Physics of Solar Cells

How do solar cells
WOrk?

G. E. (Jay) Jellison
Dec. 6, 2010

Managed by UT-Battelle
for the Department of Energy



Introduction and Scope

e Material: single crystal silicon
— 85% of solar cells are made from silicon
— VERY well understood

e Focus on physics
— Optical Properties
— Electrical Properties
— P-n junctions
— Solar cell
— Limitations and opportunities
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What do we know about silicon?

e A lot!

e |t’'s avery abundant element (~26% of the earth’s crust).
e We know it’'s crystal structure.

e We know most of its optical and electrical properties.

e We know how to grow large single crystals of it.

e We know how to purify it.

e We know how to passivate it’s surface.

e Why?

— It’s a single element semiconductor => the science is relatively
easy

— It has many commercial applications, and the advancement of
these applications requires this knowledge.
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Crystal structure of silicon

L S ©
e Silicon: 14 electrons Oé’
— 2 1s and 8 2s and 2p core electrons. C 8(,,
— 4 valence electrons --- often hybridizes < @
to sps.  ¢e©. %
— In crystal, the Si atoms are 4- 0 o 9
corrdinated. R

— Forms a face-centered cubic crystal
with two atoms per unit cell.

— Same crystal structure as diamond ( C)
or germanium (Ge).

— Semiconductor with a band gap
E,~1.15eV.

— Silicon can also be amorphous or
polycrystalline.

after Kittel
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Solar Spectrum
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Absorption Coefficient of Silicon
1. The average depth that the light is absorbed depends on wavelength
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Reflectivity of Silicon

SiO, films grown on Si
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Anti-reflection coatings

Use 2 or more layers to reduce the reflectivity even more.

99 nm MgF, / 65 nm ZnS / ¢c-Si
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Other ways to reduce reflection:

Surface Texturing
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How do we understand this? Energy Bands in
Solids

® Occupied state

. o States per atom
e Thought experiment Diamond Tsolated,
crystal free f.tom
e [solated atoms: | |
discrete energy levels |
T Conduction N . :
. band '
e Bring closer together: & | |
. 5 |
Begin to form bands - —if
. gap
e Depending on the e i — e nod
material, get metallic Vilence 1§ '.
semiconductor ; L
/insulator behavior | 1
0 [==]

Interatomic distance —

e For Insulators or semiconductors, there are some energy
values that have no electron states => band gap

e Light with an energy less than the band gap will pass through
the material.

OAK
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Doping: Donors and acceptors

e Ifyouinsertagroup 3 atom (B, Ga) into asilicon lattice site, 3 of the
bonds will be satisfied, but one will not. This leaves a “hole.”

e Ifyouinsertagroup 5atom (P, As, Sb) into a silicon lattice site, the 4 Si
bonds are satisfied, but one electron is nearly free.

@@_@@ Donor
O20-0-0 =~

E,=1.15eV
@@:@ :@ E, w
‘ | ‘ | | ‘ ‘ | ™ Acceptor
@ @ @ Numbers (/cm3):
# Si atoms 5 X 1022
\ O | Intrinsic 2 X 10" e and h

1 Q- - 5 X 10"
o-0-9-c i

Minority carrier
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Fermi level for Doped Semiconductor
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Majority Carrier concentration vs Temperature
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p-n junction: charge transfer

n
+ab = = < REGION-> DEPLETION REGION->= REGION->
EEpie (ND'lNA)
o 3 i .
s o ® ® ® ®\\_, 1 nonow
B CRCRONO %\ DENSITY
nt + Depletion— p-type @O0 ®
++ Iegion i N S 3 kN =X
e i V000 CHARGE DENSITY DUE
el ! 000 TO UNNEUTRALIZED
4] = NET ACCEPTOR {0 ® O1 IMPURITY IONS
DENSITY ©oo
e Contact p-region to n-region, /x:, g Xn )

get charge transfer
/

e Unneutralized impurity ions =>
electric field => potential

e Poisson’s Equation \

oV 9& p(x)
x> ox &

AREA = DIFFUSION
POTENTIAL
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Current-Voltage: Shockley Equation (simplified)

p-type n-type

e Remember electrons have —
charge, holes have + charge

L .
Ep, Fermi level

e J,*and J, are saturation cermi oyl ——— — — —
current densities, and do not X
depend on voltage (for all
reverse biases and forward

Energy £ —

biases <V,))
Distance —>
e J,*and J; aretheinjection s
current densities and depend Posive aupdan

strongly on voltage

e Shockley Equation:

~ k14
oJy exp(kT)

eV _v ae1re |/ v
J=J exp — |1 iv | “""
"~ Breakdown

KgT

region

Negative quadrant
reverse bias I
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Current-Voltage

e Apply avoltage => change the
positions of the bands

VT :Vbi — Vapplied

e We also change the depletion
width => Change the
capacitance of the device
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Real Diode I-V curve
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Schematic picture of a solar cell
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e Light absorption deﬁends
upon the wavelength-
dependent absorption
coefficient.
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Solar Cell I-V Curve 1
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e Asilicon solar cell is just a silicon | tciooms
p-n junction illuminated by R
sunlight ol
e Generation current is now . -
substantial, changing the I-V curve = /
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Actual llluminated I-VV
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Quantum Efficiency (Spectral Response)

Slllcon Solar CeII
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e Surface recombination velocity:
Phenomenological boundary
condition relating to surface
recombination
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QE Dependence on Cell Parameters
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Equivalent Circuit for Solar Cell

How an electrical engineer sees a solar cell...

e Light Source as a current

source I ANNN——
e P-njunction diode

e Shunt Resistance R, "LCf) V Rsh Vv

e Series Resistance R, -

V —-IR e
.+ ———+1 =1_expl —(V —-1I_.R
out s s Xp(k T ( out s)j

photon
Rsh
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Effects of Resistance
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Main Losses to efficiency

e Thermal: Photon of energy E is absorbed. The
energy E-E, is lost to heat since the electrons and
holes thermalize to their respective band edges

e Non-absorbed light: Light with energy E<E, passes
through the cell

o Reflected light: Photons are reflected instead of
absorbed into the material

e Recombination: Photons absorbed deep within a
material generate e-h pairs that cannot diffuse to the
junction before recombination

e Surface recombination: Surface states recombine
electron-hole pairs in the emitter region

e Shunt and Series Resistance: Reduce maximum
power point
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Natural limits to efficiency
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