igc as well as the base dark current by lowering both
Lh, and increasing Ng (Section 2.4). However, we have main-
tained diffusion lengths of 0.1 9-cm material at the values
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typical of 1-% cm material (set 1455). Therefore, further reduc-
tion in resistivity is expected to result in only a small de-
crease in Lp and Igq, a decrease in Jgp, and an increase in Vggs
The limitation in base doping will be reached when L, is domi-
nated by Auger recombination and/or when heavy doping effects
prevent any further increase in effective doping, Section 2.4.

Some structures optimized for Ig, would reduce Vyg.

a. A textured, (or nonreflective) surface [27] improves
light collection, but it also increases the emitter surface area
and volume, and therefore lowers Vge.

b. Choice of different metals or use of transparent con-
ductors in MIS structures can result in increased Ige but the
work functions are likely to be less appropriate for high Vge.

c. The use of TapOs (thermally oxidized Ta) as an AR
coating provides the best optical coupling (when a coverslide is
used) and also the best voltages obtained on diffused cells; how-
ever, the negative charge trapped within the layer lowers Voo to
some extent. Use of slowly evaporated SiO (to provide a positive
trapped charge) on a thermally oxidized surface has been reported
to provide superior voltageé in an MINP structure [l1]. Unfortu-
nately, SiO absorbs in the ultraviolet and does not. have the
optimum index of refraction for covered cells; therefore, lower
Ige results.

Some improvements in current collection can be made

without incurring V,o degradation.

a. Use of sawtooth coverslides [13] can increase the cell
current by refracting light between the grids. This allows a

5-2




small grid spacing to ke maintained without the penalty of in-
creased grid coverage. (In permitting thicker grids, it also
allows light concentration without series resistance and, there-

fore, permits improved efficiency.) ,

b. If MIS back contacts are effective enough to lower SRV
in this region, then the cells can be made thinner (with possible
increase in Voc) and back surface reflection, inherent in this

' ,structure, would increase cell red response.

Means of improving Igc in high voltage solar cells

which do not hurt Voo, therefore, include:

Q.
b.
C.
d.
e.

5.2

Sawtooth coverslides,

Back surface reflectors,

Shallow junctions,

Wrap around contacts,

MIS or low contact back layers, if lower SRV can be
attained thereby,

Charged oxides (front and back), if lower SRV can be
attained thereby, and

Nonreflective front surfaces, only if the resultant
percentage increase of emitter dark current is not
greater than that of the increased Igc.

FILL FACTOR

Solar cell fill factor depends on:

series resistance (primarily grids and nt* layer),




b. shunt resistance (leakage currents), and
c. junction recombination,

When using shallow-~junction, low=contact-area structures, all of
these effects must be addressed.

Series resistance shows up in several ways. A simple
ohmic loss in the:-grids is the easiest to model. However, it is
not a likely problem with the high grid density used in this. con~
tract (Section 3.1.2). An expected problem might be the
spreadling resistance in the shallow emitter layer since carriers
have to travel further to reach the dot contacts than they would
to reach bar contacts. The dot contacts are spaced at ~0.2-mm
intervals so that the maximum distance a carrier need travel is
~0.14 mm, This corresponds to a grid -density of 33/cm which is
more than adequate for almost any emitter with a surface
concentration of 1020/cm3,

In low-doped emitters, the sheet resistivity is kept at
reasonable levels by increasing the emitter thickness. However,
a more serious problem is encountered with the low area, low SRV
contacts used here. These contacts are non-ohmic, Schottky bar-
riers and, therefore, are severely affected by lowered emitter
doping which increases the barrier width through which carriers.
must tunnel (Section 3.3.3). Use of MIS or larger area contacts
solve this problem.

The change in illuminated I-V curve shape is different
for each of the above cases. In the simple series resistance

case, the absolute value of the slope dI/dV at the voltage inter- |,

‘cept is reduced. In the high spreading resistance case, the
curve shape at the intercepts is generally unaltered and the
"knee" is just "softened," almost as if an increased n = 2
componeit were present [21]. The Schottky barrier case provides

5-4
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a soft knee and an "ankle" near the voltage intercept (Fig-
ure 3~1). This shape is more often seen in cases where the back
contact is improperly made on the moderately doped substrate,

Shunt resistances are associated with edge effects and/
or surface defects (leakage-current paths). In shallow junction,
heavily doped cells, the electric fields in the junction region
are very high because the Debye lengths are so low. Under these
conditions, leakage would be especially high and extreme care
must be exercised in fabrication to prevent damage to surfaces or
edges of the cells. Damage associated with the contacts (attrib-
uted to thermally activated dissolution of silicon into the metal
contacts) has been reported [28]. Our use of unheated, dot con-
tacts removes this as a problem. We did find it necessary to
edge-etch the wafers (after slicing) more than 1 mil to solve the
problem of defects at the cell edges. The double diffusion and
high-low emitter structures deepen the junction and reduce the
junction fields; therefore reducing the leakage currents also.

The leakage currents are not likely to be truly linear
in voltage for any of these defects; but if they were, the effect
on the I~V characteristic would be an increase in dI/dv at the
current intercept and a reduction in Vgo. Most of the leakage
currents are linear enough to display these traits. 1In a hon-
linear case, a "flat" spot above the knee of the curve (beginning
at the break at about 170 mv in Figure 5=1) has been observed
from edge damage and other point defects in the emitter of the
cell,

Junction recombination is a potential problem in shal-
low junction solar cells because of the close proximity of the
junction to the heavily doped and damaged surface and because of
- the field enhanced recombination which increases with the higher
junction fields of such structures [1l]. Contaminants gettered -
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toward the surface or driven in from the surface during the dif-
fusion step can contribute to recombination in the space charge.
region. It was observed that double diffused cells had improved
£ill factors (Section 4.1) even if all of the initial diffusion
were etched off. Anodic oxidation and wet thermal oxidation of
the emitter surface were both found to reduce the £ill factor on
shallow junction cells. This reduction is attributed to stress-
induced defects propagated through the junction region, which
increased both Jy and cell leakage currents.

The effect of J, on cell I~V characteristics is that of
softening the knee. When severe, this n = 2 term will dominate
the curve and may significantly lower Vg..

The means of maintaining or improving cell fill factor
without degrading Igo or Voo include:

a. use fine grid patterns;
b. minimize surface and edge defects;
c. reduce junction electric field (carefui tradeoffs may
be necessary here); -
~ d. keep junction clear of defects and contaminants from a
heavily-diffused surface layer.

5.3 OPEN CIRCUIT VOLTAGE

The majority of this report is devoted to improvements
in Vge, so only areas of future potential are mentioned here.

Use of thin epitaxial layers, to reduce the boron dop-
ing in the emitter did not provide expected results because of
poor material (Section 4.1.3), Nevertheless, this structure




should be beneficial for diffused ntp, MIS, and MINP cells. With
the present limitations to Voo of bandgap narrowing and high sur-
face recombination velocity, some alternative approaches might be
considered in future work. Instead of using heavily doped emit-
ters, metal layers in MIS structures, or induced emitterxrs in MINP
structures to conduct current to collection grids, one might con-
sider a different structure, A heterojunction might be as easy
to fabricate as any of these earlier structures., The top layer
(a wider bandgap material than silicon) could be extremely thin
since, if it were very heavily doped for high conductivity, band-
gap narrowing would only make it a better match to lightly-doped
silicon. Exact lattice matching might be unnecessary because a
thin oxide layer, as in the MIS structure, could tie up loose
bonds. This new SIS structure could well be optimized inm an SINP
structure similar to that of the MINP cell. Attempts along the
SIS lines have been made with amorphous materials such as doped
Sn02[29]; but semicrystalline or polycrystalline material might
be more successful, particularly if it could be, at least par-
tially, lattice-matched with the silicon. If the doping in this
nonsilicon layer is graded properly, the only bandgap narrowing
will be in this layer and the remaining soupce of dark current
should depend primarily on recombination at the oxide
interfaces.

The SINP structure would in many respects be like the
GaAlAs "window" on a GaAs cell in that the effective surface re=
combination velocity would be reduced by the presence of a widet
bandgap semiconductor. The wider bandgap assures a lower minor=
ity carrier concentration and therefore lower dark current, evem
if electrical contact is made to the silicon rather than the non=
silicon layey- Similar structures on the back surface could proc-
vide excellen% p* layer characteristics.
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Means (present and future) of improving Vgc include:

Reduce SRV (front and back)

(1) dot contacts

(2) MIS contacts

(3) reduce interface surface state density

(4) charged oxides

Reduce bandgap narrowing from heavy dopidg

(1) remove boron from emitter region

(2) provide heterojunction for highly conductive
regions.

If very low SRV is possible (from a and/or b)

(1) reduce emitter thickness

(2) reduce base thickness

5-9
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6. SPECIAL STRUCTURES

6.1 MIS STRUCTURES

MIS structures in which the surface of a p~type base is
inverted to form an induced n-type layer are innately interesting
and useful tools with which to study the oxide~silicon interface
and, by comparison, diffused ntp structures. The dark current
equations should apply to a good MIS structure as well as to the
diffused junction structures. Deviations from these equations
can be predicted in certain cases and can also be useful in diag-
nostics. The base components should be unchanged and we will
ignore them here by assuming that the contribution from 0.1 #=cm
substrates do not contribute to ou¥ results. Equations (3-4) and
(3-5) contain an effective doping texm NS which has no meaning in
an induced n layer. However, bandgap narrowing in the emitter is
considered to result primarily £rom electron-electron interaction
[6] and an inverted layer hat the same number of electrons as a
comparable diffused layer. An associated problem is Auger
recombination which depends on the square of the electron
concentration. Therefore, the major dark current contributions
in MIS cells and diffused junction cells will have the same basic
limitations (nf/NB must be explicity written as pgeAEg/KT for the
influence of bandgap narrowing from heavy doping effects).

Some differences can be readily considered in the two
structures. The diffusion profile provides a region of little or
no field at the surface whereas the field in the silicon is
strongest at the oxide~silicon interface in the MIS structure.
This means that the electron concentration will be decreasing
rapidly from this interface; and therefore, the emitter bulk term
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[represented by Wg/tp, in equation (3-5)] will be negligible.

The Auger recombination term would not appear explicitly in the
dark current equations in this case, but defect-assisted Auge:
recombination would probably be the dominant term in defining
SRV. In addition to the other recombination mechanisms at the
surface, field enhanced recombination [l]} will now have a maximum
at the surface rather than at the junction.

The n = 1 value normally associated with the emitter
term may be greater than 1 if a potential drop exists through the
oxide. This drop could result from trapped charge within the
oxide and/ or leakage currents through defects in the oxide.

Such a situation would reduce the electron concentration and
field at the interface, thereby reducing the SRV (if Auger and/or
‘field dominated) but the negative impact on the cell £ill factor
and voltage is increased by the higher value of n. An example‘of
this is an MIS cell that when illuminated at 1, 2, and 4 AMO0 pro-
duced Voo's of 629, 654, and 674 mvV (cell 1455-15). The n value
starts out near 1.5 and drops closer to 1 at higher intensity as
the leakage current is reduced by lowered internal junction po-
tential at Voo or the trap population is shifted by increased
illumination. Alternatively, local defects act in parallel with
the remainder of the cell. At higher voltages, the n » 1 charac-
teristic of the defect regions is decreased relative to the n =1
characteristic of the undamaged region.

Other differences between the MIS and diffused junction
cells are the relatively stress-free inverted layer compared to a
diffused layer; the lower impurity and dopant concentrations at
the oxide-~silicon interface; the low fabrication temperatures;
the lack of metal-silicon contacts; and the requirement for an
adequately conductive layer and proper work function metal for
the MIS structure. All but the last item are generally plusses
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for the MIS structure. However, the lower temperature and lack
of diffused layer can reduce the gettering generally observed in
diffused cells; therefore, the base lifetime may become a limit-
ing factor in MIS cells with high Vge.

MIS cells were fabricated under this contract to com-
pare, where possible, the differences resulting from diffusion
process steps. Erbium metal (~100 A) was used because it has a
very low work function, ¢ = 3.leVv [30]. Chromium (~50 A) was
evaporated over the Er surface o prevent oxidation which would
otherwise ruin the MIS structure. No attempt was made to
optimize the cells by altering the thickness or composition of
th® metal layers or by adding an AR c¢oating.

The highest voltage obtained on an MIS cell was 647 mV
for a cell with Igs = 75 mA (AMO at 25°C). The saturation dark
current for this cell was "2 x 10”13 A/cm2 whiech is two-thirds of
the value for our best ntp cell of ~3 x 10~13a/cm2, Since the
cell base is unchanged, che emitter current is seen to be an im-
portant factor, at least in this dark current range. Addition of
a lightly doped n~layer to the MIS structure will reduce the
field at the interface and lowetr the maximum field intensities at
any point in the emitter region. At the same time, it may allow
a higher hole goncentratinn at the surface itself and increase
the recombination in subsurface regions of the emitter,

Optimization of the MIS fabrication processing should
provide an improvement over the results obtained here. However,
preliminary use of light phosphorus diffusion of the MIS surface
layer did not prodnce any improvement. Further work in these
areas is recomménded, specifically:

a. Gettering of the wafer by P and Al with subsequent
removal of impurities by silicon etch prior to MIS formation;
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b, Improved surface conditions by repeated oxidation and
oxide etch steps; -and

¢. combhination of steps a and b in a device that has a
lightly doped layer beneath the metal-oxide layers but with low
surface impurity concentrations and good bulk lifetimes.

6.2 MINP STRUCTURES

The MIS structure has shown improvement iii dark current
over the diffused n*p junction device. However, a heavily-doped
cap region on a lightly-doped emitter is seen to be more effec-
tive in reducing J4q than an induced layer (Section 3.3.3) on the
same lightly-doped emitter. If the induced layer beneath a
charged oxide and an MIS structures are considered to be the
same, these results appear to be inconsistent. However, if the
hole woncentration at the MIS structure interface is much lower
than that at the induced layer interface previously described,
then the results are reasonable. This would occur if the inter-
face field resulting from the work function difference between
Er and Si is greater than that resulting from an external posi-
tive charge on a Taj05 AR coating. These interface fields can be
increased by reduction of the AR coating thickness and/or nega-
tive charge. Green et al. [11] have accomplished this by use of
oxides (e.g., SiO) which have positive charge incorporated during
the evaporation process. The resulting charge is much closer to
the interface and more charge can be stably contained in a layer
than can be achieved by external charge deposited on a surface.
(However, the surface must now be protected so that negative
charge does not accumulate and reduce the interface fields). 1If
the positive charge sites’are thermally stable and high enough
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above the Fermi level in the silicon, they will not migrate nor
be compensated by electrons from the emitter. With their config-
uration {11), a low work function metal is no longer required to
induce an emitter and, therefore, can be replaced by an AR coat-~
ing to improve the optical coupling of light into the semiconduc-
tor. The contacts must still be MIS structures to maintain the
n*p junction.

A limitation of this MIS gridded, induced=juhction
structure is 'surface conductivity, since carriers must now flow
beneath the surface to the collection grids rather than tunneling
through an oxide to the metal contact. The inverted layer, on a
heavily-doped p~type substrate, is very shallow, and charge
transported along this thin layer will probably encounter severe
surface scattering and other effects which reduce the conduc-
tivity of the layer. Lightly counter doping the surface layer
will increase the number of electrons available for transport to
the grids (a small effect), but more importantly, it will reduce
the intensity of the electric fields which force the current to
interact so strongly with the surface.

Green et al. have found that doping the surface laver
also increases Vgg; but doping it too heavily lowers the Voo of
this "MINP" structure. They optimized the doping level at a
value which minimized the surface recombination velocity; but in
the theoretical analysis of this level, they assumed bandgap natr-
rowing models for heavy doping effects which our work indicates

re incorrect (Section 3.3.3). Vg should, therefore, be greater
at emitter doping levels beyond those experimentally found to be
optimal by Gréen, et al. Why is there a discrepancy? We believe
that heavy diffusions contaminate the surfaces and, therefgre,r‘"

raise the SRV: reduction of the surface fields below a,certainu’

[] . ’ . N { - L . . i ‘.
level may increase the capture cross section of surface statesy;. - .
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and/or the Debye length in the heavily-doped surface layer is so
short that holes can tunnel through the field barrier to the sur-
face states. | ‘

The importance of the MINP structure (beyond the fact
that the highest values of Vyo reported have resulted from it) is
that it provides a low SRV contact (an MIS structure) and a low
oxide-silicon interface SRV. Improvements in this technology are
expected along the lines set for MIS cells (at the end of Sec-
tion 4.2). However, dot contact cells with the same oxide~
silicon structure should be equivalent since the critical factor
is the SRV of this oxide interface and is, therefore, independent
of the contacts. Additional improvements might be possible by
the use of appropriate ion implantation into the oxide [25)}. If
the radiation damage from implantation can be annealed from the
oxide and the net positive charge increased beyond that possible
from the evaporated oxides of Green, et al., then the SRV should
decrease and/or a higher doped n* layer may be optimum.

Success of the MINP cell has verified our model (which
indicated that SRV was the critical limitation in high Vge cells)
.and pointed to a means of removing a major limitation. However,
before significant improvements in solar cell voltage can be made
beyond that obtained in MINP structures, it is likely that simi-
lar improvements must be made on the back of the solar cells to
provide a low SRV back contac:t [19]. Based on MINP success in
the emitter, there is hope that negatively charged oxides (Ta0g)
with dot or MIS contacts might be successful in providing a pt
back layer that is effective on 0.1 ¢-cm substrates. If such is
the case, 700-mV silicon solar cells may still be attainable.
However, if bandgap narrowing in heavily doped (> 1020/cm3)
p-type is greater than that in n-type silicon (Section 3.4) these
structures may be no more successful than those already tried.

6-6
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7. CONCLUSION AND REMARKS

Gettering (Appendix C) and low temperature processing .
techniques have provided 0.1 ¢~-cm solar cells with diffusion
lengths comparable to those in 1-2 @-cm material. The possibi-
lity of maintaining these results on lower resistivity material
(p < 0.1-0-cm) is worth investigating (Section 2.4).

Attempts at achieving effective p* back contacts on
0.1 9-cm material were not successful (Section 2.1). Bandgap
narrowing as a result of heavy doping effects appears to be the
major cause of this failure.

The emitter dark current appears to be the major
limitation in present 0.1 9-cm solar cells (Section 3.2). Band-
gap narrowing from heavy doping and surface recombination are the
main sources of this current.

Use of low area "dot" contacts removes the metal-
silicon interface as the major contributor to surface recombina-
tion (Section 3.1.1). MIS contacts would have a similar effect
(Section 3.1.3).

Surface recombination at the oxide~silicon interface
has been reduced by use of static charge on the anti-reflecting
coating (Section 3.2.1) and by use of electric fields created by
an MIS structure (Section 6.1). Charged oxides, as used in MINP
structures, would have a similar effect. ‘

Bandgap narrowing in heavily doped n-type silicon is
found to be less than predicted by the more pessimistic of the
present models (Section 3.3.3). The results for both n- and p-
type silicon are in agreement with the data of Slotboom and
DeGraaff [8] (Section 3.4).
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The highest Vg obtained for diffused n*p 0.1 9-cm
cells was 654 mvV at 25°C under AMO illumination (Section 4)., The
saturation dark current for this cell (fabricated using the
double diffusion technique) is Jq = 3 x 10713 a/cm?,

MIS cells, fabricated with erbium metal have displayed
lower dark currents than those obtained on the best diffused
cells. The best saturation current computed was Jg = 2 x 10-13
nA/cm?,
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Dependence of Efficiency of Shallow Junction
Silicon Solar Cells on Substrate Doping

E,S, Rittner,* A, Meulenberg, t and J.F. Allisons
COMSAT Laboratorles, Clarksburg, Md.

Experimenial evidence | provided to suppurt  modification of solar cell theary to Include the teld-eahanced
Junction recombinatiun durk current, This term by shown 10 became more imporiant in Bmiting skallow fumction
sobur cell efficlency ns huse reststivity Is decrensed. The anomatousty high-diffuslon dark current in the n-reglon
i abvo significant in Hmiting open-circult soliege, This excess-dark curren| s shiws to result from highssurfece
recombination ut the metallic contaeis on the framt surfsve (), =45 10 cm/y, 8¢, = TX 105 em/s) alomg with
handgep marrowing und high Auger yolume recombinntior, in the diffused noregion caused by Mgh domor
demity, 10 i ilso puinied out thed the effective thickhness of the n-reglon is substantially bess than ihe junction

depth, Meithods sre propused for reducing the mugnitude of both dark currents fo imprive oversll cell per:

formance,

{ntroduction

C LASSICAL theory of the p-n junstion solar veli predicis

a. monotonie Increase in open-clreuit vollage and
conversion ‘efficiency with substrate doping up 10 the
saturation solibility limjt.!. However, attempts 1o lmprove
the output of cells fntended Jor terrestrinl use by Jnereasing
the subsirate doping density have not been successful, Ave
cording to lles and Soclof, ? the open-cirenit voltage displays a
maxigum as a function of substrate doping. density in the
range of 10710/ Zem Y, and the conversion effivienvy: peuks
ata doping density slightly less than 1077 7em Y,

Two. different suggestions have been advanced to explain
the fall-off in open-circuit voltage and cfficiency with in.
creased substrate doping, Rittner’* has proposed that the
recombination dark current in the Junction enhanced by the
thermal counterpart of the Franz-Keldysh effect is respons
sible, On the other hand, Lauwers et al.8 and Lindholm ¢t
al,* have found experimental evidenve for an anomalously
Iarge n-reglon diffusion current component in solar cells with
a substrate resistivity of 0,1 f-cm (equivalent to a doping
densiiy of about 4 % 10'7/cm?*), More recently, Redficld? has
attributed this high diffusion current to Auger recombination
in the heavily doped diffused region,

The purpose of this paper is to examine these proposed
explanations by further ¢luboration of the theory? and by a
pew experimental appronch which separates the. variouy
components of the dark current, The results furiish con-
siderable insight into the origin of the high-diffusion duwik
current in the highly doped aeregion, and it is concluded tha
both this current and the Tield-enhanced recombingtion
current are important o limiting the cfficiency of present
solar cells,

‘Theoretical Discussion

The solar cell theory presented in Rel, 4 consists of the
following equations (corrected for previousty undeiected
ervata) for the current density vs voltage relationship ol u pen

Ruceived July 2R, 1977, revisnin received Juse 9, 19REL Cops i
Awnerican tostitute of Acrnmiution snd Astromiansios, T, 1981 Wl
righty reseryed,

*Director of Applicd Scienvey. Assavitie Feline ATAA,

tMeniber of the Techinical StafT,- Semiconductr  3echnalogy
Depurtment, . !

151611 Seientist, Applied Seiences Laborators,

Junerion solar cells
,/:-.-jm((»wl'i:kr..“ +~’.Iu(4“‘“”"” "'"l
=S 4y =y th
wh.cm

mqn, (KT7q) oY

LI 2

o Blrr,) " 12}
AE, =( .__f'g._..)""'gzu M
" \2x(m)» h
m=2mam,((m, +m,) . (4)

S (qp’,,D,,) Spcosh(Wy /L) ¥ (D, /L, )sinb(W' 71,0
b L, (DytLp)coshWy 1L, +Sysinh(Wy 1l )

(qn,,D,, ) S,cosh(Wp/Ly) + (Dy/Ly)sinh (Wl )
L, (D, /L, Yeosh(Wp/L,) +S,sinh(W /L, )

=duy + I ~ (%)

The firstterm on the righi-hand side of Eq, (1) represents
fhe recombinaiion dark current- density In the junction
enhaziced by high ficld bandgap narrowing; the second term
represents the diffusion dark current density in the i-and p-
regions of the cell; and the last term J, represents.ihe shoris
circuit current density generated by the light, The nofation is
us follows: ¢ Is the electron charge, & is the Boltzmann

constant, 7" is the absolute temperature, 1, is the jitrinsic -

cirrier deinsity, and 7, and 7 are the hole lifetime in the n-
material and-electron lifetime in the pematerial, respectively.
The electric field at the junetion jy denoted by &y AE, Is the
energs handgip deerease caused by the eleeteie fields /ris the
Paneh constads pry, and i, afe the effective masses for
selectrons angd holes; respectively; wand g, and. i, are the
theymit) equilibrivien ainority eartier densities in the i o4 p
1y e minrersuls, respectively -4 iy the ditfusion consiimt, / is
1he diffusion Jenath, 8 is the surface recombinagion veloats ol
e nrinority varriers, and -5 and Wy are e thicknesses o

[
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e neand suype regions of the diode, sespectively, Subseripts ls & e » K
poand a refer 1o minorlty carrler holes and elecirons, L ]
respectively, In the followlng detalled discussion of these AN .
cquations, severa) new polits of importance are highlighted. mope e
5 P - .

Hecumhination Current (J,) ‘ ':i;. o LR actve rotNTAL | '

Thie voltage dependence of the current density Is nof given 3 -t 1o o
simply by Eq. (1) with J,, constant because £ and A, also v N
depend upon the potential drop across the Junction, Since this Pl | 3
polential Is the difference between the applied vollage and the L 4205 qos

! bulltsln potential, it Is necessary to include these dependencles g ot g wl B

in nccuralely fitting J-V chasacleristics, ! ! o s
Dittused Reglon Minarlty Carrler Lifellme (7,) "f» 1 1o loa

The coefficlent multiplying the exponential term In Eq, (2) i i N

! is the well-knawn result of the Sah; Noyce, Shockley (SNS) 16} © pm e Ng o oo
theory* for dark current recombination in the junction for R e S
recombinition centers near midsgap. Equation (2) is an A J
N upproxinintion approprinie fo undamaged silicon cells, The I X ami

SNS‘lhcory assumes a sing'lc (ejcomliﬂna\lor:’ center o'f uul{unn REIMLUIGICAL
density N, shroughout the junciion and neutral regions, ™ . d i v o
Henee, 7, Is the hole lifetime corresponding to N, in heavily :‘:f_ '..’""'.’".1",'“1." "m:‘ﬁ"ﬂ "I:‘"‘:f,:;':“::":".:' leinity of

o i £ i

doped n-material, However, the experimentally determined
hade Sifetime in the n-reglon will generally be much less-than
the 7, of the SNS theory; this can be atiributed 10 ¢liher a
higher recombination center density in the n-reglon than in the
pesubstrate (from high temperatire diffusion) or to Auger
tecombination? in:the highly doped pomaterial, For example,
the hole fifetiime o the n * surface region of conventional
silicon solar cells deduced from a dead layer thickness of 0,15
am Is-of the order of 10 19 5,10 whereas the value of 7, in
Ref, 4, which produces excellent agreement between theory
and experiment, Js 10 ¥,

Energ) Band Decrease 1AV, ;

The derivation of Eq. (2} axsumed that the thermal handgap
sitply shifts to lower energy with Increasing electric fleld by
i amoant equal to the optical bandgap narrowing, Yalues
for the latter quantily were taken in Ref, ¢ from the
measuremenss of Brityy and Smirnov!! on @ silieon e
Junction, Athough these datn (it the £94C dependeiee of the

SFrangeReldysh sheory fairly well, claser examination 1evenls

that the proportionality factor 1§ an order of magninide
Wigdser thi the quaitity In brackers In Euy. (3), Alternatively,
e sahne of the reduced effective mass [Eq, {9)) must he
neipely three orders of magniinde lower than the preseatly
weeepted: vatne bn sileon to permit agreement whth theory.
Herce, it Is auestionable whether the Franz.Keldysh effect s
the physical basis for the relatively targe optieal bandgap shift
abserved by Brisyn and Smirnov and earlier by Hamukiwa
a ol ! Accordingly, the feld-enhanced recombination wifl
no fonger be referrdd 10 oy the *FransKeldysh effeet;*
howeser, the Britsyn and Smirnov experimental resilts will
st e used to derermine values of SE, for By, {2) by usitig
effeetive mass in Eq. (N0 6,38 % 10 M kg,

n* Regign Ditfuddon Cureent /5, )

The diffusion contritigtion s the dark eurrent density in the
sbregion (/) was neglected in the higher resistivity celts of
Ref, 4 because the dark carrent-from the bulk (/) was so
mueh higher than /.y, However, Lindhiolm ¢t gl have
esperimentidly found an spomalousty farge J,, i solar cells
with a highly doped substrate, Thus, an examination of the
motade of Ly, for alf base doping Jevels §s reguired,
Bemnion (5) s generally vilidy however, JiIs decessary 1
deling inore chsely 15, 1he thickness of the nereglon, and 1
enphasize the approptiale values of gy, and 5, to e used i
s equuaticn,

Flefdsfres Heglon (1)

T the wsual theordtfent treatment of the pon junction, the
pisetion reion i handied a8 though s thichness were e

finlteshma), since the space charge extension inlo the
respective neutral spmiconductors is generally small compared
1o the thickness of the neutrak reglons, However, in shallow
junetion solar cells this Is no longer true for the surface
reglon, The work of ‘Tsall on tlie diffusion of fiosphorous
into sificon has shown that the phosphorous diffusion profite
takes the form idealized in Fig, 1.

The depth of the constant posiion of the profile W, is
directly proporiiopal 10 the diffusion time, whereas the
position of the Junetlon with respect to W, {8 proportional to
the squase soot of fime, Thus, beyond W, the spatial variation
of the doping concentration produces a  space-varying
potential which merges with the junctlon poteatial, Tals
reglon, which bn shallpw Junction cells may far exceed W,,
should he trepted as givet of the Junction as in Ref, 4. Thus,
the wuat botpdary condition

,,g,-,n(..,¢~vtr' - (6)

applies at the distance W, from the surface§ knther than as the
edge of the normally caleulited depletion reglon (W~
Wy ). Alshough the hole lifetime In the constant composition
reglon may be very low (e, 10 " 5) because of Auger
recagnbination, the condition W24, <1 is fulfilled, sim.
plifylog the first term on the cight-hand side of £q, (5) to
Sy DML
N D+ W.$, ) n
Minority Cairler Surfuce Recombination Velncily (3,)

‘The evessity off contneting the front surface of the cell with
wometallfe gricd estiblishes regions on dfie surface with ex-
tremely high surface recombination veloeity, Such excellent
stiks - for iinority carefers will produge o high diffusion
gradiens fending to w relatively high diffusion dark current,
Theretore, Bq, A7) hiust be applied separately 16 the surface
are contactes by metallization ‘and to the semiconductor
surfoee area covered with amirefleciion conting and the
corresponding valnes of J, must be caleulated with op.
propriate values of 8,

The maximam possible surfave recombindtion veloulty of a
perfectsink is kinetlially Hinjted ta?* )

(S ban = (KT 2%t} ™ ®

$See Apipendis A foen more deralled dis¢ossion,
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where m Is the effective mass of the minority carrier, The
value of S, for metallic contacts 10 nepilicon ¢an thus be as
high as 3,8%10% c¢m/s, which Is about three orders of
magnitude higher than the value!s of S, for siticon heavily
doped with phosphorous and covered with. thermally grown
oxide, In practice, perfect ohmic contacts are nol achieved,
and the value of S,,, which may vary with different metals and
processing, will be lower, Nevertheless, considering that a
significant fraction (typically $%) of the cell surface
covered with metallic contacts, inclusion of thelt effects In
Eq, (7) could increase the valuc of J,;,. by more than an order
of magnitude for shallow juniction solar cells,

Minority Carrier Denslty (2,)

Determination of the vatue py, for use in Eq. (7), from the
commonly employed equation for nondegenerate muterial of
doping density N,

Posniing@n}IN, )

may produce a large error for heavily doped silfcon beeause of
bandgap narrowing, Fermi degeneracy, and fracijonal
fonjzation, 1 the high doping. concentration in the region
lowers the energy bandgap by 8, , the value of the inlrinsie
carrler density is increased to n?? where

n,.‘ ~=,”"nﬁk,( i (1)

Neither experimental nor theoretical determination of
bandgap narrowing in heavily doped degenerate marerln) Is
straightforward, The scanty experimental data iy ailable for
heavily phosphorous-doped silicon (2% 103 /7em ¥) range from
SE,»90 mV (Ref. 16) 10 6K =170 mV.% A theoreical
prediction for uncompensated chcncrute materinl with this
doping density s SE, =182 mV, " Compensated aeeeptors in
the diffused region will also increase p,, %

Fermi degeneracy and bandgap narrowing ulier the form of
Eq, (9); 5o that one-must use Eq, (11), derived from Ref, 19
(notatfon changed slighily) and Eq, (10),

po=nt)Poer (n
where
n= (B —~E ) kT=Fil | (ny/2P) x|
Py=2(2xm kTIH?) 1

m, is the effective mass of the clectrons, £/ s the Jiverse
Fermi function of order Vi, Py is the partition function for
material of sufficiently low doping density so that m,, Is in.
variant with N, and £, s the conduction edge of the heavy
doping narrowed bandgap,

In general the evaluation of Eq, (11) for a given value of Ny
is -ambiguous since, to determine a1, several nssumptions
must be made: the position of the Fermi level £, or of the
donor _level with respeet- to the conduction bund edge, the
shapé of the band edge, the-donor state degencruey, und the
effective’ mass- of the electrons and holes, However, the
problem is somewhat simplified, since Eq, () requires o vilue
for P, only In the constant composition reglon 4%, and there
are experimental data for i, and m,,,

An 't layer diffused with phosphorous al 820°C should
have a surface coneeniration near 3 x 103 7em’,* Fair and
Tsab yeport up Feleairiently . netive’ doping deivity of
LB emt for thiv siefice voncentimtion. 11w, s
assumied 10 be this elecirically aetive conventration, thenonly
u reasonable vilue of m, Is needed to determing £, and then
. The tnerease fo the expertmiental values of pr, that oeeurs
with donior density iv ussumed fo ivorporake o climgein
bund edge shape, Latrapodation of accumudiied data 2t 1o

SHALLOW JUNCTION SOLAR CELL BFFICIENCY "
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Fig, 2 Sample ontput of computer curse fisting program ilustrating
mewsured datn, computer £t o (hls duie, recombination snd diffusion
vimponenis of durk current, shunt lenkuge, und munimum power
point,

Ny=3 % 10%7¢m? gives a range for m,, of {1.8£0,2)m,,, Use
of the experimental values for iy and nr, gives a value for ¥,
of 42 8 mV above the conduetion band cdge, In By, (11),
both #2* wnd £, are based on the s doplig values for i, of
12 . Validation of the assumptions is diseussed in the
resulis after 8£, is detcrmined,

The denominator i Eq. (1) ¢an be compared with N,
which Is generally wsed in place of ny in Eq, (9), When
esitiited for i,

+1.3

) X 104 femy?

The: close ugreement with 3 103 7em Implies that, for this
range of Ny bandgap. pasrowing caleslations; which un.
Justifiably use Eq, (11) with N, instead of Pye are still likely
to be within experimental error, Equation (11) Is sometimes
rearvanged® 1o define an effecrive doping deasity [N,
= Pexpln = 8E,)) 50 that py= /Ny, The value of pg, when
correcied for Fermi degeneracy and bandgap narfowing from
both aveeptor and donor copcentrations, Is twe 1o three
orders of magnitude larger than the uncorrected minprity
enrrier concenttation I heavily doped silicon, The largest
factor by far s from. the bandgap narrowing due to donor
conceniration,

Experimental Method

The niodified theory* extitbited good agreement with duta
obtained on solar cells with substrate resistivities of 10 and 2
fem, respectively, To. test the theory critically at higher
electzie flelds and to examine the diffusion dark currem i the
neregion, shallow Junction solur cells with u wide riige of
substrife reststivities; varying grid contact aréas, apd dil-
Tering ditfused jupction depths were fabricated.

The. primiiry datn consisted of the current vs volluge
sharacteristic (1Y) under AMO Jllumination from which the
durk 1:V characteristic was deduced by subtracting the photop
generated gurrent, A computer program provided 4 Teast-
syuiees fi 10w modifieation of By, (1) which includes the
series wind shdint réststancesy:

L b et gy g (ent AT )

(S
.
R, [ 0

e program ubilized fhe Tull SNS Joiatisgg o the stlage
Cepeindent Tecsmhin i aureng 1, bt for most cuses the tesilis
s iddastangushalle (s s g § g 42
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Table 1 Infinence of subsirsie reslstivity and contact
srea on the darh current and V., of shaow junction solar cels

Dark Diffusion Current

Cieid meial Open
Substrate 10 siticon Tt /) Btk (Jyp) clreult
resistivity contucl #rea experimental caleutated yoliage
{R-cm) * pAsem?) WA/em?) (my)
k1] s 110 100* 500
2 5 28 240,40 N
2 0.§4 24 2£0,4b 60}
0,42 H 1.8 0.1 606
012 0.14 0.8 0.1% 616

* Ohinic back contact nn;ﬂoy:d. bLror hinits from unsetiainty in effectiveness of o1 back sondast. ¥Corpeted 10

Include heavy doping effects.

As a first approximation, a value of R, was deterinined using
the graphical method of Wolf and Rauschenbach, ! and data
points were taken from the I-V curve, A leastesquares fit was
made, varying the values for /,,, I,,, and R, To determing a
Yhest fit," was neremented ¢ obtaln a masimum
correlntion coefficlent,

The set of values for 1, 7, Ry, and R, that provided the
highest correlation. was then chosen for further analysis,
Typical correlation coefficients were aboul 0,9999. The best
fit-value of R, was usually within 0,02 0 of the experimentally
determined value, The *‘fitted” R, had Title effect oo
determining the vitlues of /,, and 2., and wus typically within
209 of the value calculated from the slope of the reverse |-V
characteristic, This method was judged superior to direes
measurement of the unilluminated characieristie, for which
the junction and base recombinatiop rates may differ from
those of the [lluminated case, This method s also more
rigorous than the previous experimental:test, 4 since the dark
current terms are determined. from a fit over the entlre 1.V
characteristic rather than just at the maximum power point
and the open-clrcult voliage, A sample output of this program
Is shown in Fig, 2,

The after-processing value of the bulk doping was verified
to be identical with the starting materlal by foup-point probe
measurements on samples from which the Junction and
contgcls had been removed,** The maximum clectife feld th
the junction region (for use in defermining the fieldsnduced
bandgap narrowing) was. calculmed by using the abrupt
Junction approximation and substituting for the depletion
width in the n.-reglon the junction depth minus the depth of
the consiant concentration portion of the profile W, The
change in forbidden bandgap was wken from the datn of
Britsyn and Smirnov!t for flelds within thelr-meusured rimge
and from-an E¥ extrapolation-of these data for higher
fields. !t The value of W, was determined Trom the data of
Tsai" for the diffusion time and temperature employed in
Individual celt fabrication,

Results and Discussion

Shallow junction cells were fabricated from peiype silicon
with resistivities from 30 to 0,12 fl.¢ny to examine solar eell

“**Capacitance methods of deteeminiing buse duping are ot as
reliable for heavily dopad- materiul sinee the depleton width includes
the diffusion profile,

HHBritsyn and Simsraoy deleriningd the inerease in the splwal alt
sorption coefficient oy a Tunetion of wiselength-anl s etipe sl i
field in the Junction, Dependence of énergy sinteon aveiape el (1.
21 way-reported for d wasclength “in the v a0 L pne b s ghe
threshiold wiselength of 1 13 e the Bl b aicips st i
fower, Tortaoisly by @i smount saels it sse of The s ivld
i Ihis wavelengsh produces the sume eriengy ST e e of e dsviape
fiedd ud § g,

efficiency limitations, Higher substrate doping resulted in an
Increase in the J,, term (from the higher junction field) and in
a decrease In the Jg, term {from the reduction In 1) ay
predicled by theory [Eqs, (2) and (5)), Sinee the J,, term in
ihe Jower reslstivity range was miich greater than J,,,
o4 Ens, (S) and (7)) dominated, However, It was possibly 1o
reduce Jyy and thus J,, sufficiemtly, so that J, beeame the
dominant term in Eq. (1) ot ¥,

"The process for lowering J,y consisted of reduving iz grid
caitaet areu from § to 0,14% of the tolal area, Tuble T llss
the caleulated “values for Jn (based on representitive
measured yalues of L), and the experimental values of J,,
for varlons substrate tesistivities and grid contact arcos, fivthe
0.12:0em, S% grid area case, J,, Is more than un order of
magnitude higher than J,,, which can therefore be fgnored;
hence, Sy = J ). Reduction of the grid contner area by nivie
shan un order of magnitude lowers the J4, value by more thn
a fuctor of 2 for the 0,12-0-cm cells, This is also reflecied ju o
10-mV gain In ¥, Thus, the ¢ffect of the $% metal conuet
aren ont J,y Is greater than that of the 95% oxide uren, 10 the
241em case, Jy; dominates the J,4, term; however, loweriing
the contact area sit} reduces J,y

The following quantitative information can by extracied
from the data of Table 12 bandgap narrowfng from the heisy
phusphorous doping; bandgap narrowing in the dilfusd
region from compensating acceptors; surface recombinution
veloelty of the metalsilicon interface S,,; and surfnee
réconbination velocity of the oxidessilicon Interfave 8,
These four terms can be obtained from the yalues of J,,
oceurring in the 2« and 0,12-Q.¢m eells of differing contu
arens, The contributions 10 J, Trom the separate surfuce trea
coverages {grid and oxide) and the nt layer provide four
Independent equations [cach derived from Egs, (&), 41, (9),
and U) bar-with five unknowns, The (i unknowi s /.,
for the 2--em case, (In the (h12-0-em case, Jp iy sulficienty
sniall so vhat the theoretical value may he used.) Since ap-
proximaie values for two of the unkpowns, S, and 8., e5iv

- in the Hteratire, p range of values ean be essablished for the
bandgap narrowing, from which a selfeconsistent range ol
values for S, and S, can be deduced,

Constants tsed I the evaluntion are W, =30 Asr, =10
s A{from. Auger reconmbinalion for n=),8x ld"':vm‘i:
Dy w13 em? /st und o, = 1,2%1007em !, Theestimated valie
ul s, was $x 10 ¢m/s based on 1wo properties ohsery i for
the Ta;Ocsilfean -interface™: The quantum: yield ofwlar
vells with Tuy O antirefleciing coatings can approach (19 as
U, indivating w tow suriaee reconhiation selogity.
Albso, the surface state density induved by thermally grown
Tty O iy higher than thit I the best thermally grown siton
whonvides which have surince recombination velocitios o thy
opder of T e, The lerattise vitlues Tor wiv uppet Tupil of
stirfaee recombitation velocity for metut on esndly doped 2

¥
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type silicon are about 10* cm/s. ' In the present study, the
value of the surface recombination velocity for & Cr8i -
lfwwus,,uuumssw.m
able | With the assumption that §,, is close 10 the
limit of 10* cm/s, & value of §,, «Sx 10" cm/s was
for the initisl value of the SI
velocity,
feature of this analysis is the bandgap narrowing
10 the J, term resulting from the compensating
remaining in the n * region after the diffusion of
phosphorous into & substrate with & background doping of
4% 10" /em’ boron stoms. Comparison of the 2-0cm with
the 0.12-0-cm cells establishes this NArowing
184 S mV. 11 Correcting the data from the 0.12.0-cm cells for
this effect establishes two equations with three unknowns.
Independent, successive use of the surface recombination
velocities of S, =S$x10" cm/s and S, «S$x10° cm/y
provides upper and lower limits for heavy phosphorous
concentration bendgap narrowing of 8 < 160 mVE§ and 143
mV, respectively. The average of the values, 152 mV, »
significantly lower than the 170 mV provided by Lindholm et
al.*; however, their results, on 0.1 fhem material also
unknowingly included the bandgap narrowing from the
compensating acceptors, The two analyses comncide when an
18mV cor 10 compenmating accepton is employed

The values in this analysis for bandgap narrowing i the n *
region from donors and acceptors (8F, = 15249 mV and
SE, = 18 & S mV) yield self consistent solutions for /. of 1 9
«0.2x10 " A/em? (Table 1) and for Ta, 0,5, Ta-Si, and
Cr:Si interface surface recombination velocities of
$,.%742x10", S, =4a1x10', and S5, «7a2x10'
em/s, respectively. These values are not too different from the
initial  assumptions and depend upon & comparson of
theoretical and experimental values of p,. A check for sell-
consistency in the basic premises consists of examining the
determined bandgap narrowing, the relative position of £,
and donor levels, and fractional ionization .

Bandgap narrowing of =152 mV from a donor con
centration of 3 x 10%/¢cm’ will lower the conduction band
edge by at least 76 mV, but by less than 152 mV. The Fermi
level has been theoretically determined 10 be ~ 54 mV above
the band edge, and the donor level is 44 mV (Ref. 2K) below
the intrinsic band edge. Therefore, the donor level is between
27 and 108 mV above the lowered band edge, and £, s from
22 mV above the donor level 10 54 mV below the donor level.
If all 3 10%/7¢m” phosphorous atoms are electrically active
and only 60% are ionized, the Fermi level would be «~ ¥ or
=25 mV above the donor level depending on the donor
degeneracy (2 or 4, respectively). For internal consistency of
the model, 60% fractional lonization implies nearly even
division of the bandgap narrowing. If this is the case, then the
hole effective mass m, and corresponding partition function
may be increased, thereby reducing the value for &, by up 10
Smv.

If the lower value for £, is used, 95% of the electrically
active phosphorous in the W region must be ionized, and
10%/¢m’ phosphorous atoms must be nonactive (perhaps
precipitated). Precipitation or other means of inactivating
= 30% of the phosphorous implies that bandgap narrowing
must affect only the conduction band edge. The bandgap
narrowing used in this analysis produced fractional wnization
and p, values which are consistent with the experimental
results for both active and total phosphorous concentration.
Better knowledge of the split in bandgap narrowing between
conduction and valence band edges will provide more specific
information as to the fractional omzation and concentration
of the electrically active phosphorous

Mt

Ta contact surface

|

A

i

i

$1AddItonal data sets were used 1o establih this range, which s the
same as reporied in Ref 26 Tor heavier accepton compensation

ST s value agrees with the upper bt mdicated By oaponmntal
work in Ret 27

SHALLOW JUNCTION SOLAK CELL EFFICIENCY A}
Table 1 Dependence of recombineiion
cwurrent on dhecine " e junction
“—
Average clecirn terms of by
v fusion fheld ot P, Kecombination (Denp
e, ¢ R L e
min)  (MV/m)  (mMY)  J, (mAAmT) B (mOMY)
" s 0w Y4a02 PR}
1 » on 190 14
" 24 o 10408 22

The value of p, depends on data for a, from diffusion into
less heavily doped p-type silicon. I the bandgap narrowing
from the acceptors were divided evenly between the bands (the
worst case), the donor level would increase by =9 mV relative
10 the conduction band edge. This would lower p, by ~ 10%
and increase &f L = Y mV

10 1s interesting 10 note that the experimental expression of
Slothoom and deGraal ™ for nondegenerate, p-type silicon,
when extrapolated 10 3x 10%/cm’, yields 8¢, =« 144 mV
compared 1o the 152 mV predicted here for degencrate n-type
matenial. Ther prediction Tor an accepton concentration of
4107 7em " s BE, < 25 mV, which is not far from our results
for the conmbulf«m 10 band gap narrowing from com.
pensating  acceplon. Also, in comparison 10 the above
mentioned results, surface recombination values for Si10,-S1
and ALSI interfaces of Sx10' ¢m/s and Sx10° ¢emos,
respectively, have been deduced from experimental resulis ™

Another group of celis was fabricated in 0.12.8-cm ptype
material which was diffused for three different imes 1o vary
the junction depth and therefore the juncuion field | ow
resistivity, 0 14% contact area cells were chosen 10 Increase
the junction field and (0 minimize J, so that reasonable
accuracy could be obtained for J,. Table 2 shows the dif
fusion time, the average electric field in the junction at P |
and s reciprocal, the experimentally determined hzd-
enhanced junction-recombination current at P . and the
combined field dependent terms in: Eq. (2).

The experimentally determined values for J, increase with
increasing electric field. This trend is opposite 10 the //F
dependence predicied by SNS theory alone [Eq. (2) with the
bandyap narrowing term removed|. The combined field-
dependent term (last column of Table 2) increases with in-
creasing field, in qualitative agreement with the behavior of
Quantitative agreement requircs a value of 7, of several
nanoseconds and a small decrease of 7, with junction depih
It fieldinduced bandgap lowering were not (0 ogcur, the
range of 1, required (0 fit the data would exceed an order of
magnitude and absolute values would be much 100 low 10 be
consistent with Shockley-Read recombination used in the SNS
theory.

Reduction of the electric field and consequently J, im-
proves both the open-circuit voltage and especial  the fill
factor in low-resistivity solar cells where J, is no longer the
limiting factor. The field-enhanced junction recombination i
the thermal counterpart of the observed field-induced optical
bandgap narrowing'' ' and provides a logical and oy
perimentally consistent model of the solar cell junction

Conclusions

A sound experimental foundation has been established for
the proposed Dield-enhanced junction recombination * The
Iigh surtace recombination of the metallic contacts on thy
tromt sutlace has been identitied as 4 major source of the
dittusion dark current in the highly doped surface ron
Fhis cutrent becomes important Tor shallow junction cells at
substrate resistivities below about 22 cm. Bandgap lowering
o the Dield free sty pe surface cansed by high doping o an



For shallow junction cells, the field associated with the
fall-off in doping concentration just beyond W' can be
and can penetrate the W, s showninFig 1
then be determined whether W' is the appropriate chowe
distance from the surface for the application of Fq. (6)
The boundary condition is highly insensitive 10 this chowee of
distance, since the potential vanes relatively ittle over W (see
Fig. 1) despite the possible presence of a strong electric Held
Although volume recombination in the high field region of
should formally contribute 1o the J, term, recombining
carriers will have surmounted the full barrier height. Thus,
dependence of the contribution 1o the dark current upon
varies as e and s indistinguishable ex
perimentally from the J, term.

Just beyond W, the situation is similar except that the hole
lifetime increases rapidly with distance®y as Auger recom.
bination becomes less significant; the hole concentration
only slightly greater than that in the heavy doping bandgap
narrowed surface region. These facts indicate that recom
bination is significantly reduced in this region, and s
estimated contribution 1o the dark current is typically only 10-
20% of that from the W, region. Thus, the distance W'
appears reasonable for the extent of the n * region for use in
Eqs. (3) and (7), at least until measurement precision and the
determination of other parameters are greatly improved |1
this constant composition layer were removed (W 0), J,,
would not be reduced because p, [in Eq. (7)) would be higher
and the resulting S, coniribution would therefore be larger
than the total J,, term prior to removal of W

ti
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APPENDIX B. BACKGROUND TO THE CONTRACT

The following sections are from the contract proposal
and provide the framework of the problem as viewed at that time
(5/79). 1In retrospect, the framevork is intact but it appears
that special structures are necessary to overcome the limitations
found in the surface recombination velocities of the
oxide-silicon interfaces S,y and the ppt layer spp*.

The equation, page, and figure numbers refer to the
appendix only, not the major portion of the report. The refer-
ence numbers have been wmodified to fit those of the report.
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2. THEORETICAL MODEL

Figure 2-1 gives the solar cell structure used in the
following analysis and proposed work. The basic cell should have
a shallow junction (w < 0.2 ym, or at least w << L /D ) to
assure the high blue response necessary to produce tge
I,c = 45 mA/cm? goal set forth in the RFP. The separate
influences of the metallic grid contacts and the oxide AR coating
are indicated by the surface recombination velocities § §, and S_
The contributions of the back contact and P' layers are lumped
together and represented by an effective surface recombination
velocity Sppt-

The equations following Figure 2-1 are expressions for
the current balance in an illuminated solar cell. The Jr term
represents the current contribution from generation or recomblina=
tion in the junction region; Jo 1s the contribution from photon
generated minority carriers; and Jy 1s the current from the N*
and P bulk reglons, from the oxide and contacts or the N' layer,
and from the p' layer and ccentacts. The individual contributions
to Jgq from the N and P regions are expressed in the approximate
forms pertinent to th: conditicne necessary to fulfill the
contract, fov exampi~ lonjy wifivsion length, thin N region,
perfect P’ tack contact, and low oxide surface recombination
velocity. The stated assumptions reflect these conditions plus
one limitation, the high value for S

Figure 2-2a indicates the doping profiles of a typical
1.0-0-cm N*- P - P* solar cell. The dashed line indicates the
effective doping level NB tkat results from band gap narrowing 6&E
(1),(6]),(8)represented by equations (2-10)=(2-15). The effective
values ni, "5' and ps must be used 1a equations (2-3), (2-5),
(2-7), and (2-8) to obtain realistic values of Jd and Jr'
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Figure 2-1.

Solar Cell Structure and Terms

J = Jp + dJdg = Jyg

Jy = Jro(eqv/2kT - 1)

Jro = qni (KT/q) (1/2) V1pTnE

Jg = (Jgp + Jay) (eIV/KT - 1)

(assumes low S

ppt’

W' W.., and L 5> WP).

Wp = Wap

Jan = Janox * [ (grld /(Atotal)] Janm

JaNox = 9Po (Sox + Wy/Tp)

(assumes that Wy << Lpr Wy = Wy - Wgne. and Soy < WN/TP)

Janm = 9DpPo SmADp + WnSm)

(assumes that Sy

>> WN/Tp)

- 2
NoPo = Nj

(2-1)
(2-2)
(2-3)

(2-4)

(2-5)

(2-6)
(2-7)

(2-8)

(2-9)
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Figure 2-2a. Donor and Acceptor Doping Profiles in 1.0~Q-cm
Silicon Showing the Effects of Band Gap Narrowing
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b Eg(my) = mnm/u ) + Jlon(Nm )12 + 0.5 1 (2-10)
//

asg»(mV) 22.5 (N /10")!/2 (2-11)
Eq (mV) = (hqE/2n{m¥ ] * (2-12)
. Where !
N = impurity concentration
‘N, = 10'7/em® . “ ;o
N~ = ionized impurity concentration "
m* = effective mass necessary to fit the data of

Britsyn and Smirnov.

P} = n{l/NA = n?/ug (2-14)
ng = n§2/N13 = 9§/N6 (2-15)

Figure 2-2b gives the electric field stred‘@h%(s) =
" throughout the N* and depletion region. Curves showiig the o
influence of heavy doping (HD) only as well ‘as that of electric "
field 1nduced band narrbw1ng (FI) only are dvérlaid to indicate
Based on the extreme gladient in donor dop;ng”concencra-
tion Npy Figure 2-2a and the intense fields in Figure 2-2b,
equaticns (2-7) and (2-8) must be modified. A simple but
effective model [41] has been proposed in which a field-free
region (wff), where E < 2 kV/¢tm and a drift-field region (wdf>,
where E > 2 kV/cm, are defined. All photogenerated carriers: in
wdf are collected and this region is considered to have a

"
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negligible contribution to Jq+ since the minority carrier

lifetime in Wae is much greater than that in Wep. Therefore, Wee
is substituted for Wy in the above equations, yielding:
JiNox & qu(sox + Wﬁf/tp) : (2~16)
JéNm 2 .qupg Sm/(Dp + Wffsm) (2-17)
S L T L N I f
40} - !
35 - ”
30} - :
5‘:: 25} -
_G. 20__ (g
15 .
10 m
S / | T
ot Lo Lo o1 |
-03 -02 -0l 0 0.t 02
X(um)

promenmy

Figure 2-2b. Electric Pield in Junction and N' Regions
Produced by Doping Profiles of Figure 2-2a
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S$. SOLAR CELL OUTPUT LIMITATIONS

Three cases are examinedﬂto indicate present experimental
dark current values and those required to achieve a 700-mV cell.
Table 5-1 contains these calculations and the,ﬁnherent-assumb-.
tions. The first case assumes that Jpo =0 and that the best
experimental value measured for Ji0 of 8 x 107323 A/cm2 is
obtained. These values permlt a maximum Voo of 636 mV. The
‘second case assumes that Jdo = 0 and that the best exper1menta1
value for Iro of 3 x 1078 A/cm? is obtained. These values allow
a maximnm-voc of 731 mV and indicate that Jro i5 not the voltage
limiting factor.

‘The third case is used to compute the necessary values.
of Jy, and J. . to obtain 700 mV if J. and Jy are equal at this
voltage. The required value of Jgo = 3.3 x 10714 A/cm? is
significantly lower than the value of J;, = 8 x 10 14 A/cm?
expected from a 0.025-~cm thick 0.1-0-cm cell with a perfect p
back contact. This value of Jdp includes the band narrow1ng
provided by equations (2-12) and (2-13). Egquation (2-5) shows
that reduction of the cell thickness‘will allow Jgp to be reduced
to the necessary value, assuming that Jg. is negligible. It will
be difficult to obtain Jan << Jdgp- However, if Jgp can be
reduced by one-half by increasing Ly, and/or by decreasing wp,
then the condition Jan ¢ Jgp might be easier to achieve and would
also yield Voo = 700 mV.

‘ Table 5-2 gives the values of J,. and J, at several
voltages based on the values of Jdo and J from case 3. At Pmax
(~600 mV), Iy dom’nates; therefore, the dlode quality factor will
be ~2 and the £iY7% »actor will only be ~0.76. It is necessary to
reduceIJr by an order of magnitude to provide a fill factor above
0.8. Reduction of J, by simply increasing the junction depth, as
kln Figure 3-4, will Jncrease Jan and lower J2 Therefore, less
s;ralghtforward methpds must be used

T aamndn s yn D LN ot e T T et e o FEPRICPCE T
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able %=1, Limiting Cases for Shallow Junstion
v Solar Calls

Case 1

Assume that J, = 0, Jg = 45 mA/cm?

Use the best experimental value for Jao
(8 x 1013 mA/cm2)

Equation (2-4) gives Voc = 25.7 mV 4n(0.045/8 x 10'13)
Voc = 636 mv

Case 2

Assume that Jq = 0, Jy = 45 mA/cm2
Use the 3ood experxmental value for Jyq

(3 x 107° A/cm?)
Equation (2-2) gives Voc = 5.14 mV 4n(0.045/3 x 10~%)
| | Voo = 731 mv
— Case 3

Assume that Jy = Jg at 700 mv, ‘Jg = 45 mA/cm2
What values of Jgo and Jyo will give Voo = )00 mv?
700 mV = 25.7 #n(0.045/2J30) = 51.4 n(0. 045/2J,°)
Jido = 3.3 x 1014 aA/cm?

Jeo = 2.7 x 108 A/cm2

Table 5-2. \:RelatLVe Values of J, and Jg
as A Function of Voltage

o) (,ig) N (iﬁ) N AL
700 | 2 [ 22 1

| os0 | 06 | 32 6.9
F90] | o009 | 0.45 20
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Another goal of the contract is to obtain J . = 45 mA/cm?
at AMO. This current density can be collected only if NR cell
surfaces and/or sawtooth cover-slides are employed. The use of
an etched surface would not only increase Jg = Ugge but also JaN
and Jr' The consequent reduction of Voo and F¥ could only be
overcome with a major effort. Multilayer AR coatings and saw-
tooth cover-slides may be used to increase J, without altering
Jan and J,.. This latter approach is simpler but does not offer

as great a potential (see Figure l-1) as the etched surface
combined with the sawtooth cover-slide.
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6. TECHNICAL APPROACHES

This section discusses organized approaches to the
problem of increased V,.. The J4 term will be examined first
' since Jd must be lowered by more than an order of magnitude to
attaln a V,o of 700 mv, Figure 6-1 indicates the three major
contrlbutlons to J4 that must be reduced and the various means
for achieving this goal. Means for reducing Jgp are indicated in
_equation (2-5). Success of the program depends on achieving a
low wvalue of SPP+ relative to D /L as assumed in this equatlon.
COMSAT is presently working on a contract to provide a perfect p*
back contact to a range of base resistivities from 1=1000 Q-cm.

The extension to lower resistivities should be reasonable

‘since Dn/:n is larger for more heavily doped material. A recent
process of inducing an accumulation or depletion layer by use of
charged oxides [11]is quite promising; however, the behavior in a
radiatiion environment must be closely examined

Reduction of the J 3N bulk term [equations (2=6),(2-16)],
and {2-17)] is parallel to that of the JdP term. However, it is
more important that wff be reduced than WN for shallow Junct1on
cells. One major difference between JdP and JdN is that the N
region is generally introduced into a P-type substrate. Therefore,
band narrowing from heavy substrate doping will add to the band
- narrowing introduced by the heavy doping necessary to form the N
layer [1],(7] Use of epitaxial or out-diffusion techniques are
means of av01d1ng or decrea51ng the compensating acceptor coricen-
‘tration, thereby reducing the band narrowing by 15-25 mV for
0.1 Q=-cm base material.

Reduction of Sp has been standard practice at COMSAT
since the Violet cell was introduced with its oxidized Ta,0s AR
coating. The resulting low value of Sox and relatively low value
of S (Cr-Ta-Si)permit the shallow junction structure necessary

+
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LOWER Ametol LOWER Np

LOWER Smetal LOWER Spx

— LOWER Wp

INCREASE Lp L*’{', IMCREASE Ln
REDUCE REDUCE
LOWER W¢ JdN BULK — LOWER Nj LOWER Spp+ = Jdp
OR Wy
, INCREASE Ny INCREASE N4

Figure 6-1. Methods for Lowering J.
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provided a practlcal means of reducing metal contact area for
low-resistivity solar cells.

Methods of loweris: Wy Jps displayed in Flgure 6-2, are
based on equations (2-3), (2- 12), and (2-13). The most important ite;
in each case is the reduction of the electric field in the
junction region. Epitaxial grcwth techniques can be used in all
three methods. lIon implantation may be useful for tailoring {
doping profiles in the junction and surface regions.

The use of less heavily doped material in the Junctxon {
I

for‘§ood blue response. A patent issued to COMSAT in 1976 [12] {

region has two benefits. The electric field is lowered (by :
increasing the depletion layer thickness), and the band narrowing
from heavy doping is also reduced. This latter effect, for J,.,
has not yet been proven and may not be as important as it would’ o
be for Jj. The reduced’ 1mportance could result from the depen=-
der~e of J. on n} rather than nl ; but for a diffused junction
heavy doplng exlsts from both N* and P layers increasing J two
to three.times more than an undoped region.

Junction profiles must be established which reduce the
maximum electric field in the junction and yet guarantee collec=
tion of carriers from the cell surface, even after irradiation.
Deep Nt layers are particularly susceptible to this problem
because of the high radiatinn damage coefficient. ‘Junction
depths in excess of 2 pm may reduce J but would increase the
radiation sensitivity. Some of these approaches have already
been exploited; variations and combinations are proposed for this
contract.

B-12 S
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REDUCE DOPING IN JUNCTION REGION

|

INCREASE” “TAILOR

JUNCTION DOPING
DEPTH PROFILE

Figure 6-2. Methods of Reducing I,

B-13
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APPENDIX C. GETTERING PROCESSES IN SILICON

The large body of diffusion length data, accumulated
during this contract, has provided an opportunity to test some
models of gettering, or the process of attracting impurities to a
sink. Neither the impurities themselves nor their sources are
~identified, but are important in reducing bulk diffusion lengths
in silicon. It is possible that the source of these impurities
is characteristic of fabrication (the lab, the solvénts and the
processing} rather than the material itself. If this is the
case, the observations made here may not pertain to other facili-
ties and operations. The material used in this work was gener-
ally 0.1=0=cm Wacker Float Zone Refined silicon. However, some
use was made of l-Q-cm material and no difference was noted in
the gettering results.

It is hoped that this appendix will be useful to those
people interested in maintaining or obtaining long lifetime in
silicon material. More detailed studies (e.g., with DLTS) would
be important in confirming these models. '

C.1 BORON GETTERING

An exhaustive study of boron doped pt back layers was
not carried out; however, some interesting effects on the minor-
ity carrier diffusion length (L) of these cells were observed in
comparison to aluminum pt contacis. Table C-1 indicates an in-
fluence of temperature on gamma current. It is difficult to sep-
arate the effects of diffusion length and p*t iayer'on the gamma
current unless the p* layer is stripped off and an ohmic contact
is subsequently added. However, when this procedure is carried
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out on Al backed cells, the variations in gamma current appear to
depend more on L, than on the p* layer. This dependence implies
- a gettering effect from the Al which might also be expected from
boron. o

Table C-1 lists the gamma currents resulting from vari-
ous fabrication processes utilizing a boron spin-on source (Emul-
sitone 0317D). An essential step in these processes is the long
(16 hr.), low-temperature (450°C) anneal. The boron doped glass
does not anneal silicon as rapidly as does the molten aluminum.
In fact, other data (Sections 3.3.2, C.3, and C./4) indicate that
high temperature (950°C) diffusion steps actually lower Lp. The
anneal step, therefore, removes the damage resulting from the
diffusion (perhaps stress related) and further getteis impurities
from the bulk. Comparison of the four groups in set 1411 indi-
cates that: '

a. long term diffusion with 0317D removes some defects not
gettered by a short diffusion,

b. aluminum getters very aguickly, and

¢. aluminum getters right through a deep boron layer.

This set was not annealed, so that the influence of the diffusion
itself coulid be observed. The indifference of I, to the nature
of the boron pt layer is seen in the cells of 1403 which have
different diffusion conditions and, therefore, different p* layer
thicknesses (1500A vs 3800A).

The variation (%5 percent) of I, in cells processed
identically within a given set is less than that between cells
processed identically but in different sets (the extreme values
of sets 1403 and 1423-3+8 barely overlap). It would appear that
variations in processing or conditions in the laboratory from set
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to set are greater than variations within the material or the
conditions during a given fabrication step. For this reason,

whenever possible, process changes are incorporated so that com-

parisons may be made within a set rather than between sets. The
data of set 1423 emphasize the benefit of aluminum alloyed
through a boron p* layer and show that the low temperature,

lengthy annealing of the boron diffused cell is not as effective

as the addition of Al on the back during the short diffusion for
the nt layer. v

Normally the boron source is applied to the wafer with
oxide present on the front face to guard against contamination.
In order to simplify the process, some cells were fabricated
without the protective oxide. Although two of three cells 1nﬁw
this case suffered front surface contamination, the set 01431)‘
had some of the best diffusion iengths obtained during this

~contract. The differences between set 1431 and the other

sets in Table C-1 are the lack of a high temperature step
(1050°C/30 min).and the lack of a thick surface oxide during the
boron diffusion step. The relative importance of these two dif-
ferences, in determining the diffusion length of boron diffused
silicon, is unknown. However, since the nature of the boron
doped pt layer (extreme thickness in set 1433) did not appear to
influence Iy, and because it was found that Al can more quickly
and reproduceably getter bulk silicon, boron investigations were
dropped. ' ‘

Ny

C.2 . ALUMINUM CETTERING

The previous sections and tables indicate that aluminum

iz. an excellent getter (probably the best). A probable reason

C-4
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for this has to do with the facts that silicon dissolves in Al
and that it is liquid at a low temperature. As the silicon goes
into solution, it generates vacancies which diffuse through the
silicon wafer and thereby enhances the migration of impurities
within the wafer. The Si-Al eutectic alloy provides an active
sink for impurities which are thus prevented from building up on
the silicon surface and rediffusing back into the wafer. The
liquid state (or mixture of liquid phase and solid phase) allows
ready migration of contaminants to the outside surface where they
are incorporated into the growing crust of oxides. The possibi~
lity of stress relief by the liquid an§ low strese during cooling
(as a result of a relatively malleabkle alloy if the maximum alloy
temperature is kept reasonably low) may also be iﬁportaht.

' In contrast to the Al alloy process, a glass or oxide
on the silicon svrface (even if molten) may bind {mpurities close
to the Si-glass interface where impurity-oxides are first formed.
In addition, the glass is probably a net sink for vacancies
rather than a net source as postulated for aluminum. A vacancy
sink provides a gradient which will increase the concentration of
some impurities about the sink and/or draw impurities out of the
sink. This can be seen by envisioning the mobility of some im- |
purities as increasing with vacancy concentration. These impuri-
ties will move rapidly until they reach the low vacancy area of
the sink where they slow down. If the vacancy sink contdiﬁs im-
:purities, they are likely to migrate out along the vacéncy
gradient. ' '

An alternative to the metallic aluminum or glass
sources used to form p* layers is an aluminum paste which can be
silk-screened onto the back of the silicon wafers. An aluminum
paste, as used commercially for p* back contacts, is ah excellent
getter for three reasons., First, it generally provides more Al




for the Si to dissolve into than an evaporated Al layer. Second,
it has a high concentration of oxides and/or frit which slows the
migration of silicon through the melt and thereby provides a more
continuous source of vacancies (and probably a higher net vacancy
capability). Third, the oxides and frit provide bin?inqypoin;s
for the gettered impurities thereby lowewring the coricen’zration of
mobile impurities which can diffuse back out of the Al-Si alloy.
A potential problem is purity, both in the material and the
application process.

High purity aluminum is desired for an alloy source so
that it will not contain impurities that could contaminate the
gilicon. However, thicknesses in excess of 0.5 um have been
found necessary for optimum lifetime and this thickness of pure
aluminum is found to "ball up” during the high temperature alloy
cycle. Evaporation of Al from a resistance-~heated crucible
provides layers with a pale gold finish which is stable but non-
contaminating. Following the vacancy generation model and the
Si-Al phase diagram, it is apparent that at higher temperatures
more silicon will enter a given thickness of aluminum than at
lower temperatures; thereby, within limits, increasing the
vacancy population and the gettering capabilities. This effect
may be seen in Table 2-1. At lower temperatures, thicker layers
of aluminum and longer alloy times would be required for the same
gettering capability.

C.3 PHOSPHORUS AND ARSENIC GETTERING

It has been known for a long ‘time that phosphorus is a
good getter. It has been proposed [Cl] that phosphorus diffuses
by vacancy interaction and ‘if the heavily doped surface region is

c-6
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an active source oOf vacancies then a gettering mechanism llke “

- that of Al could be expected. A major difference in timing would
be predicted, however. The aluminum alloy process would generate
the highest conccntration of vacancies in the beginning, decaying
to a relatively low equilibrium concentration, whereas the P dif-
fusion process would probably show an incfease in vacancy gener=
ation with time as the heavily doped "dead layer"” ig creqted on
the surface. Evidence to support this model comes from PHy dif- |
fusion runs (1395,6,7,8) where gamma currents decrease with de~
creasing diffusion time (10, 7, and 5 min.) at 840°C and (30,

15 min.) at 810°C. Since all cells in these runs had the same
aluminum alloy cycle (at 880°C) prior to the phosphine diffusion
step, no interference from the Al getter source would be
expected. ‘ , |
Most of the cells fabricated under this contract were
diffused with Emulsitone N250C emitter dopant, which contains
both phosphorus and arsenic. Excellent‘diffusion,lengths were
obtained with this material, although the best values of I, were
obtained when the diffusion time exceeded that required for good
shallow junction cells. '

composition of the standard N250C were tried. vHowever, varia-
tions that were observed in diffusion length indicated the com-
plexity of the bulk gettering problem. Sets 1448 and 1449 in
Table C-2 are 1 9-cm, 10 mil cells that have been diffused with
lower‘concentrations of P and/or As than that of N250C. The low
phoﬂphorus, regu]ar arseni¢ mixture (LoP/RA) has a phosphorus
concentration of only 1/40 that of N250C. The low phosphorus,
low arseric mixture (LoP/LoA) has both P and As reduced to 1/40
of that in “N250C. Since the surface concentqation is lower for
these mixtures a higher-témperature, longer, diffusion is
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Table C-2, Gamma Currents of 1 f-cm Cells
That Have Been Fabricated with Different
Emitter Dopants and Schedules

Sg? gg%l Iy(ua)d Treatment

1448 LOP/RA 16 hrs. 900°C

LoP/LoA 16 hrs. 900°C

LoP/LoA 16 hrs. 900°C
+ LoP/RA 3 hrs. 900°C

LoP/LoA 16 hrs. 900°C
4+ 2xAs 3 hrs 900°C

1449 LoP/RA 16 hrs. 850°C
ot

LoP/RA 3 hrs 850°C

LoP/LoA 16 hrs. 850°C
+
LoP/RA 3 hrs. 850°C

» - R ]

~N O Ul = NN Ul QW Ul UTWw VW

2xAsP 6 hrs. 900°C
2xAs 16 hrs. 900°C

1454

16
1422

(28 U1 Ww ~NNoul W N0 Ul OO N
ol O} o) O OO WO® N3 00O o 33

AsP 1050°C/7 min. + N250/820°
As 1050°C/7 min.

' 2
1748

a8r, data corrected for decay of gamma cell.
The arsenic source should grovide a surface doping
concentration of 2x1020/cm3, The 2xAs source has twice

the As concentration in the spin-~on dopant.

|
|




- required to obtain appropriate junction depths. The I, data in
Table C-2 indicates that in the 900°C‘range, the LOP/LoA mixture
(which has the same ratio of P to As as N250C) is superior to the
LoP/RA mixture (1448-8,9 vs 1,2)., This is not totally unexpected
since the relative concentration of P and As in N250C has been
optimized for low stress in the silicon diffused layer. However
at 850°C (set 1449), the difference is much less and may be re-
versed (statistics are not suﬁﬁicieht to assure this last com-
ment). In the lower temperature range, the gettering rate may be
the limiéing factor in determining diffusion lengths and intro-
ductiod of defects by stress may be inconsequential (Iy for both
groups of set 1449 is high). If stress from the diffused layer
is a problem at the higher temperatures, then a prior diffusion
is seen to block it in the case of the LoP/RA mixture (1448-4,5)
but not in the case of a high concentration arsenic diffusion
source (2xAs in 1448-6,7). Arsenic spin-on dopants are observed
to severely damage bulk lifetime if diffused at high temperatures
(set 1422). The damage cannot be completely healed by a sub-
sequent low temperature diffusion with N250C and Al. At lower
temperatures (950°C) the As Jdiffusion does little damage and
little gettering or a balan¢ed amount of both. Experiments were
not carried out directly comparing the effects of P and As at the
sameitemperathres. ‘The trends for P indicate that Iy increases
to about 850°C and then decreases with increasing¢diffusion tem-
 perature. The arsenic diffused cell data also sﬁow IY‘dechasing
as diffusion temperature increases and the trend lines of ‘the two
diffusion sources could well overlap or even join. However, it
is unknown if and where the As diffused cells will display the
peak in Iy as observed in P diffused cells.




c.4 OTHER PROCESS DEPENDENT INFLUENCES ON Iy

A strong indication of the gettering ability of the
' N250C formulation is displayed in Figure C-1. The SIMS data
shows the profile of As, B, and P(+SiH)* for a standard 820°,
15 min. diffusion. The B is strongly concentrated at the surface
by the diffusion, whereas in Figure C-2, which is a high temper-
ature (1050°C) oxidation step, no such buildup is observed. In
fact, a drop in B concentration may be observed near the surface
from out-diffusion into the oxide. This is gettering into the
oxide rather than into a diffused region. These results are dis~
cussed furcther in Section 4.3, but an issue here is the values of
Iy for such treatments. Attempts at high temperature (> 1000°C)
gettering (with wet oxygen or TCE) prior to standard low tempera-
ture diffusion resulted in cells with values of Iy which were
always worse than those from comparable untreated cells. We
feel, therefore, that high temperature processing introduces
defects and/or impurities which cannot be completely gettered by
the steps that we normally use. In addition, the gettering
ability (at least for some impurities) of the oxides is less than
that of P or As.

~We have seen how high temperature conditions can
strongly incfluence getter rates and ultimate diffusion 1ength.
Unexpected results have also been observed at low temperatures
(set 1401):

‘ a. for cells with emitters from an N250C diffusion, but
with no aluminum on the back, an overnight anneal (450°C) is
found to improve Iy;

*The resolution for these runs does not separate 30si + 14 from
ip,

Cc-10
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b. however, subsequent oxidation of tantalum (525°C for
10 min) on the surface (to create the TayO5 anti-reflective
coating [C2]) reduces Iys

c. addition of a l-um layer of Al and heating to 325°C re-
duces I, for cells coated with Taj05 but raises I, for cells
coated with tantalum metal.

The possible implications are:

a. N250C continues to getter at low temperatures and/or
the bare back surface ac¢ts as a getter; :

b. material drawn to the surface by the gettering action
of N250C can be rapidly redistributed when Ta is oxidized on it
or a contaminant in the Ta very rapidly diffuses into the bulk;
and |

c. low temperature heating of Al on the back of the cell
serves to draw contaminants from the oxidized surface into tie
bulk (on its way to the Al) and draws contaminants from the bulk
(that are not replaced from the surface if the Ta metal still
binds them there).

The first implication could indicate that the overnight
anneal required to give acceptable results on boron doped cells
might provide gettering to the emitter rather than to the p*
layer. A study of annealing in boron diffused wafers prior to
application of the emitter could be interesting.

The second ihplication has support from studies of
tantalum thermal oxidation, where it has been observed [C3] that
silicon diffuses into the Ta or Taj05 during the process. As
silicon dissolves into ths ‘Ta layer gettered contaminants bound
;o‘the silicon surface could diffuse into the metal and also back
into the emitter and bulk of the wafer. As the oxidation

C-12



proceeds (from the front surface), contaminants could be rejected
from the oxide and concentrated in the metal and ultimately.
forced into the silicon.

' The third implication is a low-temperature version of
the Al gettering process. As silicon dissolves into the Al
metal, a flood of vacancies are released into the bulk creating a
vacancy gradient through the silicon, Vacancy assisted diffusion
could draw impurities from the front surface and the emitter ingo
the bulk of the wafer. The process is slow at low temperatures
(325°C) and the number of vacancies generated too low fog the
complete gettering expected at high temperatures, so that many of
the contaminants remain trapped in the bulk after the process is
terminated. If the contaminants are embedded in Ta near the
surface, rather than trapped at the silicon interface, they are
less likely to be drawn back into the silicon by the vacancy
gradient, |

C.5 SUMMARY

The dependence of diffusion length on process param-
eters is quite complicated, The following empirical observations
and interpretations point to, but do not confirm, a self-
consistent theory of gettering by vacancies.

a. Surface treatment, both front and back, has an effect
‘on diffusion length.

b. Sequence of treatments can alter the final diffusion
lehgth (impurities gettered in one operation can be released in
-~ another).

C-13



¢, Certain treatments (such as high temperature) create
defects which cannot be totally removed by siipie gettering
processes,

d. Getteving can proceﬁd at temperatures as low as 325°C
(with Al metal).

e, Optimum gettering results appear in the range of
850°-900°C (at least in 0.1 Q-cm p-type silicon).

£f. Vacancy concentration and concentration gradient seem
to be the main factors in the gettering process.

g. Precipitation or trapping of gettered impurities is
important for gettering to be most effective.

h. Concentration of phosphorus, quantity of aluminum, and
temperature, all influence the amount of vacariicies available for
gettering and probably influence the impurity trapping g
capabiiity. |

Results reported here may not pertain to all labora-
tories, since we have observed variations in diffusion lengths
from day to day in identically processed wafers from the same
ingot. vVariatiuns between laboratories would be 1arger than
daily variations tn a single lab.

c-14
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APPENDIX D. DIFFUSION LENGTH MEASUREMENT AND DARK CURRENT
DETERMINATION OF IRRADIATED SOLAR CELLS

This appendix describes the use (and results) of
irradiation to determine the relative contributions of base and
emitter to the dark current of a solar cell. Two low resistivity
(0.1 and 0.2 9-cm) solar celTs were sequentially irradiated and
measured to provide a data base for determining the sources of
dark current for the irradiated and unirradiated cells. The
results prove that in 0.1 a~cm cells, as fabricated under this
contract, the emitter strongly dominates the dark current. Even
for such cells with Voo > 650 mv (1 sun int;nsity), this
conclusion should still be valid.
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D-1, DIFFUSION LENGTH MEASUREMENT

COMSAT Labs has long used the 6“)‘_Co gamma cell to gener4
ate & uniform concentration of carriers within the bulk of a so-
lar cell and thus to provide the basisagor determining a range of
minority carrier diffusion lengths for most cells [1],[2].. In an
earlier paper on the subject [l), the relationship between cur-
rent collected from the solar cell while in the‘gammé cell (Iy)
and the solar cell diffusicn length L was established for two
back surface conditions. These conditions were: an ohmic back
contact, with the surface recombination velocity, S = », and a
l:‘Serfectly reflecting back contact, wiﬁh S = 0. The relationships
were described as: |

y = cosh (W/L) = 1" . o _

and

_ cosh (2w/L) - 1 _

where W is the cell thickness,
IQ=%‘

and K is a proportionality constant that depends on the geometry
of the source and on the type, energy, and flux of the ionizing
radiation.* K is determined by calibrating the gamma cell with a

%K = 16 for the period of this contract.
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solar cell of known W, L, and S. An interesting feature of equa=
tions (1) and (2) is the dependence on W. The basis of this re-
lationship is made more physical if a trigonometric identity* is
made so that equations (P-1) and (D-2) become

for S = = (D=1")

S5

IY = % tanh
and

for s =0 ~ (D=-2"')

s

IY = '!% tanh

The form of equation (D=2') is similar to that for the dark cur-
rent equations of a diode of thickness W with a perfectly re-
flecting back contact [see equation (D-4) below]. The W/2 in
equation (D-1') now indicates that the front junction only col-
lects current from the front half of the cell and the carriers in
the back half of the cell all migrate to the ohmic back contact.
As the cell diffusion length gets small, Iy in both both equa-
tions (D-1') and (D-2') approaches I, (see Figure D-1), and no
ambiguity can exist in the determination of L if K is known.
However, for large values of L, the determination of L depends
upon the value of S which is generally not well known. There- :
fore, a range of values for L are generally given for a measured
Iy and these extreme values are usually sufficient for most anal~-
ysis since the relative values of L between nearly identical
cells are often of greatest interest. When L exceeds W, the ef-
fect of cell thickness may be dominant in Iy, and the value of L

*Use cosh (2W/L) = 1 + 2 sinh? (W/L) and sinh (2w/L)
= 2 sinh (W/L) cosh (W/L).
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Figure D-1. Normalized Gamma-Cell Current vs Solar Cell
Diffussion Length for S8 = «» and Different
Cell Thicknesses W
(for s = 0 use the curves corresponding to 2wW)
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determined from the § = = case often goes to infinity since most
present cells do not have ohmic back contacts.

D=2, DARK CURRENT DETERMINATION

The dark current density, Jp, from the bulk of a solar
c¢ell can be expressed as:

Iy = % coth % for § = w (D-3)
and
gy = £ tanh ¥ for s =0 (D-4)
where
qn%D
A= *ﬁ;&“ (D-5)

and the usual definitions hold. The total dark current I from a
cell consists of components from the bulk Ip, the junction Iy,
and the emitter Ig.

I » (Ig + Ip) edV/KT 4 1. oQV/2KT (D-6)

Ip (I at V = 0) can be easily determined from the illuminated
cell I-V characteristics and equation (D-7),

KT  Ige
Voe = T &n i";—- (D=7)
D=5




PR SR 5 b s

| 1S
JRIGINAL PAGE |
O PooR QuALITY

if we can assume that the I, term is negligible at Voc. Since I,
is not zero, I,, as determined from equation (D~7), is an upper
limit Iom which is explicitly written as

e“quC/KT (D-8 )

Tom = Isc
The above equations provide a means of determining Ioy and sepa-
rating Ig and Ip, since Ion > Ie + Ih. By measuring IY;LVbc, and
Igc of a solar cell after various levels of irradiation, Ioy and
a range for L can be determined.; With two different irradiation
levels and with the assumption that I, does not change with irra-

diation, simultaneous equations can be set up to solwve for Ig and
Ipe

A ‘ W
Iomi1 = Ie1 + T coth 1Yy (D-9a)
Iom2 = le2 + -ﬁ—é- coth %2— (D-9b)
Iey =

Ie2 ~(D-9c)

We have assumed S = » [equation (D-3)] for equations (D-9), but
S = 0 [equation (D-4)] can also be used, if applicable.

D-3. EXPERIMENTAL RESULTS

Two cells (one 0.1 Q@-cm and the other 0.2 Q-cm) were
measured, irradiated, and remeasurzd to provide six data sets per
cell. Equation (D-9) was modified to the form



£

. A w
(Iomi = PERj * Iomi) = Ty coth g

(D-10)
where PER; = Ie@/iomi- The values of PERj (PERj < 1) were varied
until Igiy was nearly constant for all levels of irradiation. For
simplicity, A was determined by providing a value of
PER6 [= PERg = PER(6)] and then was substituted in the other equa-
tions to give PERj from which Igj and Ipj were determxned.
Figure D-2 is an example of the results from such an analysis of
the 0.2 @-cm cell assuming S = 0, The table included in the fig-
ure provides all the data and results used in the analysis. Var-
iations of the parameter K [see equatxons (D-1') and (D-2')]) have
only a small effect on the values of I obtained. Changing from
the S = 0 to the § = » form of the equatieﬁs has a great impact
(see Figure D-2a vs D-2b). In Figure D-2b, the value of L at
630 mV is given at 1000 ym. In reality, the value of IG e K at
this point (IG = I, = 6.5 uA and K = 16) exceeds the possible
value for 250-uym cells when assuming an thievcontact (Figure D—ﬁ
1). The proper value of K is close to 16; only if K were de-
creased or W were increased, would it be‘possible_to question the
nonohmic nature of the back contact. With the extreme assump-
_tions of S = 0 and § = », Figures D-2a and D-2b show the contri-
. bution of Ie at 630 mvV to vary from 50 + 100 percent of the total
dark rcurrent. LT

A similar analy51s was performed on the 0 1 Q -CMm cell
at both extremes:i S =0 (Figure D-3a) and S = = (Figure D-3b).

The contribution of Iy, at Voo = 635 mV, varies from 72 percent

to 99 percent of Ioy in this 0.1 g-cm case. The fact that real-
istic values of L are possible for K = 16 and S = » implies that
the baék contact is ohmic or at least much closer to being ohmic
than that of the 0.2 g-cm cell. |
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D-4. ANALYSIS AND DISCUSSION OF RESULTS

The extreme values of Io/Iom in tm% unirradiated cells

are 0.51 and 1.0 for the 0.2 g8~cm cell and d 72 and 0.99 for the
0.1 8-cm cell. The lower extremes are based: Qn assumptions of |

S = 0 which is impossible for the heavily doppd base and aluminum
alloyed back configuration of these cells. This configuration
results in contacts closer to the S = conditgon, but in the

0.2 Q-cm case, actual ohmic contacts are seen té be unlikely. As
a result, the limits of Io/Ioy are more likely to be 0.7 - 0.9
for 0.2 g-cm cell and 0.8 + 0.95 for the 0.1 @-cm cell.

Using the same baseline as above, we can provide a
probable value for A [see equation (D-3)] = (4.8 t+ 0.,2) x 10~1S
‘Amps/cm in the 0.2 9-cm cell and (1.6 # 0.3) x 10~15 Amps/cm in
the 0.1 @=cm cell.*

Conductivity (¢ = 1/p) is proportional to the majority
carrier concentration Np and ﬁobility {(n) of a material; there-
fore we expect that oo,1/09,2 = 2 = (Nau)y ,/(Nau), ,. Since
Mo,2 ® 1.2u, NAO , ® 2.4 x NAO o+ Values found for Np in the
0. 1 g-cm cell (from the literature [3], capacitance profile meas-
urements, and SIMS data) all fall within Nag., = 2% 1x 1017/
cm/. For the 0.2 @-cm cell, Nj, , = 1.3 + 0.3 x 10!7/cm3. The
values [3] needed for evaluating A in equation (D-5) are::

p (R=-cm) 0.1 0.2
Na(cm=3) 3 x 1017 e 1.3 x 1017
D(cm2/s) 9.1 o 11.7
nf(em=6) - 1.5 x 1020 --

q(Coulomb) - 1.6 x 10719 -—

*Units of A in the figures are (amps/4 cm2) um.

D-10
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The calculated values for A become:

Ag.z = 2.2 x 10715 A/cm

Ag,; = 0,73 x 10"'15 Afem 7

and |
AU.Z/AO.X.S 3.4

The measured values of A are more than twicé the
calculated values, but the ratios are close (3.2 vs 3.4).
Bandgap narrowing would raise nj but more in the 0.1 Q@-cm cell,
therefore does not appear to be the answer. Likewise, fractional
ionization of the acceptors, which would reduce Np to ‘the hole’
concentration, will increase Ag,; more than Ag .2+ No experi-
mental errors or approximations could lower the exparimantal
values of A to the calculated value, However, a cthange in ni
from 1.5 x 1020 ¢o 3,3 x 102°/cm6 would completely reconcile the
data to theory. Since the pub11$hed values of ni vary between
1.5 and 4 x 1020 ¢m~6, this change does not appear to be too un-
realistic. However, a more likely explanation is the presence of
a junction recombination contribution, Ir, to the dark current,

I, which would lower the value of Ip + Ie [as seen in equa-
tion (D-G)]vand therefore A, Support Eor the contribution of Ir
to the dark current is found in the cell fill factors which drop
with irradiation from 0.80 to 0 76 in the 0.1 f-cm case and from
0.79 to 0.77 in the 0.2 ﬂ-cm case.~ '

~ The greatest source of uncertainty in the solar cell
parameters is the eff ‘ective, recomb1nat1on velocity at the back
surface. This uncertainty creates 1 1arge uncortaihty in the 7
value of L when L is comparable to, or larger than, the cell
thickness. Uncertainty in L has a direct impact in determined

results for ILh. But, for the low resistivity cells reported




here, this uncertainty in S and L' has only a small impact on Ig,
which is the dominant component of the dark current for both
cells. To provide a 0.1 fi-cm cell [4) with Voo = 654 mv, I, must
decrease by a factor of two. To achieve this decrease in the
extreme (and impossible) case (Figure D-3a) of S = 0, I, could be
reduced by a factor of 3.3 while I is unchanged. With this re=
duction in I, Ip would exceed Ig by about 20 percent. However,
in the more 1ikely situation (S very high, Figure 3-b), I so
strongly dominates I, that reducing Ig by two will likewise re-
duce I, by two and I will still be an order of magnitude greater
than Ip. These data have been analyzed in a different manner in
Reference 5, but with essentially identical results,

P-5. SUMMARY

Two low-resistivity cells (0.1 and 0.2 9-cm) have been
studied at different levels of gamma irradiation. By assuming
that the dark current contribution from the emitter I, is con-
stant, the illuminated I-V charactéristics and gamma cell current
were utilized to generate internally self-consistent values of
Ia» Ip, and I, at the different irradiation levels. The experi-
mental results agree very well with theory if ni = 4.3 x 102°/cm6
is used in the theoretical calculation. Since thxs value for ni
is higher than published values, a non-negligible I, term is
postulated. Analysis of these values points to the dominance of
Ie in,both cells and even at 653 mV, the Io term will be signlfl-
cantly larger than the Ip term for the 0.1 Q=-cm cell.
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