. - ERSITY oF
Solar Cell Operation = Pt

Key aim Is to generate power by:

(1) Generating a large short circuit
current, I,

(2) Generate a large open-circuit voltage,
VOC

(3) Minimise parasitic power loss
mechanisms (particularly series and
shunt resistance).
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Short Circuit Current

Jsc depends on:

1. Generation of light-
generated carries

e Minimize reflection

 Absorb light in
semiconductor and
generate carriers

» Reflection and absorption
depend on characteristics
of sunlight, solar cell optical
properties, Eg, and solar
cell thickness

2. Collection of light generated
minority carriers

 Depends on material and
device parameters
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Optical Properties of Solar Cells = RN

The optical properties

(reflection, absorption) are surface
key in achieving high current. reflection
To generate as many carrier

as possible we need to: \

— Reduce reflection from f \ f
silicon f

— Reduce reflection from shading by top
metal top surface. contact coverage

— Increase absorption of
light in semiconductor
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Reducing Reflection 1; AR coatings =)t

30

Reflection (%)
]
=

10

\\

Bare silicon

Silicon under glass

Silicon under glass with optimal
antireflection coating of n=2.3

0.6 0.8 1.0
Wavelength (pm)

(h) constructive interference so
all light reflected

(a) destructive interference

80 no reflected wawve }

- -.-‘-"" I
. !
o
..._:-."- np
- ny

all light transmitted into
semiconductor

no light transmitted into
semiconductor
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Reflected

Reflected
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EIAWARE

Reducing Reflection 2: Texturing




Absorption of photons: Eg = PyAL

A photon in a solar cell
can generate an I\
electron-hole pair if it
has an energy greater
than the band gap

— Photons with ?
E , < Egarenot =
algsorbed and are
lost

— If a photons has
energy above Eg,
the excess energy J

above E; is lostas ~ Absorption process
heat.
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Absorption of photons: Eg PP

Value of band gap determines maximum
possible current

Photons\can Band gap

in solar cel| _
Photons with energy close

to Eg are efficiently used

Spectral Intensity

Photons lost
because too low energy

Wavelength

-
ELEG620: Solar Electric Systems University of Delaware, ECE Spring 2008 C. Honsberg



. . - SITYor
Generation of carriers = e

Generation, G, depends on (1) absorption coefficient of material «,
(2) incident wavelength, 4, (3) thickness of material, x, and (4)
number of photons.

N ph — Nse_a)( 1\_=_ Infrared light

o6 \\Red light
_ax 0z \
G = _T =aN se [Blue light \

0 20 40 ] 20 100

Where N, is the number of photons
N, is photons at the surface
a is the absorption coefficient
X is distance in the material

Normalised e-h pair generation rate

Depth into cell (um)
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. . . - RSITY oF
Absorption coefficient, o = p)EiiA:

e o of a material

determines generation ? Absorption Coefficient of Semiconductor Materials
as a function of S S e A A A
wavelength o 100 R ----- P
o small for photons % SO WO\ s
with energy below Eg — - ;
no absorption below s " JHRRRE R i i i~ Al Rt R
band gap. 8 a0 [boisgo b NG ]
 For photon energies s
above Eg, a will E "’ I A N
determine the thickness & 10" bbb N
10° :

200 400 600 800 1000 1200 1400 1600 1800 2000
wavelength, A (zzm)

-
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Absorption coefficient = P

Absorption coefficient strongly affected determined by type of
band gap.

Direct band gap Indirect band gap

Energy, E
A
Energy, E
Phonon emission
-
- E
3 Phonon absorption
I
hy, hv, : :
¥ Eg - Ep
Il
Ey I
> >
Crystal momentum, p

Crystal momentum,p
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Thickness of material = )i

The thickness of

the material o000 oo ——————
determines how 1000 Lo .......... ..... S;AbsorptlonDepth ..........
much light is DTSN S T T N N O N T
absorbed. g

Absorption depth s

is thickness § o1

requires to absorb  © ,,

~60% (1 — 1/e) of PR OV VT TR TOUTE T TUUR JUUE IO OO PO

200 300 400 500 600 700 800 900 1000 1100 1200
Wavelength (nm)

incident light
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Net Generation Rate = )AL

. . Net generation in silicon
Net generation rate Is J

the integration over all 10* SFEFEEEEE RS FEEEEEEEE FEEEEEEEE EEEEEEEEE FEEEEEEEE
wavelengths.
. 1['21
— High at surface _
7
— In silicon, £ .
L. £ 10
significant .
absorption even £ 0"
after 200 um. £
< 1["13
'“]1? _______________________________________________________

0 50 100 150 200 230 300
cell depth, x (zxm)
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Increasing Absorption = lpyiiiAl

Light trapping increases
the “optical thickness” N
of a material

— Physical thickness
can remain low

—Allows carriers to be
absorbed close to the
junction

-
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Collection probability = i

A light generated minority carrier can readily recombine.

If it the carrier reaches the edge of the depletion region, it is swept
across the junction and becomes a majority carrier. This process
IS collection of the light generated carriers.

Once a carrier is collected, it is very unlikely to recombine.

p-type n-type
Incoming light O
© o 0 o
o] ght- generated hole
) will eventually
O 0O recombine unless it moves
drift to p-type material
Electric field sweeps hole HDIE may diffuse to unctllnn :
: i if generated close to the junction
across junction
() © o o © ©
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Recombination Revisited = RN

In solar cells, two addition recombination mechanisms
exist which have a large impact on the devices: Surface
recombination and defect (grain boundary)
recombination: Both are “surface” or localized
phenomena rather than bulk phenomena.

The physical cause of these recombination mechanisms
IS the interruption of the crystal lattice.

Surface and/or interface recombination affects the entire
region associated with that surface since there is a
diffusion current towards the recombination site.
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Collection probability = i

» Collection probability is the probability that a light generated carrier will
reach the depletion region and be collected.

« Depends on where it is generated compared to junction and other
recombination mechanisms, and the diffusion length.

A - -

Unity collection
| | _ probability for Rear Surface
carriers generated in
the pn junction

Solar cell with good
surface passivation

Solar cell with poor
surfac e pas sivation

Collection Probabhility

B

Solar cell withlow  pistance in the device
diffusion length

Front Surface

With high surface recomhbination,
the collection probability at the
surface is low.

-
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Collection probability = pyriaA:

Lp Active region for current collection
falls approximately within a diffusion

Collection probability is low further than a diffusion length away
from junction

-
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. SITYor
Current Collection = Py

Need to maintain high
diffusion lengths, or the
collection probability is
reduced.

Diffusion length strongly
related to type of starting
material

e Single crystalline FZ
» Single crystalline CZ
e Multicrystalline

 Nanocrystalline materials 40% 50% 60% 70% 80% 90% 100%
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Short Circuit Current = )AL

J.. determined by generation rate and collection

probability W
J =qu{x)CP(x)dx
0

—
=

Collection
Probability
Generation

-
Distance in the device

ELEG620: Solar Electric Systems University of Delaware, ECE Spring 2008 C. Honsberg



. . RSITY or
Collection Summary = )i

e A carrier has a high probabillity of being collected if it is
generated closer to the junction than to a recombination
site and if it generated within a diffusion length of the
junction

— Difficult to achieve high collection near front surface (and also
rear, but fewer carriers generated there).

— Emitter junction is usually fairly thin.

o Minority carrier diffusion length (and surface
recombination) are key parameters for high collection.
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Short Circuit Current = AR

« Can calculate I, using the identical approach as was used to
calculate the diode equation, but setting G #0.

* Following this approach, the differential equation to be solved
IS:

d’n(x)  An  G(x)
dx* D, D

n

 The solution to this differential equation is simple only when
G = constant. In this case, the carrier concentration is:

An(x) = Ae ' + Be’" +G1.
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Short Circuit Current

- ERSITY or
WWARE

 Applying the same boundary conditions as in the ideal diode case,
differentiating to find the current, and equating the currents on the
n-type and p-type sides, we get:

q

n

L

n

N q—Dp p
_I_
p0 n0
LP

which is usually written as:

where:

e _1]-qG(L, + L, +W)

J=J, eV —1]-J,

3, =qG(L, +L,+W) I
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LN, L,Ng

(same as a diode)




Quantum Efficiency = iR

Collection probability difficult to measure, so instead use
guantum efficiency, defined as ratio of photons incident to
carriers collected.

A reduction of the overall QE is

4 caused by reflection and a low
diffusion length.
E" 1.0 : Ideal quantum
.E /gfﬁciency
=
= The red response is »
1 reduced due to rear No light is absorbed
s surface passivation, below the band gap and
E reduced absorption at so the QE is zero at long
= long wavelengths and ___ wavelengths.
g low diffusion lengths.
-
WS, _hc  wavelength
Blue response is reduced due to front B EEI

surface recombination.
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Short Circuit Current Summary 2Pk

SITYor

Achieve high short circuit current by:

Low reflection by using texturing and antireflection coatings.
Low metal coverage of the top surface.

Light trapping or thick material (but not thicker than diffusion
length).

High diffusion length in the material.

Junction depth optimized for absorption in emitter and base.
Good surface passivation.
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Open Circuit Voltage = Py

« |If collected light-generated carriers are not extracted from the
solar cell but instead remain, then a charge separation exists.

« The charge separation reduces the electric field in the depletion
region, reduces the barrier to diffusion current, and causes a

diffusion current to flow.

p-type n-type
' Incoming light o
© o 0 o
diffusion o] ght- generated hole
> © will eventually
O 0O recombine unless it moves
drift to p-type material
Electric field sweeps hole !-mle may diffuse to ]unct] on
. . if generated close to the junction
across junction
O | © o o O ©
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High Open Circuit Voltage DA

For a given band gap, a high open circuit voltage arises
from low recombination in the active regions within a
diffusion length of the junction

J=J,(exp(qV /nkT)-1)-J_

=TTl
q I

_ ab,n? S, cosh(W, /L, )+ D, /L, sinh(W, /L“)+ ab,n’ S, cosh(W, /L, )+ D, /L, sinh(W, /L,)
° LN, D,/L,cosh(W,/L,)+S,sinh(W,/L,) LN, D,/L,cosh(W,/L,)+S,sinh(w,/L,)

Note: J is current density A/cm?, | is current.
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Open Circuit Voltage = By

 Voltage increases as devices get thinner IF the surfaces
are well passivated, otherwise Voc decreases.

15.0 :
10.0 -
o Seff:
_ 50- =200
- e
E e
g 0.0
3 1( 350 1890
< Py 3500
= .- 5900

-10.0 +-

-15.0
wafer thickness (um)

-
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Voc and doping

For a fixed Eg, trade-off
between doping and
diffusion length

Diffusion Length

...
log({Ny)

Cf 0
Dﬂz D ”;'2
Iy =gd| 1+ £
I,Nys L,Np
o4
=
&
©
=
=
=]
£
(e
=
i
(=R
= -
log{Np)
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High Voc = pyiiAl

 Must have low dark current, and hence low
recombination as seen by carriers injected from edges of
depletion region — not necessarily the same region
where light generated carriers are, but closely related.

e Must have minority carrier diffusion length, low surface
recombination, thin devices, and high doping.

* Above list are incompatible with each other or with high
Jsc, so need trade-offs.
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Minimizing Parasitic Losses P

FF strongly affected by parasitic series and shunt R.

Current,
Power Cell with Low Fill Factor 1‘]

IsC

Isc=\oC
= area i
area B

i} -
VYoo Voltage

FF=Imp=Ymp
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Solar Cell Circuit Model = YA

Circuit model takes into account parasitic loss mechanism of
series and shunt resistance

xiﬁw_l'“-
ISE A
" A
1) ¥ S v
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Solar Cell Circuit Model EIAWARE

Series resistance
composed of emitter and
metal grid resistance
terms.

Want large cross section
area of grid and emitter to
reduce resistances.

R=2
A
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EffeCt Of Rseries and Rshunt [ﬁ]ﬁ\%ﬁ]{%

High series resistance and low shunt resistance degrade primarily
FF, but in severe cases Voc and possibly Jsc.

0.04

0.01

l].l] | 1 | | 1 | | 1 | 1 | |
00 005 01 015 02 025 03 035 04 045 05 055 0.6 065 0.7

Voltage (V)

-
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. . - RSITY oF
Understanding physical processes = RN

e Quasi-Fermi level: analog to Fermi level, but holds under
steady state conditions.
— Defined as:

n(X) — NC exp(_(Ec o EFn )/kT)
p(x) = N, exp(~(Eg, —E, )/KT)

— Why it worlds physically:
» Each type of carrier under steady state excitation thermalize

with each other such that they approximate a Boltzman
distribution

-
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. . - RSITY oF
Understanding physical processes = RN

e Quasi-Fermi level & Fermi level gives the information
needed about a device

— Number of carriers

— Recombination and generation (also need lifetime of carriers)
— Transport

 Band diagram including quasi-Fermi levels can be used
to determine:

— Current flows
— Bias type and conditions
— Regions of high, low recombination
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Maximizing efficiency = Py

Band gap places a maximum

value on efficiency 50
40
S
3‘30 :
2 D.n? o
ID:qA Dﬂ”l + £l fg_)zo
LN 4 LP.ND i
10 -
0 ‘ ‘ ‘ ‘
V. = nkrln "'._I_ + 1 0 1 2 3 4 5
O q_ Band Gap (eV)
0
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. - . . . - SITY or
Maximizing efficiency = Py

n-= Isc Voc FF
P.

N

™. TV, . T FF
= « T E. « | Series R
« | Reflection . 1 doping . Metal

. Surfallce o T L, LIO e Emitter

* Meta 1S, » T doping
- TL. L, | .

L  Thick emitter

*v S Doping and diffusion
*X; optimum length are related
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. . CRSITY oF
Final Ideal Solar Cell = Pyitivic

texturing andior bushar
anti-reflection coating
\’ fingers
front surface
doping
(emitter)

rear contact
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Materials for solar
cells include:

e Silicon

e amorphous Si (a-Si)
 [II-V solar cells
» GaAs/AlGaAs
e GaAs/InGaAsP
e INP
 [I-VI solar cells
e CulnSe, (CIS)
e CuGalnSe, (CGIS)
e CdTe

1A

5

B

10.511

13
1B Al

26082

29 30 31
Cu In Ga

65.37 B3.72
49

5 In
107. 11244] 11482

AuH

B1

200. 5 2!]4.3?

IVA

C

12.011

14 .
SI

23086

32
Ge

T2

50
Sn

118639

Ph

207.19

Solar Cell Technologies

YA VIA
7 8
N O
14.007 15.9949
15 16

P S

30974 22064

33 34
As Se

T4 T

51 2
Sh Te

12175 127E0

Bi Po

208.980  (210)
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Silicon Solar Cell Technologies PP

« High efficiency solar cells made using IC processing techniques.
« Dominant commercial processing technology is screen printed.

 The buried contact (BC) technology was developed to transfer high-efficiency
solar cell features into commercial production.

SEM of a PERL (Passivated Emitter Rear Locally diffused) Schematic of a screen printed solar cell.
solar cell.
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» High efficiency silicon solar cells are made using IC technology.
« Efficiency of 24.7% at “one sun” (conventional standard illumination)
» Efficiency of 26.8% under concentration.

finger "imrerted” pyr amids

p-silicon

rear contact oxide

High efficiency solar cell schematic.

SEM of a PERL (Passivated Emitter Rear Locally diffused)
solar cell.
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-~ SITYoF
WWARE

Efficiency of silicon solar cells (%)

Typical commercial
solar cell efficiencies

|

0 ] ] ] ] | |
1940 1950 1960 1970 1980 1990 2000

Commercial solar cells are designed to be low cost and robust.

-
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Starting material for
single crystalline
solar cells (CZ
material).

The ingot can be 30
cm in diameter and
several meters long.
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A silicon
multicrystalline wafer.

A 4 ¥l ;'..';_ .
I

} ]'I Wy

\ =
f i i
i 5 A -
' Ll TS L -
W

Each change of
reflectivity is a
separate grain.
Interfaces between
grains often degrade
material paramters.

-
i
-—-lh_"
A——
- —
-

-
#
-‘___*
A

lI: ‘III‘# {i'li‘
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Slicing
multicrystalline
silicon into blocks
(followed by slicing
Into wafers)
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Silicon Solar Cell Technologies PP

* Metal contact formed by burying metal in groove in silicon wafer, giving low reflection, high carrier
collection and low resistance.

Conventional single sided buried contact solar cell.  Buried contact solar cells used in building-integrated
application at G8 Summit Building, England.
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Buried Contact Solar Cells 2Pl

Buried metal reduced
reflection and also
allows more flexibility
In design process

-
ELEG620: Solar Electric Systems University of Delaware, ECE Spring 2008 C. Honsberg



] SITYor
Buried Contact Solar Cells =W

Buried contact solar cells used in Olympic
Village. All houses were solar powered.

ELEG620: Solar Electric Systems University of Delaware, ECE Spring 2008 C. Honsberg



SITY or
WWARE

Processing Facility at EuroSolare, Italy
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Diffusion deposition and drive-in

-—
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= Py

Contact Firing
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Automated cell handling

™

[

Ilhl
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Solar Cell testing
and sorting

Connection of
mismatched cells
reduces
performance of
module
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Rear view of PV
module before
encapsulation.

The module consists
of the solar cell
sandwiched between
EVA (a clear
polymer), with glass
on the front and
Tedlar on the rear.
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-V Solar Cells = Pyt

I1I-V solar cells have several advantages
* Higher efficiency due to more optimum Eg.
e Allow tandem solar cells.

Spectral Intensity

Wavelength

-
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[ﬁEVI'ARWARE

front contack
I N I e T
Fr-Alln P - window laser
Tandem h-Gay o Ihy o P -emiter
devices consist Gzl P -undoped Taer T
PGty Ny P - Base 168e¥ | =n0- 740mm
of two or more . _In__F barier ey
I pr-AlEaln P -barrier laser
solar cells with —
different band Gaks
f rr-AlGalh Plalinds - barvier layer
gaps on top 0 tHE8g I | AS - emitkar
Ga . In botkarm
one another Gl 2 - ndped ayer ol et bebwaen
p-Gog gty A2 - base 118e¥ | 740- 1050 ren

prGag ing  As - barrier laer
pr-AllnA=iGalnd=Braggreflector

p-graded Ga, _ In Az buffer lasyer
i Gahs or [Fe substrab: b
|
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WWARE

N Solar Cellg

Design of
different top
and rear band
gap materials
IS a critical
ISsue.

Top cell band gap [eY]

(CT- T | T
ah

(]

i

—
I

]

Gads

Hhciency [35]
H 44-46

Il 42-44

M 40-42
3240

[ 1 ¢ 28
Speachunm
2004k 5

1 | | 1 |
0f 0 10 12

Bottomn call band gap [eY]

|
14
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Tandem
devices have
reached over
33% efficiency
under
concentration
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