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SUMMARY

Epitexial back surfece fleld gtructures were
formed by depositing & 10 um thick 10 O-cm epltaxisl
sillecon layer onto substrates with reslstivities of
0.01, 0.1, 1.0 and 10 fi-cm. A correlation between cell
open-circuit voltage and substrate resistivity was ob-
served and was compared to theory. The cells were elso
irradiated with 1 MeV elecirons to a fluence of 5X
e/em?, The decremse of cell open-clrecuit voltage wae
in excellent agreement with theoretical predictions
and the measured short cireuit currents were within 2%
of the prediction. Caleculations are presented of opti-
mum cell performsnce ag functions of epitaxial layer
thickness, radistion fluence and substrate diffusicn

length.
TNTRODUCTION

Back surface field effect (BSF) solar cells made
from 10 fi-cm material exhibit open-circuit voltages
and efficiencies higher than conventicnal 10 f-cm cells
(1-3). The incressed voltage appears to be dependent
ypon the ratic of base width, W, to base minority car-
rier diffusion length, L. (1,4} Small retics lead to
higher voltages and hence increased performence over
econventional. 10 fl=cm cells. In order to retain this
performance advantage in a radistion field, which de-
cresses L, it iz necessary that the W/L ratio in the
BSF cell remain small. Publighed results {1) indicate
that 100 pm thick BSF cells retain their open circuit
voltage advantage over comventional cells to higher
electron fluences than de thicker BSF cells. Fabrica-
tlon of single crystal cells with base widths lees
than 100 um poses & handling problem. Therefore,
Mendelkorn (1) proposed the epitaxisl structure shown
in figure 1 to circumvent these handling problems.
This structure differs from the epitaxial drift field
golar cell structures fabriceted in the past (5-7) in
that there is no intentionsl gredation of dopant
throughout the epitaxial layer.

The purpose of this work was to confirm feaglbi-
1lity of the epitaxial BSF concept and to explore the
performance of epitaxial BSF golar cell structures
baving base widths of about 10 pm. This layer thick-
ness was chosen primerily to test theoretlcal predic-
tions of cpen-circuit veltage and degradation in a
radistion field rather than to optimize output. The
layers were deposited onto substrates with resistivi-
ties between 10 and 0.1 Qwecm. Solar cells were formed,
tested, then irrad%a.ted with 1 MeV electrons to fluen-
ces of 5x101% e/am®. The performance of these cells
was compared to theoretical predictions. Optimization
of the epitaxial BSF structure as & function of radia-
tion flugnce was also calculated.

THECRY

The simple dicde equation of Shockley (B) was

used to model the open-cireuit voltage, V., through
the following relationship:
I
kT L
Voo = r n g (1)

=)

where Iy 18 the light generated current and I, the
reverge saturation current., The terms k, T, and g
have thelr ususl meanings., I, was modelled using the
low-high junction theary of Godlewski et al. (4}, The
following relationship was dbtained for I,
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where W, 1& the p~type region width, end +

are elacgron diffusion lengths and D nd D ., “are
electron diffusion constamts in the p and pt régions.
WP+ is p* region thickness and 8, 1is the surface
recombination velocity at the metalept region contact.
The other tertis are in standard notation, The totel I
oust &iszo include the Ion component from the diffused ?
region, The drift field model wee used for this compo-
nent as described previously {4), However, becavse its
magnitude was much lower than I, , I,, was ignored for
the caleulations. °p’ Oon

Equation (2) was used to model 10 G-cm epitaxial
structures deposited on 1, 0.1, or 0.01 Q-cm substrates.
This construction produces back surface field struc-
tures due to sutodoping of the epitaxisl layer by the
substrate. For the structures formed on 1C {-cm sub-
strates, the finite width, infinite srface recombine-
tion veloeity model for wag used becsuse no back
surface field wag formed there. The I,  relation-
ghip for this case is:

’ 2[ D W D W_E
I, = aqn; | w coth — + == coth
Qoo
1ML, L Tty Ly (3)

where the terms have their usual meanings.

Performance in a redimticon envircomment was deter-
mined by using equations (1-3). The radiation-reduced
diffusion length at each fluence level was obtained
using the gstandard relationship:

L I (4)
where ©L_  is the diffusion length at a given fluence,

L, the Fnitial dlffusion length, © the flusnce of
1"MeV electrons and X the demage coeffieient, The
damege coefficient used for the epitaxisl layer was

9x10~t/electron (9).



EXPERIMENTAL

Cell Fahrication

A croes gection of the epltexial cell structure is
shovn in flgure 1. Bubstrates used in the epitaxial
deposition were 10, 1, 0.1, and 0.01 f-cm resistivity
with dimengions 1%8%0.035 cm, Prior to epitaxial depo=-
eition, the wafers were mechanically polighed. They
were then placed in an epitaxim} resctor with the low-
est resistivity samples at the downgtream end of the
ges inlet, The deposition sequence consisted of a
€ min, heat-up in hydrogen to the deposition tempera~-
ture of 1125° ¢ followed by a 4 min. etch 1n HCL.
After purging with Hy, s SiCl,-BoHg-Hy mlxture was
passed through the chamber for sbout 14 minutes to
form the epitaxial 81 layer. After & 1/2 minute purge
with Hy, the samples were removed. In one of the depo-
sitions, a 9.0 um epitaxial layer of 9.8 fi-cm average
regigtivity was obteined. In the other depoaition a
mifunction occurred after a £.0 pm thick layer of 5.8
fi=cm material had besn deposited. Subsequently, a 2.6
um layer of 15 f-cm materinl was deposited to complete
the run. Junctions were then formed in the wefers by
diffugion from a POC1y source at 850" C for 30 min.
Contacts were applied™to complete fabrication. No
antireflection coatings were used on the c¢ells,

Ferformance Evaluation

Parformance evelurticon of the celle was made un-
der a Spectrolab X-25L solar simuletor. Spectral re-
sponses were obteined with nerrow bandpess interference
filters (10). Diffusion length measurements were made
uging the x~ray technigue (11). Ionized impurity pro-
files in the epitaxial layers were obtained from capa-
citance~voltage mezsurements.

Irradiations were performed in air using 1 MeV
electrons from a Cockroft-Walton type mccelerator {10).
Semples were mounted on a tempersture controlled plate.
Cell performence was momitored periodically during
irragiation. Maximm irrediation fluence was 5X10L5

e/ o,
EXFERIMENTAL EESULTS

Performance Prior to Trradiation

Efficiency. - Of the 60 substrates coated with
epitexial silicon layers, 36 were fabricated into solar
cells., Nine cells were made from each of the four sub-
strate resistivities --0.01, 0.1, 1.0 and 10 {l-cm,
Juncetion characteristlcs were good and reverse leakage
currents were low. Some cells had high series resis-
tences that were traced to grids that did not adhere
well to the polished surfaces. This was a slight pro-
blem; however about half of the cells had fill factors
in excess of 72% initially. The maximm fill factor
initially was nearly 76%.

The dependence of cell efficiency on substrate
resietivity is shown in figure 2, The points repre-
sent the average of nine cells, and the bars the range.
Cells made on the 1.0 (=cm substrates had the highest
efficiency. Average cell effilciency was 6.2%, which
corresponds to 8.4% if an antireflection costing such
a5 510 had been applied.

Short Circuit Current. - The depetdence of short-
gireuit current on substrate resistivity is shown in
flgure 3. Again, the range is indicated by the bars
and the points represent the average of 9 cells, If
only the 10um epitaxial layer were comtributing to the
short-clrcuit curremt, a current of about 41 mA would
be expacted., This is true for only the 0.0l (-cm

substrate cells. BSignificant comtributions to cell
current are apparently being made by the gubatrates in
the other casges.

The peak in cell current for the 1.0 (=-cm cells
wes unexpected and caused the peak in cell efficiency
noted previocusly. Memsurements of diffusion lengths
made on companion wafers prior to deposition indlcated
thet the short-circult currents ghould have increased
contimuously from 0.0l to 10 O-cm substrates. This
trend holds for all except the 10 f-cm substretes where
the decrease 1s noted., To test 1f & loss of diffusion
length had cccurred during the epitaxial deposition,
the epitaxial layer was removed and a conventional cell
made from the 10 fl=cm substrate. Subsequent diffusion
length and cell performance meagurements indicated that
the diffusion length had indeed decreased to aboub 50
wm, No diffusion length messurements were made on the
agther substrates after processing to determine if simi-
lar diffusion length degredatlon had occurred.

Attempte to determine diffusion lengths in the
epitaxial cells were frustrated by the diffieulty of
interpreting the results, In addition to significant
cwrrent contributions from the substrate, the presence
of a back surface field further complicated the results.

Open Circuit Voltage. - The dependence of open-
circull voltage, Vgos on subetrate reslstivity is shown
in figure 4. The bars represent the range of experi-
mental results cobtained. The solid curve was oObtained
from equations (1), (2) and {2a} using the data shown
in Teble I for the cells on 0.01, 0.1 and 1.0 G-cim
substrates. Conventicnal theory was used for the celle
on 10 fi-cm substrates. Current dengities were cbtained
from figure 3, The values of substrate diffusion
lengths were obtained from measurements described pre=-
viougly. The constant value of diffusion length in the
epitaxigl layer of 50 ym wes chosen to provide m good
fit to the dats at the 0.0l f-cm point. Qdood sgreement
is obtained for all resigtivities, No increase in Vg,
is predicted for gubsirate resistlvities below 0.1 G-om
in agreement with date from Mandelkorn (12).

Closer inspectlon of the experimental date shows
thet variations from cell t0 cell cemuse the wide renge
of wvelues indicated. For sxample, the average open-
circuit voltages of cells formed in a single deposit:ion
run are conslstently greater than the voltages of cells
formed when two depeositions were required. From the
deposition date, it was known that the doping profiles
were differernt between the two cases. To obtaln more
guent Htative informetion, cepacitance-voltage measure-
ments were made t0 determine the impurity profile in
the first several microns of the epitexial layer near-
egt the junction, Results for typieal single and
double deposition cells are shown in figure 5. It can
clearly be seen that the deposition did not result in
uniformly deped layers. Although the average resisti-
vity of the layer formed in a single deposition was
nmeasured to be 9.8 Q~cm, it can be seen from figure 5
that the materisl clcosest to the junction was about
6 Q-cm. In the double deposition esse, 15 O-cm mate-
rial is closest to the junction. The 6 and 15 Q-mm
reglstivities were then uged instead of the average of
10 f~cm to medel the cells deposited on 10 f-cm sub-
gtrates. The complete range of open-cireult voltages
observed in figure L for the 10 fN-cm substrates was
predicted.

Since reverse breakddwn limits C-V meagurementsg,
it wae not possible to measure profiles deeper into
the wafer without eiching away some materisl. HNo etch-
ing waa done, hence the autodoping profile of the pt
substrate into the epitexial layer was not determined.
It should also be noted that a slightly harmful drift



field i present in the gingle deposition cells, while
a slightly beneficinl drift field is present in the
double deposition cells. These slight profile differ-
enceg apparently did not grestly affect the results.

Performance After Trradiation

Open Civeuit Voltage. - Figure 5 ghows the effect
of 1 MeV electron irradiation on the cpen-clirenit vols
tage of epitaxisl cells formed on the different sub-
strates. The polmts for each substrate resistivity
are the average of three cells, Also Ineluded are re-
sults for conventional 10 f-cm cells {13). Epitaxial
cells formed on 0.01, 0.1 or 1 {=cm substrates have
greater open-circult voliages than conventlicnal cells
at all fluences., The performance of the epitaxial
cells formed on 10 (-cm subastrates is typical of a con-
ventlonal ¢ell having an iniltisl diffusion length of
about 80 mm. This is consistent with the results of
figure 3. The eplitaxlal cells formed en 0.01 Q-cm
substrates had the highest open-circult voltages and
they retained this advantege throughout the irrsdia=~
tion. Therefore the date from these cells were used
10 test predictions made from theory. These cells
were also the easiest to model because their substrate
diffuslon lengths were low -- probably less than 5 pm,
Figure 7 shows the results obtained using equations
(1), {2) end (2e) when an initial diffusion length of
80 pm was assumed for the epitaxial layer and 3 um for
the gubstrate. Temperature was 25° C and a layer ‘
thickness of 9.0 um was assumed. No attempt was made
to gecount for the different impurity conecentration
near the interface. A diffusion length damage coeffi-
clent of 9x10"11/electron was used for the epitaxial
layer. No change was made in the 0.01 f-cm substrate
diffusion length, The error bars show the range of
results obtained and the points represent the averages.
Excellent agreement is obtained between theory and ex-
periment, The range of values obtained for the cells
may be due to the variation in doping level near the
juncion. Also, the voltage of the point at 5X1015
e/om™ way be in same error because significant peeling
of the grids frow the cell occurred at that point.

Short Cireult Current. - Figure 8§ shows the varia-
tion in short-circuit current with 1 MeV electron flu-
ence for epltaxlal celis formed on the different re-
glstivity substrates. Again, the 1.0 f-cm substrate
cells have the highest currents as noted previously.
Typical of all curves ig the slight decremse in -
rent ag 8 function of fluence. Above 2XA015 of o
however , there is & substantianl decrease in current.
This was caused by a catastrophic loas of grid adher-
ence with & concommitant increase in cell series rew-
sistance as menticned before.

Figure 9 shows the results comparing theoreticsl
predictions of short-circuit current degradation for
the 0,01 {l-cm substrate cells., The parameters assumed
were the same as for thi open circult voltage case.
The dete points at 5x10 5 e/ were deleted because
of the series realstance problem. Low-high junction
theory was used to model the current and the deriva-
tion of the equations will be described elsewhere (14).
The theoretleal eurve agrees within 2% of the experi-
mental curve, This difference may e=asily be accounted
for by the inability to accurately set the solar simu-
lator. No standard cell whose spectral response
matched the test cells was available, To further cor-
roborate this contention, a comparison between cell
short-ecircuit current obtained under the X-25L solar
simulator and those chtained uging the filter wheel
golar simulater (15) indicates thet the solar gimula-
tor results may be up to 2% low for these 0.0l G=cm
gubstrate cells. In any case, good agreemernt between
theory and experiment is obtailned.

EPTTAXTAL CELL OPTIMIZATION.

Recause of the excellent agreement between the
experimental and theoretical resulte, calculations were

‘made to optimize the epitaxlal back surface field cell

structure for performance in a radiation fleld. These
ealeulations were performed using the low-high junction
theory (4, 14) described previocusly. In this study,
efficiency wae calculated as s function of epitaxial
layer thickness and flusnce of 1 MeV electrons, These
afficiencies were calouwlated for cells with an ldeal
810 antireflection comting, & 0,01 {-cm substrate and
an idesl f£ill factor. Ag s result of the ldeal Till
factor agsumption, these efficlencies are about 15%
greater than could be practically achleved but serve
well for relative comparisons, The values used In this
calculation are shown in Table II end the results shown
in figures 10 ard 11, In figure 1C, an initial sub-
gtrate diffusion length of 3 um with a damage coeffi-
cient of 9x10-10 elactron=l vme assumed. The initial
epitaxial layer diffusion length was held constant at
100 um independent of layer thickness. The diffusion
length damage coefficient used for the epitaximl layer
was 9x10"11/electron,

It can be seen that pesk efficiency depends on
both the width of the epitaxisl layer and the fluence.
For each end-of-life fluence, there is an optimm epi-
taxial layer thickness that gives maximm eff‘iciencX
gt end-of-life. For example, for & fluence of 1X10 a
electrons/ corresponding to ebout 22 years in syn-
ehronous orbit, a peak efficiency of 10.8% is obteined
with an epitaxial layer thicknege of 17 pm. For epi-
taxinl layers thicker than sbout 200 pm, the effect of
the batk surface field is not observed and the cell
behaves like a conventional cell. Accordingly, conven=
tional cell performence is represented by the caleula-
ted values at 300 um thickness. Using this compariseon,
1t can be seen that et all fluences the optimm thicke-
negs epitaxial layer cell will outperform the conven-
tional cell by sbout 5%.

In the second case, an initial 5¢ pm diffusion
length wag assumed in the 0.0l {i-cm substrate. This
substrate diffusion length was azsumed to degrade with
a dsmage coefficient of 9X10'10/e1ec‘bron and for the 10
f-cm epitaxial layer damege coefficient was the ¢x10-11/
electron used previously, The effect of having s sig-
nificant substrate diffusion length is eclearly shown
in figure 11, In thilg case, the efficiency is not as
strongly dependent on epitexlsl layer thiclmess. As 8
result, a 6-10 pm epitaxisl layer would provide essen-
tial pesk performance at all fluence legels. In this
case, at a fluence level of Lx101? ¢/cem®, the peak
efficiency for a 10 pm epitaxisl layer thickness is
11.1% compared to 10.8% for the previous epitaxial
cell calculation and 10.2% for the conventional cell
a8 noted by the 300 um epitaxial layer thickness cage.
(Once agein the efficiencies are theoretical efficien-
cies; practicel efficiency would be about 15% lower. )
Thus the presence of & pignificant diffusion length in
the gubstrate leads tec & muck improved device producing
nearly 10% more power than the conventional cell.

DISCUSSION

As discussed elsewhere {4), the major unanswered
question relating to¢ the low=high junction (IHJ) theory
ig that of diffuslon.length, As was shown in this
paper , excellemt sgreement is obtmined between IHJ
theory and the experimental resulta provided long 4if-
fusion lengths are present in the very thin epitaxial
layer. In this work, a diffusion length of 80 um was
needed to f£it the initial data. Whether this long a
diffusion length existed in this layer is speculative
at this time. Attempts to measure this diffugion length



proved futlle, es interpretation of the results was
complicated by the presence of & gubstrate with a sig-
nificant diffusion length as well as the back surface
field. Clearly, additional work must be performed to
resolve thig questlon. FHowever, the success of the
low-high junction theory at explaining the veristion
of open-circuit voltege with substrate resistivity and
the variation of both open=-¢ircuit voltage and short=-
circuit current with electron flience suggests the
validity of this approach.

CONCLUSIONS

As a result of this study, the following coneclu-
sione can be made:

1. Back surface fileld effects can be achileved by
epltaxial deposition of 10 {-cm siliecon layers omto
substrates with lower resistivities.

‘ 2, The electrienl characterigtics of {hege cells
gre gimilar to other back surface field cells.

3. lLow-high Junction theory explains the varia-
tion in open-circuit voltage with substrate resisti-
vity, and the variation of both the open-circuit vol-
tage and short-circuit current with radiastion fluence,
provided an initisl diffusion length of about 80 pm in
the epitaxial layer ig agsumed.

4. Optimization of the epitaxisl cell structure
leads to the conclusion that substrate diffusion length
can significently influence cell performance., If the
substrate diffusion length i= low, performance in =
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PARAMETERS USED TN CALCULATION OF OFEN CIRCUIT VOLTAGE
VARTATION WITH SUBSTRATE RESTSTIVITY

SUBSTRATE FEPITAXIAL LAYER
Resistivity | Mobility | Diffusion| Width | Resistivity Mobility | Diffusion | Thickness
Q-cm 2 Length Microns Q-em 2 Length Microns
cm /v-gec Microns oo fv-sec Mierons

0.01 o125 5 300 10 1275 80 10

0.1 360 50 300 10 1295 80 10

1.0 850 125 300 10 1275 8¢ 10

10 1275 50 300 10 Nominal 1275 8o 10

{15/6 or &) | 1325-1200

b

-



TABLE IX
DATA FOR OPIIMIZATION OF EPITAXTAL BSF CELL

Alr Magas Zero Spectrum
200 K Temperature
3iC Coated Cell
0.25 pm Junectlon Depth
Surface Recombination Velocities
- Fromt - 107 em/sec .
= Back - 10° cm/sec
Epitexial layer Properties
-~ Initisl Diffusion Length - 100 pm
- Damage Coeffilelent - 9><10'1 electron”
Substrate Properties .
- 250 ym Thick, 0.0l Q-cm Materisl
- Tnitial Diffusion length
Fig. 10 = 3 pm
Fig, 11 - 50 um -10 1
- Damage Coefficient - 9X10 electron”

1
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CROSS SECTION OF EPITAXIAL
BACK SURFACE FIELD CELL
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E-7820

VARIATION OF EPITAXIAL CELL SHORT-CIRCUIT
CURRENT WITH SUBSTRATE RESISTIVITY
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Fig. 3

VARIATION OF EPITAXIAL CELL-OPEN
CIRCUIT VOLTAGE WITH SUBSTRATE RESISTIVITY
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Fig. 4
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VARIATION OF IMPURITY PROFILE IN EPITAXIAL LAYERS
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