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Figure 1. Sola cell terminal charanteristics vs. number of iterations:
(a) open-circuit and mcximum power point voltages;
(b) short-c.rcuit ard maxirnum power pcint current
l densities; snc (c) efficiency and fillfactor. Twenty mesh
v ! pcints, twelve ;' inction photovoltage s.mulations, and 5
twanty V-l points were used. :
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Figure 2. Photoexcited hole concentration vs. position in the n*-emitter.
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Figure 3. Solar cell terminal characteristics vs. number of mesh points:

(a) open-circuit and maximum power point voltages;

(b) short-circuit and maximum power point current densities;
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and (c) efficiency and fillfactor. Three iterations per mesh

point, twelve junction photovoltage simulations, and twenty

V-l poiuts were used.
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Figure 4. Photoexcited hole concentration calculated midway between mesh points in the n*-emitter for
3, 9, 27, and 81 mesh points under short-circuit conditions and for three iterations per mesh point.
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Figure 5. Built-in electric field vs. position in the n*-emitter of a solar cell using 27 and 81 mesh points

X, Position Through the n*-Emitter (A)

under short-circuit current conditions and for three iterations per mesh point.
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Figure 6. CPU execution time vs. number of iteratiéns using 20 mesh points
and 12 photovoltage simulations.

354

v o e am



P . x|

by e b ———

- ——————ha s v

HIGH-EFFICIENCY DEVICE RESEARCH

20—
Program Conditions .
]
E o 20 mesh points
c 15—  « VAX-11/750; Version 3.4;
.g floating point hardware
§ ‘g « 95 cell parameters calculated
K] per iteration per mesh point
w e per photovoltage
g8
=3)
g S 104
3.8
£
&
=2
a
Q 85— [
@
0 n | 1 |
0 1 2 3 4

Number of Iterations

Figure 7. CPU computational time per photovoitage vs. number of iterations
per mesh point using 20 mesh points.
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Figure 8. CPU execution time vs. number cf mesh points using three iterations
per mesh point and 12 photovoltage simulations,
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Figure 9. CPU computational time per photc ultage vs. number of mesh
points using three iterations per mesh point.
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Figure 10. Simulated and experimentally determined V-| curve for cell No. 24C
at 300 K, and the simulated diode 2quation.
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Figure 11. Simulated and experimentally determined V-! curve for cell No. 24C
at 326 K ana the diode equation obtained from the simulation program.
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Figure 3. Diode factor vs. temperature for cell No. 24C,
obtained from simulation results.
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Figure 14. Simulation and expeiimental buhavio* of device terminal
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Figure 16. Simulation of total and base region electron contribution to short-circuit current density and
linear regression to experimental data at 300 K. Maximum theoratical current is calculated
independently of the model and is based only on the absorbed photon flux and asstiming
100 percent collection efficiency.
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Figure 17. One-dimensional model representing the thermally grown Si-rich oxides:
(a) prior to oxidation; and (b) during oxidation,
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Figure 19. Reflectance under normal incidence at the air-oxide interface
vs. wavelength for refractive indices representing silicon-rich
oxides: (a) 2.0; (b) 2.5; and (c) 3.0. Oxide thickness is a parameter.
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Tebie 2. Photoexcited hole concentrations, thelr

derivatives,
(A, B, and C), for four mesh point distributions (3, 9, 27, 81) using three iterations at each mesh point.

and the percent differences in an n * -emitter region at three points

IPogi _ IPnoisy)
dp Pra =P, dx dx 2
Poot Pret ~Prefst) « 10? x 10
Prel dx Preis1) Prefey)
I, Emitter dx
Location Mesh Points em-? cm~* % »
A=245A 3 Pret = 4.9185% 10 7.4080 x 10" +10.1 +47.3
9 Prez = 4.6128x 10'° 5.5105% 10" +33 +58
27 Pres = 4.5050x 10'° 5.0746x 10'5 +0.9 +09
81 Opnair4) = 44670 10'° 5.0286x 10'° - -
A=T734A 3 Pre2 = 5.2937x 10 | -3.8439x 10" +2.8 -36.4
9 Pres = 5.2697x 10 |  -3.0244x 10" +2.3 -7.3
27 Pret1e) = 5.1820x 10 | -2.8725x 10" +0.8 -19
81 Prelan) = 5-1504x 10" |  -2.8181x10'8 - —
A= 1223A 3 Pres = 2.6325% 10'° |  —6.9382x10'® +16.9 +11.7
9 Pres = 2.3454x10'" | -7.8405x10'S +3.0 +0.3
27 Pretza) = 2.2880x 10'° | -7.8819x10'® +0.5 -03
81 Prefea) = 2.2772x10'° | _7.8818x 10" - —
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Table 3. Parameters used in the simulation were provided by or
deduced from manufacturers’ specifications for celi No. 24C.

Cell Type ntp
Total cell thickness 38 x 10~2cm
Junction depth 18 x 10 5 cm
Contact shadowing 4 percent
Front surface concentration 4 x 10%em™3
Front surface profile erfc
Back surface concentration o]
Front SRV 4 x 10°cms™!
Back SRV 3 x 10°
Base region acceptor concentration 12 x 107em ~3
Base electron diffusion length (at 300 K) 59 x 10™4cm
nType dopant Arsenic
Recombination trap level in n-regio:: (As) 0049 oV
plype dopant Boron
Recombination trap level n p-region (B) 0045 eV

Recombination concentraiion constant in p-region
Recombination concentration constant in p-region

1 x 10%em™3
0195 x 102 cem™2

369

Thickness of SiO, passivation layer 50 to 200 A
Air-oxide refiectivity 0to 034
(not provided by manufacturer)
Diode Resistance” 21
Temperature® 300 K
326 K
K
421K
*Measured by RTI.
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Table 4(a).
Manutacturer RTI/NC AST
Parameter Simulation Data % Dift Data % Dift
" % 1012 10.1 -02 98 -33
FF 0.749 0.74 -12 0.7 -28
Jgc. MA cm =2 241 280 17 270 13
Voe: V 0.6029 0.585 -13 0.5956 -12
Jmpr MA cm ™2 20.58 - 20.00 -29
Ving: V 0.4918 - 0.4922 0.08
Table 4(b).
Parameter Simulation RTI/NC A&T % Difference
" % 9.1 9.3 22
FF 0.724 0723 -0.1
Jgo. mACm ™2 297 2345 21
Voo V . 0.5493 0.5458 -06
Jmp: MA om ™2 20.79 20.71 -04
Vg V 0.4304 0.4482 15
Table 4(c).
Parameter Simulation RTI/NC AST % Ditference
n % . 7.3 78 a6
FF 0.674 0.687 19
Jgc MA cm 2 2363 24.28 18
Ve V 0.4564 0.4558 -02
Jp MA em =2 2085 2137 25
Vimp: V. 0.3518 0.3561 12
Table 4(d).
Parameter Simulation RTI/NC A&T % Difference
% 529 54 2.04
FF 0.609 0.62 7
Jgc. MA cm ™2 2463 24.78 0.67
Voo V 03525 0.3522 -0.10
Jmp: MA om =2 20.41 20.85 2.10
Ving: V 0.2592 0.258 -0.70

Table 4. Resuits of validation study vsing cell No. 24C, with corresponding parametars
listed in Table 3, and where 0.18 is used tor the air-oxide reflectivity: a) 300 K;

b) 326 K; c) 371 K; and d) 421 K. Simulation resuits are obtained using three
lterations and 20 mesh points equally separated in the n- and p-regions.
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Table 5. Simulation and axperimental temperature coefficients
and the percent difference for celr No. 24C.

. Temperature Percent
Coefficient Simulation Experimental Diference

dn/dT, (% K™") -400 x 1072 -390 x 1072 -204

d(FFAT, (K™") -114 x 1073 -108 x 1073 -590

dVoo/dT, (VK ™) -210 x 1073 -204 x 1073 -290

dVimp/dT, (VK™") -193 x 1072 -194 x 1073 052

Table 6. Summary of experimental, calculated, and simulated
short-circuit current density for celi No. 24C at 300 K.
Short-circuit
Method current density* Reflectivity Comments
Experimental 2375 x 10 3inAcm~2 | unknown | agreement with RTI data
Calculated 1850 x 10~ 3mAcm~2 | unknown usini manufacturer's spectral
(simulation program response curve and the revised
was not used) AM15 spectral data
Calculated 2290 x 10" mAcm~? | 032 maximum theoretical value by
(simulated program " calculating absorbed fiux and
was not used) 2756 x 10> mAcm~2 | 018 assuming 100% collection efficiency
Simulation 2335 x 10 3 mAcm™2 | 018 RTI simulation program used
Results (resultant collection efficiency
is approximately 85%)
*Uncorrected for contact shadowing.

371

-





