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Objective

In this lecture, we will consider the optical and
electrical design of a modern, high-efficiency,
crystalline silicon solar cell.

The general principles discussed here are broadly
applicable, but for thin-film, polycrystalline solar cells,
there are some special considerations (which will be

discussed later).
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The PERL cell

Zhou, et al., Solar

p
—x Energy Materials
= = and Solar Cells,
rear contact oae 41/42,87-99, 1996.

“Passivated Emiitter Rear Locally diffused”

Martin Green Group, University of New South Wales
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Evolution of Si solar cells
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Martin A. Green, “The Path to 25% Silicon Solar Cell Efficiency:
History of Silicon Cell Evolution,” Prog. In Photovoltaics: Research and
Applications, 17, 183-189, 2009.
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Maximizing light absorption / generation

1) Maximize the number of A
phonons that get into the solar / ‘ |
cell (AR coating, texturizing). |

2) Maximize the “effective”
thickness of the absorber (light

trapping).
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Anti-reflection coat

483 nm

Y4 wavelength thick
h)
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Dual-level AR coatings (DLAR)

e.g. MgF,/ZnS

thin layer of
SiO2 for |

electrical
passivation

ttps://www.pveducation.org/pvcdrom/design-of-silicon-cells/
ouble-layer-anti-reflection-coatings



Dual-level AR coatings (DLAR)
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David D. Smith, et al., “Towards the practical limits of solar cells,
IEEE J. Photovoltaics, 4, 1465-1469, 2014.



Light absorption vs. semiconductor thickness

The direct bandgap of CIGS allows it to absorb light much faster than
Silicon. A layer of silicon must be thousands of microns thick to absorb
~100% of the light, while CIGS need only be about 2 microns thick.

100

80

60

éi (indirect) \

CIGS (direct)

S

D

o

O

€))

Q : :

<

2 é

= :

8 40 I SRR S .....................................

O : :

g

o 200 GIGS> Ol(l) .
0F
10° 10° 10° 10

Depth (um)

> 1000
microns of
Si needed

—



What determines alpha?

E E conduction
conduction band
band
2 j
E,T\ E= 2 E1T‘ need
G 2m G phonon
< v > < >
p=hk p
valence valence
band band
Direct gap: strong absorption Indirect gap: weaker absorption
(high alpha) lower alpha) 1
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Current collection

Generated carriers are only useful if they are collected
before they recombine.

Electron diffusion length: L =./D 1

N* P
______________ . W, <<L,

The absorbing layer must be electrically thin, W, << L ,
and optically thick, W, >> 1/a 12



Light trapping

texturized surface
little reflection at

top
N
7 \ 27
\ 7 \ ///I index of
\ S X refraction,
N AN
Near-
perfec
mirror

Y2 wavelength
reflection coating

Probability of escaping from top surface = 1/4n?
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Random vs. patterned sufaces

1) Absorption enhanced by 4n? (Yablonovitch limit)

E. Yablonovitch, “Statistical ray optics, ” J. Opt. Soc. Am.
A, 72, 899-907 (1982).

2) Similar enhancements possible with patterned surfaces.
P. Campbell, M.A. Green, “Light trapping properties of

pyramidally textured surfaces,” J. Appl. Phys. 62, 243-249
(1987).
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PERL cell optical design

patterned top surface front metal contact

anti-reflection
coating

oxide

p-silicon

+ .
P " rear contact p+ Oxide
N - ~ g \\_ '

back metal contact reflection coating

(111) planes are

exposed by anisotropic M. A. Green, Prog. In
Photovoltaics: Research and

I Lund 2019
etching undstrom Applications, 17, 183-189, 2009.
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The semiconductor equations

o

steady-state

/
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3 coupled, nonlinear,
second order PDE’ s
for the 3 unknowns:

y(r) n(r) pr)
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A continuity equation

recombination

. A A
in-flow '|
\

Wabash

River out-flow

Rate of increase of

water level in lake = (in flow - outflow) + rain - evaporation
op .
N = —VO(Jp/q) +G - R | 4




Solar cells and recombination-generation

7,,(0) 7, (L)
< —
N P
e a
0 L

By integrating the continuity
equations, we can relate the

diode currentto R and G.
(see Appendix 1)

Io(Vs)=a(Roor (V)= Gror )
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Solar cell design

 The goal is to maximize optical generation and minimize
minority carrier recombination.

« Recombination lowers the short-circuit current (i.e. the
collection efficiency) and reduces the open-circuit voltage.

* To optimize solar cell performance, we need a clear
understanding where minority carriers are recombining.
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Short-circuit current

Photo-generated carriers should diffuse Some may
to the junction and be collected. recombine in the
base.

qVi, “base”
E,. (absorbing layer)
[‘emitter/ ) W, <L, —>\
® —/

And some may diffuse
~ N\ to the contact and
CE = Jse recombine.

4G ror

11 . . . ”” 21
9 collection efficiency P Lundstrom 2019




Open-circuit voltage

o o _ Some may
injected minority electron profile, n(x) recombine in the
base.
\ ® /

‘/bl [11 »”
F base

VOC
FP
emltter/

W, <<L, —>\

And some may diffuse

: to the contact and
The same thing occurs recombine.

on the P-side. .
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Minority carrier profiles

Ry =S,An(W,)
_Ap An(x) J,
Rix)= R(x)=="
V4 n
N P
<—[/Vn—> < Wp >

What are the minority carrier profiles in the quasi-neutral
N and P regions?

Ap(x) = p(x)— D, An(x) = n(x)—po
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MCDE

To answer this question, we must solve the minority
carrier diffusion equation (MCDE), a simplification of the
general continuity equation (see Appendix 2).

On the P-side:

> =0 An(x) = n(x)—po

(assumes little W << L
recombination in the P "
P-region)

Solution: An(x)= Ax+B
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FB N*P diode in the dark

—0
< |
AR An(0) IR An(x)\'i
Pl 1+8W /D, MY
N I
N I
S I
0<S <107 cm/s N Sﬂ;W
\" s
0’ W x

Minority carrier electrons recombine in the P-base or at
the back contact. (Same for holes in the N-emitter and

front contact.)



FB N*P diode in the dark

J = izp | an(0)+ an(w, ) |+ qp% | An(0)~an(, )

\ J -\ }
| |

recombination

recombination

in the P-layer at the back
contact
2 )
JD _ Jo (quD/kBT _ 1)

Jy=[J,,(p-Si)+J,, (bc) |+[ J,, (n-Si)+ J,  (f<)
\_ J
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Dark current components

4 )

Jy=|J,,(n-8i)+J,, (f<) |+[ 7, (p-Si)+ J,, (b-c)

_ //' 7 ':\ \
%Oasrp%oo —0ast — oo
N-bulk P-bulk
%OasSp%O %OasSn%O
front contact back contact
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Model NP solar cell

MS contact S,= 107 cm/s

+

bare
surface
has high
Y
lightly doped for long
minority carrier lifetime
2
more heavily doped to = (7ol _

suppress hole injection 5
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Minimizing the dark current

N+

heavily doped
P-type

=200 A T
SiO, has
low Sp

lightly doped for long
minority carrier lifetime

“emitter”

passivated front
surface

"base”  “back surface field” BSF

“minority carrier
Lundstrom 2019 mirroru 29



Energy [eV]

Energy [eV]

Back surface field (BSF)

Sn = vth

=1x10" cm/s

192.5

195 1975 200 CAE/k,T

S =v,e

Al < 1X107 Cm/S

-4.5—=F

A

AE:kBTln(NA j

— Sn ~ vthe—AE/kBT

-4.75F

P90

192.5

, , . _ 7
195  197.5 200 =0.5x10" cm/s

Distance [um]
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PERL cell electrical design

Electrically passivated Reduced contact area and FSF
front surface

p-silicon

+ .
P "rear contact p+ Oxide
> " 7 . -

\-

Electrically passivated

BSF Reduced M-Si back surface
contact area

M. A. Green, Prog. In Photovoltaics: Research and Applications, 17,

183-189, 2009. 32



Passivated Emiitter Rear Locally diffused

Zhou, et al., Solar

p
—x Energy Materials
= = and Solar Cells,
rear contact oae 41/42,87-99, 1996.

Martin Green Group, University of New South Wales
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Typical PERL device parameters

~4x10" cm”

D

L, =~1.5%10" ¢cm”

n(25C)=0.86x10" cm™

400—450 um

A

x;=1.33 Hm Lundstrom 2019
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Best PERL cell parameters

(

-

Jo. =42.7 mA/cm’
V. =706 mV
FF =82.8%

n=25.0%

~

J

J =448 mA/cm’

Joo/J  =953%

(3.5% shadowing, + reflection/
absorption, ~100% CE)

qV,.=E,—04eV

Martin A. Green, “The Path to 25% Silicon Solar Cell Efficiency:
History of Silicon Cell Evolution,” Prog. In Photovoltaics: Research and

Applications, 17, 183-189, 2009.
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PERL: Dark current components

Jp=Jy(e"5 1)

finger “inverted" pyramids D 0
= e e g
e . 2
£ e e : . J 0 50 szx/ cm
P
nt n oxide
pt p-silicon 4 p* .
- e Jy=[J,,(p-Si)+J,,(bc)]
LA 111
rear contact 0xide _|_|:J0 (H-Sl) +J (f_c)]
p Op

Zhou, et al., Solar Energy Materials
and Solar Cells, 41/142,87-99, 1996.

Js, (n-Si) +J,, (f-c) =15 fA/cm2

0

Martin A. Green, “The Passivated Emitter and Rear Cell (PERC): From
Conception to mass production,” Solar Energy Materials and Solar Cells,

143, 190-197, 2015. 3
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2D effects

00000 00O0CO0CO x, Nygux,

distributed series
resistance

I ,




Series resistance

——|<— 0<1,

-V, +

ID — IO (quD/kBT _ 1)

~V, + R,

o——\—o0

<~ V=V, +I,R, —

I,=1I, (eq(VzS—IDRs)/kBT _ 1)

Lundstrom 2019
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Effect on dark and illuminated |V
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Limits

The solar spectrum and bandgap set the upper limit
for the short-circuit current.

What sets the limit for the open-circuit voltage?

VOC < EG/q

Why?

Lundstrom 2019
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VVoc and QFLs

a1 —Epys =qVoe = F, — P
Vbi _Voc
no p — ocC
p
See Appendix 3
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What determines F, - F,?

— kpT
np = I’llze(Fn Fp)/ ?

AnN, =n’ e(F”_F”)/ !

(F—F)ZkBTln An :kBTlnAn
noTp

q (niz/NA) q Ny

Lundstrom 2019
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What determines An?

4 )
An(V, )W Jse/q
R(Voc) n( tOC) . A”(VOC):( i;,/ )tn
n P
g _J

Higher lifetime gives higher
An, which give more QFL
splitting and a higher V-

Lundstrom 2019
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What determines the lifetime?

In practice Fundamental
Defects at the surfaces Band-to-band radiative
recombination (Shockley-
Contacts Queisser)

Defects in the p-bulk

Defects in the n-bulk

But for Si, Auger
recombination

Lundstrom 2019 46



V5 and bandgap

qVoc :(Ez_Fp)

4 )
k,T . [ A
(F,-F,)==¢ 1n(_”] - k,T (WPNCNV/NAj
q 1, Voe =E; — In
q (JSC/Q)tn
- J
Jsc/4q
An(v,.) = W/ ),
V..=E.,—(03-04)eV
npO:niz/NA

2 _ —Eg /kgT
n;, =N_.Ne

47
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Estimating the efficiency of a solar cell

1) Maximum Jg. from the bandgap

2) Vo= %—(0.3—0.4)

3) FF assuming low series resistance: FF =

JooVoc FF

4) Efficiency n=

in

Lundstrom 2019

Voc/(kBT/Q)

47+V,./(k,T/q)
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Summary

1) Optical design should ensure that all phonons with
energies above the bandgap are absorbed. For indirect

gap semiconductors, light-trapping makes physically thin
layers optically thick.

2) Recombination must be minimized to maximize the
collection efficiency (Js:) and open-circuit voltage (Vo).

3) Series resistance lowers the fill factor (FF).

4) The short-circuit current can be close to the maximum
possible, but the open-circuit voltage is still significantly

less than the bandgap.

Lundstrom 2019
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