W COMSO
@ Addlink

Software Cientifico

Optimization of n-PERT Solar Cell under
Atacama Desert Solar Spectrum

Pablo Ferrada Martinez
Benjamin Ivorra, Miriam Ruiz Ferrandez, Emilio Ruiz Reina
June 9, 2022

& e | Uuma.es

ree in Numerical Simulation in Science and Engineering with COMSOL Multiphysics




UNIVERSIDAD
DE MALAGA

| uma.es

Introduction: Solar resource in the world
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* 5.6% of Reference Spectrum (AM1.5G) is UVA + UVB for the Tilted Global Irradiance (GTI).

« Atacama Desert receives the highest irradiation in the world, with 7.7% of its energy in the UV range.

A. Marzo, P. Ferrada. Standard or local solar spectrum? Implications for solar technologies studies in the Atacama desert. Re newable Energy 127 (2018), 871-882
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Introduction: Solar Spectrum in the Atacama Desert
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Irradiance = f (atmospheric composition) Interhemispheric differences in TOC
Total Ozone Column (TOC)—> UV-B
( ) - Annual dose of UV-B is 35-65% higher in Atacama than in the south of EU.

Aerosol Optical Depth (AOD)
Precipitable Water (PW) = I |
Optical Path Length in atmosphere (altitude)

-1

R. Cordero et al. The Solar Spectrum of Atacama Desert. Scientific Reports 6, Article number: 22457 (2016). l...'“.-

R. Cordero et al. “Ultraviolet radiation in the Atacama Desert”’. Antonie Van Leeuwenhoek. 2018;111(8):1301-1313.
Solar Energy Materials & Solar Cells 236 (2022) 111508

- Degradation
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Problem description

A Marzo, P Ferrada “Standard
or Local Solar Spectrum?
Implications for Solar

] Technologies Studies in

L Atacama Desert”. Ren. En.

2200 127 (2018), 871.

* There are differences with respect to reference

Solar spectral irradiance, (Wm?nm™)

spectrum: intensity and UV content.

- Desert Label for Atacama Desert

Wavelength, & (nm)

Carnot emission

» Solar cell is designed for high efficiency under PR

. o 0.9 Boltzmann
standard testing conditions (STC).
- AM1.5G spectrum, 1000 W/m? and 25 °C.

L. C. Hirst, N. J. Ekins-Daukes.
Fundamental losses in solar
cells. Prog. Photovolt: Res.
Appl. 2011; 19:286-293.
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F. Lelievre,...,A. Marzo, P. Ferrada et al. Desert label development for improved reliability

and durability of PV modules in harsh desert conditions. Solar Energy Materials & Solar 00 I numerical power out
Cells 236 (2022) 111508. 05 1 15 ] (2v) 25 3 35
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Objectives

* To determine optimal parameters of a n-PERT cell when operating under Atacama Desert spectral conditions.

* To compute the characteristic curve of an optimized n-PERT cell for a whole day in Atacama Desert.

100%
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' [ | |
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emitter _:;; 60% g
g s0% E
Ag n"BSF E 40% E
Passivation =
10%
. r:] - P E RT . 0% IHSM 2021 2021 2022 2024 2026 2029 2032
n-type passivated emitter and rear totally diffused S rton 5 AT

Si-based tandem

P. Ferrada, A. Marzo et al. “Potential for photogenerated current for Si based PV modules in the Atacama International Technology Roadmap of Photovoltaics (ITRPV) 2022.
Desert”, Solar Energy 144 (2017), 580-593.

Optimization of n-PERT Solar Cell under Atacama Desert Solar Spectrum 5
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Materials & methods: Stages  +——=

1. Validation TM
1.1 Fabricate a standard n-PERT solar cell. [r\"ll.'f'" \ M;
1.2 Model/simulate the n-PERT under AM1.5G. N
-Mesh Independence study

Solar spectral irradiance, (WmZnm™")

Higher Surface area:

1.3 Explain differences and improve the model. 20 e e
7 M o - Higher absorption and less reflection
(Jsc,meas=1'17 Jsc,calc)

ance, (Wm?nm™)
o

2. Optimization

Solar spectral irradi
e -
8 3
N —

2.1 Define obj func, control par, const and output var. sl | ‘W | = Higher recoml?lnanon rate
N ] (1.7 times more)
2.2 Configure COMSOL + MATLAB for optimization. T 8 e e
A. Fell et al. Input Parameters for the
oo . Simulation of Silicon Solar Cells in
3. Prediction o o e ] oy Il 2014. IEEE Journal of PV 5 (2015),

>

= = 1250-1263

Iy

S

3.1 Use fixed and optimized inputs in the model.

o

°
®

°
£

3.2 Calculate the JV curve for a whole day in Atacama D.

°
=

o
o

Solar spectral irradiance, F (Wm':nm")

°
S

/ n
400 600 800 1000 1200
Wavelength, A (nm)

Optimization of n-PERT Solar Cell under Atacama Desert Solar Spectrum 6
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Materials & methods: Model and optimization
* Model: COMSOL « Optimization in MATLAB
«  Semiconductor Module e Function nPERTopt(x) from COMSOL saved as *m
 Geometry: 1D object * Ger.1etic Alg(?ri_thm (GA)
. Material: o-Si » Script containing input parameters for the GA
» Stationary study
Parametric Sweep over voltage -
* Direct Solver: MUItifrontal Massively Parallel Solver (MUMPS) Initial P Bvaluate with gy, Tﬁ;':;',‘j‘,ﬂ;’” = | Optimal
generation fitness function <atisfied? solution

e 5 dependent variables.
Electron concentration, Ne

Hole concentration, Ph New Selection
Boundary electron concentration, n_bnd generation lr
Boundary hole concentration, p_bnd t Crossover
Electric potential, V l,
E— Mutation

Optimization of n-PERT Solar Cell under Atacama Desert Solar Spectrum 7
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Theory: Poisson, drift-diffusion, continuity
Poisson equation V- (—¢&,.VV) =p Relative permittivity of silicon &
Charge density p [C/cm?3]
Electron, hole concentration n,p [cm3]
+ B lonized donor, acceptor impurity N;, Ny [cm3]
Net charge p=q(p—n+Nj —N;) Eff. Density of states in Cond. Band N, [cm?]
Eff. Density of states in Val. Band Ny [cm3]
Quasi Fermi levels Efn, Efp [eV]
E.—Ep . 3/2 Equilibrium Fermi Level EfoleV]
Electron Conc. n = N¢F,; (— ” T{C ) Nc =2 (";‘;—’:3;) Temperature T [K]
B
Efp—Ey mi kT /2 : _ 2
Hole Conc. p = NyFy/, (— T ) Ny =2 (W) Doping N = Ny exp((—d/D?)
B
Decay length [ = dj/\/ln([NO/Nb])
. o 1.1/2
Fermi Integral F1/2(nc) = fO Tter—Tc X P. Altermatt. Models for numerical device

simulations of crystalline silicon solar cells—a

review. J Comput Electron (2011) 10:314-330.
Optimization of n-PERT Solar Cell under Atacama Desert Solar Spectrum 8
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Theory: Poisson, drift-diffusion, continuity

Transport for electrons (e) J, = qnu,(N;,T)E + ,unkBTg( ) Vn + qnDy, ¢,V In(T)

Transport for holes (h)

Continuity for e and h

Net e, h Recombination

Generation rate foreand h: G(z) = 2—:(1 — fmet) f;lz k(M) F(D) e

Jp = apup(Ng, T)E — :upkBTg’( )VP qprDp ¢V In(T)
on 1 ap 1
E—a(v'ln)_(]n E__E(V']p)_(]p

Un:ZRnl_ZGn,i Up:ZRpl_ZGp,i

511 = ROD]dA

Optimization of n-PERT Solar Cell under Atacama Desert Solar Spectrum
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Current density for e, h

Jns Jp [MA/cm?]

Electron, hole mobility
Un, Uy [cm?/(V s)]

Thermal diffusion coefficient
Dy, thy Dp tn [cm?/s]

Electric field
E [V/m]

Recombination rate
Ry, Ry [1/(cm? ]

Solar spectral irradiance
F(2) [W/(m? nm))]

Extinction coefficient
K

Spectral reflection
R(A)
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Results & discussion : Validation
e IV measurement IV simulation Relative difference (%)
0 1 Parameter Front side Rear side  Front side Rear side Front side Rear side
§ a0 1 Jsc (mA/cm?)  39.2+0.03 34.6+0.03 39.2 34.2 0.1 1.3
f T SR T L L ET L L LEE EUPETETIEEEPELEERT IS + Vo (mV) 653.1+2 649.7 £ 2 646.4 654.6 1.0 0.8
é 30 I Popp (w) 49+002 43+0.09 5.3 4.6 8.3 6.9
5 I S R B FF (%) 783+02 782+016 787 78.7 0.5 0.6
- - - - - —ANMH Bl e, @6MAR5 °C ]
: AoFEES ) | 7% 20+008 176+01 200 180 03 <01
£ —— AM1 .8/t dig, (R5FC5 °C) ]
© e ... AM1.08 front and rear (66.3 °C)
07 L L L L L L L L L L L L L L L L L L L L L L L L L L L L
0.0 0.1 0.2 0.3 0.4 0.7 s — T L R
Voltage, V [V] 304 =) ntype cells
3 Qe B2 . Edler et al. Metallization-induced
T t 91 ERENY 1 recombination losses of bifacial silicon solar
\R/zcr:llafjltogl’ll l?nfrﬁet for p-type emitter 8 22 N i cells. Prog. Photovolt: Res. Appl. 2015;
uction in Vo¢ -ty l ey B B 23:620-627.
* 45 mV due to front metallization > ool B ]
« 35 mV due to rear metallization SOp O deepemiter TEe ) ] Correa. Electrical conduction in the Ag/si
Py = Prpno — Rserlmpp- :(5] At i ] interface of Si solar cells. 9th International
pp P pp 4 : 6 : 8 : 10 : 1=2 : 1%4 : 1%6 J 13 : 2%0 : 252 : 2%4 Conference on Low Dimensional Structures
Metallization fractionF, (%) and Devices, 2-6 December 2019At: Puerto
Varas, Chile.

Optimization of n-PERT Solar Cell under Atacama Desert Solar Spectrum 10
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Results & discussion: Optimization in MATLAB

Inputs of the Genetic Algorithm Function to minimize

[de, dees dese, Ng, N, Ngep] P=-model.result.numerical('pev1').getReal;

Maximum values (xmin):  [0.2, 150,0.2, 1e19, 1e14, 1e19]
Minimum values (xmax): [1, 200,1, 1e20, 1el5, 5e20]

AML5z | AM108
CMETMIEA G w065 020 020

Population size (Npop): 70
Generation N° (Ngen): 110

Stop criterium (Nsic): 10 R d.. (um) 180 150 150
Mutation probability (pmut): 0.1 BSF thickness (IS 0.45 0.33 0.25
Refinement (resfin): 0 [l Ne (cm3) 2.44x1019  9.89x1017 9.36x1019

RO N (cm™3) 8.44x1014  9.83x104 9.84x10%4
BSFdom Ngse (cm3)  6.16x101?  3.87x1020 4.12x1020

Optimization of n-PERT Solar Cell under Atacama Desert Solar Spectrum 11
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Results & discussion : Cell response, optimized to Atacama Spectrum

JV of optimized solar cell to AM1.5g and AM1.08
Table with the JV parameters

Optimized case

* Non-optimized cell

.....................................................
Y

W ey
&3] (&™)
T T T T T

20

10

----------------------------------------------------
-
-
~

----- AM1.5g, non-optimized
—— AM1.5¢, optimized
AM1.08, non-optimized

_____

—— AM1.08, optimized

T L
0.4
Voltage, V [V]

0.1 0.2 0.3

Optimization of n-PERT Solar Cell under Atacama Desert Solar Spectrum

Optimized case
Jsc (MA/cm?) Voo (MV) P, (W) FF (%) Eta (%)
40.6 641.7 5.5 823 21.5
44 .1 639.2 5.9 83.0 234

Standard AM1.5¢g
Atacama AM1.08

Non-optimized case
Jsc (MA/cm?) Voo (MV) P, (W) FF (%) Eta (%)
39.2 646.4 5.3 78.7 20.0
42.2 647.0 5.7 789 21.6

Standard AM1.5¢g
Atacama AM1.08

Comparison though the relative difference

JSC Voc Pmpp FF Eta
Standard AM1.5¢g 3.6% -0.7% 43% 4.6% 7.6%
Atacama AM1.08 4.3% -1.2%  47% 52% 8.5%
100 (Xopt - Xnon-opt)/ Xnon-opt
12
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Run method aplication builder

VATAV
4

AVAV
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R I t d ° M ° J Load solar spectrum
esults & discussion : Java n=0
F for front side with tilt angle of 20° F for rear side with tilt angle of 20° n=n+1 e E—————————————
2.0 T T T T T 2.0 T T T T T 75 T T T T T T T T T T '
0 ——7:00 a0 b) ——T7:00 70 *a) . - M- nPERT.ato0"
ot g0 1 . °F ——800 65 b R - #- nPERT.at20° J =
< 500 5 —— 900 . .4 PSDAlempersture Generation rate, G(z)
E 16 —_t00 ] E16F —— 1000 ] 60 | o £
o —11:00 1 e S5 | ’ '
£ 14 ——12:00 § e ——12:00 ~ S : L
= 1300 s ——13:00 o50F ; . E T ! . No
L2 ——t400 § & 12¢ L0 pasf . . ] Drift-diffusion equations
3 ——15:00 8 —— 15:00 =P B R
g 10 ——16:00 J S 10F ——16:00 J i m [] .
£ = ——17:00 Basp =@ . e
g os S osf ——18:00 ] 5 a0 ’ PORE SR SR ]
= = = o i b
S os S osf ] aspb - ot L
8 51;: 20F. R E
?0.4 @ 04f 3 sk v ]
5 .
3 02 S 02f E f * E
N 0 5 1 1 1 1 1 1 1 1 1 1
0.0 T s 0.0 1 7:00 8:00 ©:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00
400 600 800 1000 1200 400 600 800 1000 1200 Time (h)
Wavelenath. 2 (nm) Wavelength, » (nm)
F for front side with tilt angle of 90° F for rear side with tilt angle of 90° Yes
2.0 20 = . r : T ¥
——T7:00 —7:00
Aw'c) ——s800 3 18p d) 800 ]
E 16 - g - Plot J function of V
£ 16 —~—1000 3§ E 16F 1000 3 ol Jsc as funclion o
o ——11:00 o — 11:00
g 14 F ——1200 { = 14f —12:00 ]
s ——13:00 < ——13:00
wo12F ——1400 3 W q2f 12:00 3
g —— 15:00 g ——15:00
g 10 S 10F o +16:00 J
k<] k<] " il wild -—17:00
S o8 S osf /A i 1800 J
£ os Eooef /1 ; : 3
g g A 2
& 04 & oal g . 3 41 2 4T KZ 41T 2 AT K Z
8 4 &l GD)=—(1=fns) | *KDFDe 2 [1-RW|dA+—(1—fn,) | D EQD e 2 [1-R(D]dA
[} 2 hc ’ hc '
0.0 bt x ey T 0.0 | | | ).1 /11
400 600 800 1000 1200 400 600 800 1000 1200

Wavelength, & (nm) Wavelength, A (nm)

A. Fell et al. Simplified Device Simulation of Silicon Solar Cells Using a Lumped Parameter Optical Model. Journal of Photovoltaics 6:3 (2016), 611-616.

M. M. Chowdhury. Approximation of Carrier Generation Rate in Common Solar Cells and Studies for Optimization of n*p Silicon Solar Cell for AM1.5G and AM1.5D.
2012 7th Int. Conf. on Electrical and Computer Engineering 20-22 December 2012, Dhaka, Bangladesh.

Optimization of n-PERT Solar Cell under Atacama Desert Solar Spectrum 13



Short circuit current density, Jg, (mA/cm?)
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—a— Optimized, 20°
—a— Non-optimized, 20° --®- Non-optimized, 90°

++ @+ Optimized, 90°

7 8 9
Time (h)

10 11 12 13 14 15 16 17

18

Power, P, (W)
w B ($)]

N
—T—

—=— Opt, 20°
—=— Non-Opt, 20°
--®- Opt, 90°

--@- Non-Opt, 90°

10 11 12 13 14

Time (h)

17

Open circuit voltage, V., (mV)
»
N
o

Optimization of n-PERT Solar Cell under Atacama Desert Solar Spectrum

VATAV

AVAV

VAV

—=— Opt, 20°

»+®+ Opt, 90°

—&— Non-Opt, 20°

[&)]

= N N w w I B
(&)} o o o (3] o
Ambient temperature, T, (°C)

-
o

»-®+ Non-Opt, 90° 1
L 11, L, ! ] L1 1
9 10 11 12 13 14 15 16 17 18
Time (h)
14
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Conclusions and outlook

The solar cell model is valid for a family of cases

e Caell structure: p*nn*
 Monofacial and bifacial case

* For any illumination; only front, only rear or simultaneous

The model combined with MATLAB allowed to optimize the device under a representative Atacama Spectrum

» Thickness and doping level of the emitter, cell (base), back surface field

The model combined with Java allowed to predict the performance for a whole day in Atacama Desert

« Automation of calculations and less time consumption

Application to PV module response, provided that absorption of c-Si is known

Optimization of n-PERT Solar Cell under Atacama Desert Solar Spectrum 15
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] Nﬁ 39; Parameter Front side Rear side >7 <A>
E Jsc (mA/cm?)  39.2+0.03 34.6+0.03
® ~N
Mate rlals & meth OdS: Data s 3: ) Vye (mV) 653.1+2 649.7 £2 :
2 L Pupp W) 494002 43+£0.09
 Measured and own data T FF (%) 783+02 7824016 R
- ""‘-:f“-,\“ — £ 101 !
. 5 K% =] B 9 + 0. 60. 1 -
*  Geometrical aspects are known. fo | oS ne el )
E ~ | —— AM1.5¢ front |
* Doping level was experimentally measured. ;.. Y \% , T e AM1.5g rear
«  Carrier lifetime was obtained from reference. oot e el @203 0405 06 0T

Voltage, V [V]

P. Ferrada et al. Interface analysis of Ag/n-type Si contacts in n-type PERT solar cells. Prog Photovolt
Res Appl. 2020;28:358-371.

e JV curve under STC (1000 W/m?2, 25°C AM1.5QG).

. Inputs : R — ;
« Atmospheric parameters at Platform (PSDA). : }‘*[ ————
« Atacama Spectra based on Simple Model of i J "" ,'\» o
Atmospheric Radiative Transfer of Sunshine. w :ﬂ };;," — S S
« Solar cell temperature 1 S
BIFACIAL -- e —
« Refractive index for c-Si: real and complex. o ” mwm\
* Absorptance of c-Si in a PV module with SunSolve. L R

Optimization of n-PERT Solar Cell under Atacama Desert Solar Spectrum e 18
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e Laliud 307
- = Lathud 26*

(a) e I (b) —— Turbidity Angstrom at 500nm ——=- 016
%
s e IREP S —— Precipitable Water (cm) x
sl [ = SolarZenk Ange 1) 7 1% —— 440-870 Angstrom Exponent
N |—— Temperature (°C) ’ g £
A |—— Relative Humidity (%) ’ L 12| 012 § 0,
70 s
w ‘\ |—— Pressure (kPa) , s § oy 100%
Sw |— wind Speed (m s') 5 qof 010 ® g 90%
g £ £
§ 2 o
3 T ooef 008 £ 2 80%
5 8 3 iy 9
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% ® z o 60%
] 3 P~
2 o4l 004 § « 50%
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@ y © 30%
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2: .49 cion -403C . 0jo 6499.51 ki . ]
87°42'54.49" O elevacion -4030 m  alt. 0jo 6499.51 km TG True Solar Time (hh) 3 %
@
3 . o 0%
Licancabur Voleano  Juriques Volcano Mt Zapaleri
Mt. Quimal 5916 m 5704 m 5652 m
Vicufa Mackenna Mins. 4302 m
s | |
Moejillones Peninsula Atacama Salar A\ A
Antofagasta Erosional Material Salt Dome I .

Littoral Platform

Coastal Mins. Atacama Desert Domeyko Mins.

Andes Depression

Andes Mountains

SPECTRAL GLCBAL TILTED IRRADIANCE

0.5
0.5
0.4
0.2

Spectral Irradiance (W m? nm'1)

0.0

COMPARISON

ASTM Global Tilted 37°
ATACAMA Global Tilted 18°
—— GTI Difference

| i
| 'f.‘ N
LA g

-0.2 T

T T
0 500 1000

Power distribution in the [280, 1200] nm spectral range

29.3% 27.1% 30.0%
p— —— e—

ASTM ATACAMA ASTM ATACAMA
-
Global Tilt Direct+circumsolar

m UV [280,400] nm & VIS [400, 800] nm = NIR [800, 1200] nm

Optimization of n-PERT Solar Cell under Atacama Desert Solar Spectrum

1
4000

T . T T T T T T T
1500 2000 2500 3000 3500
w(nmy}
Spectral Validation
224
2.0+

i

Predicted Speciral Imadiance (Wm?nm’)

08 )
- |Equation y=a+bx
06 Adj. R-Squa 0.99752
044 Value  Standard Err
a Intercept o -
02 b Slope  1.0115 6.82238E-4

T T T T
04 06 08 10 12 14

T T T J
16 18 20 22

Measured Spectral Iradiance (W m™ nm™)
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Results & discussion: Mesh independence
* Mesh independence study with voltage from O to 1000 mV in steps of 0.1 mV.
« Electrical response (Jg, Vo, Pmpp and Eta) vs number of mesh elements.
Mesh elements J,_ (mA/cm?) V (mV) P__ (W) Eta (%) 1.000
Extremely fine 2841 39296 7141 56064 23.038 N / — U
Extra fine 1218 39298 7141 56064 23038 < ggog| / Vv
Finer 643 39.297 7140 56064 23038 & ; b |
Fine 210 39.277 7140 56029 23023 o - mep|
Normal 138 39266 7140 56013 23016 < 8%9°] —n
Coarse 89 39.213 7139 55926 22981 g ;
Coarser 74 39.157 7139 55845 22947 2 0.994
Extra coarse 62 39.089 7138 55735 22902 ¢ [ //
Extremely coarse 47 38.924 7135 558 22798 g 0992 |
5 | //
pd i
_ 0.990 /
0.988 L

100 1000

Mesh elements
Optimization of n-PERT Solar Cell under Atacama Desert Solar Spectrum
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Materials & methods: Optimization

* Optimization in MATLAB « The GA

First generation

* Function nPERTopt(x) created from COMSOL model and saved as *m )
* Selection

« Genetic Algorithm (GA) in MATLAB > » Crossover
. C * Mutation
* Script containing input parameters for the GA . Elitism

Termination

Initial Evaluate with . Optimal
) -' . ) condition - )
generation fitness function . solution
satisfied?
t - D. E. Goldberg. Genetic Algorithms in Search, Optimization
0.25 New Selection and Machine Learning. Boston, MA, USA, 1989
180 :
0.5 0 0 generation ; Panos M. Pardalos, H. Edwin Romeijn, Handbook of Global
. X2 X3 Crossover Optimization: Volume 2. book series: Nonconvex Optimization
2e19 and Its Applications (NOIA, volume 62). Springer. 2013
S5e14 ,',
1e20 / \ Elitism |— Mutation
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Solar spectral irradiance, (Wm?nm™)
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Atacama Desert Spectra (summer solstice, 2018)
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Material degradation
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- Backsheet
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modules g

F. Lelievre, R. Couderc, N. Pinochet, L. Sicot, D. Munoz, R. Kopecek, P. Ferrada et al. Desert label development for improved reliability and durability of photovoltaic modules in harsh desert
conditions. Solar Energy Materials & Solar Cells 236 (2022) 111508.
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Theory: mobility

Electron, hole mobility
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Loss processes

Intrinsic losses
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L. C. Hirst, N. J. Ekins-Daukes. Fundamental losses in solar cells.
Prog. Photovolt: Res. Appl. 2011; 19:286-293.

Extrinsic losses
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2>V

2>V

> J

-2 J

AVAV
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Boltzmann (angle mismatch): Taikgln (%) = TAS > v Recombination via traps
Abs
. Shunt resistance
Carnot (conversion of thermal energy into entropy: ( — T—A) > vV
S

Series resistance
Thermalization due to broad spectrum mismatch: (Eph > Eg) - vV

Contact shadowing
Transmission due to broad spectrum mismatch: (Eph <E)-> J
Emission to the surroundings (T>0K) > J
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N. Stem, M. Cid. Studies of phosphorus Gaussian profile emitter silicon solar cells. Materials Research, Vol. 4, No. 2, 143-148, 2001.



dv,. kT 1

dW q W
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/=q fo G(z)dz 6(2) = (1= fmet) | €@ F@) €™ 7 [1 - R)]dA

Decreasing W = increasing Voltage and decreasing Current Density

Power (P) depends onJV

The increase in V. causes P to increase more than it decreases due to the reduction of J .

R. Brendel, H.J. Queisser, On the thickness dependence of open circuit voltages of p-n junction solar cells, Sol. Energy Mater. Sol. Cells. 29 (1993) 397-401.
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