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Objectives

We want to understand how the performance characteristics of a p-n
junction solar cell depend upon the properties of the material

Photocurrent generation results from the absorption of light and the
competition between charge transport and recombination.

Power generation also depends on the competition between the
photocurrent and the diode or dark current

We will
— find expressions for these physical quantities
— present a simplified model of a p-n junction device

— study how performance characteristics are related to the properties of
materials

This understanding leads to design rules for solar cells.
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Outline

Semiconductor basics and device equations
Simplification of the p-n junction
Calculation of photocurrent

Dark current and diode equation

Factors limiting performance and cell design

Photovoltaic materials
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1. Semiconductor basics and device equations
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Charge carrier density and Fermi levels

- . a2 —E4/kT
At equilibrium: np=n"=N.N,e
N = e EFEV/KT
|
D= n e EEx)/KT
|
At bias V: np =n’e®’" N = n.eEmE/K
1
0= n_e(Ei—EFp)/kT
|

quasi Fermi levels E; and E; are separated

Equilibrium Under bias

>>n, electrons

"o ©lectrons

Ef, >Ef
Ef s
B cpp  ——
- po holes -
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Photogeneration

4.00E+05 + Si

2.00E+05 +

1(0) IG)=I(0)(1 — r))exp(-ox)
Attenuation of light intensity: >
r I(0)
X
X
Electron-hole pair generation rate G(E,x)= a(E)bS(E)[l — I’(E)]exp(— IO a(E)dx’)
1.00E+06
3'\ 8.00E+05 +
IS
. £ 6.00E+05 +
Absorption spectrum o(E) 5 ——GaAs
g

0.00E+00

1 15 2 25 3 35
Photon Energy (eV)
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Recombination

Non-radiative recombination (Shockley-Read Hall)

— np_ni2

(P p)HT,(NN)

When p >>n orn>>p
R,=((M-n,)/t, R, = (pP-py)/7,

nr

i.e. minority carriers dominate

Radiative recombination R, =R, (eV* -1
rad th
o 1}
| # )
. . 2
Auger recombination Rocn™p / 2 g
o ° o o o o ° o
radiative non-radiative Auger
band-to-band via trap state
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Charge transport

Current:

dEFn
dx

dn
electrons: J,=¢D, PV enu, F = J. =enu,

. dp
holes: J o= _er &_Fep/upl: I:> 3 - eplup dEFp

Continuity: 1d R 1dJ,

e dx e dx

Poisson’s equation: d2¢i B

= set of 3 differential equations, for n, p and ¢.
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2. Simplification of the p-n junction
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p-n junction as a solar cell

Analyse making two simplifications:

. depletion approximation
. net current = short circuit photocurrent - junction dark current.
n region p region substrate
+
+
+
Xn wn o0 W Xp
c b
| == Optics & Solar Energy : Nelson : Lec. 2
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Depletion approximation

e Space charge regions W, + W completely free of carriers:

e surrounding n and p layers completely neutral

n region p region substrate

+ =

0 Wo Xp

Fermi levels and intrinsic potential in depletion approximation:

n region space charge region p region

ed,

Fn

Fp

n=N, pvarying np = n2eeV/kT p=N,, nvarying

p ke [
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Width of space charge region

e Calculate width of space charge regions from doping density :

+ |- N
+ vV,
—— Vi
| - p *Ion p n p J n
+ ) \;
] N,
Wo 0 W, space charge electric field potential
: 2¢,( 1 1 KT . [ NyN
Find W, =w_+w, = S( + jV- V., =—In| —4-2
scr p n bi where b
. . . 2¢
For asymmetric n+ - p junction W, =W, = =V,
aN,
In silicon, W <<Xx,
By §
% Imperial College
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Overview
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Calculation of photocurrent at short circuit

n type
e i p type ™~

0 ' Vo e Assumptions
o — >

j — Neglect photocurrent from thin

emitter

I e — — Neglect photocurrent from
Le space charge region

— All electrons reaching p-n
4 e —> . .
junction are collected

— No current exits through base

P — No drift

— G@Generation rate is uniform

d — electrons diffuse with coeff D,
n0)=0 %(d)=0 — electrons relax with lifetime

X > ;
% Imperial College
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3. Calculation of photocurrent
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Calculation of photocurrent at short circuit

Imperial College
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1dJ.
. . d G—R=
Continuity equation for electrons e dx
- dn
electron diffusion current: J,=eD, —
dx
N
electron relaxation rate: R=—
r

d
electron generation rate: G~ le.ae“xdx — 1 (1 _ r)<1 _pd )I_O

2
Ded n n
dx

e

=-G

=

Second order inhomogeneous differential equation.
Solution = complementary function + particular integral

n< Ae*" + Be V- @

4 N\

complementary function

particular integral

Optics & Solar Energy : Nelson : Lec. 2
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Apply boundary conditions:

nN=Gr

Gre

-Gr,

n(O):O — A:(1+62d/Le)
~Gre "k ~Grpe'"

B 2cosh(d/L,) B 2cosh(d/L,)

(x-d)/L,

J,=¢eD,Gr,

- 2 cosh(d / Le)_ 2cosh(d/L,)

L

cosh(d/L,)

I sinh((d -x)/L,) Gl sinh((d —x)/L,)

cosh(d/L,) * cosh(d/L,)

J,,=J,(0)=eGL, tanh(d /L,)

Optics & Solar Energy : Nelson : Lec. 2
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d=1pwm,L=5um, a=5pum

1.0

0.8

0.6

0.4 -

0.2+

Photocurrent quantum efficiency

0.0

2.0x10™

1.0x10

0.0

0.0

High absorption, long diffusion length:
- all photons absorbed
- all electrons reach external circuit

“QE-~1

T

0.2

0.4 0.6
Distance

T

0.8

1.0

]

Electron density [a.u

U=HN=
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d=1pum,L=0.1pum, =5 pum-

Photocurrent quantum efficiency

0.10 1.0x10°
0.08 - 18.0x10” ;
S,
0.06 4 16.0x10° 2
(7))
c
O
0.04 14.0x10° ©
c
O
il i 2 0
0.02 2.0x10° g
LL
0.00 e |V 0 N
0.0 0.2 0.4 0.6 0.8 1.0
Distance
dJ/dx ~ 0
G=R

No useful photon absorption

Imperial College
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d=1pum,L=0.1pum, =5 pum-

0.10

0.08 +

0.06

0.04

0.02 1

1.0x10°

8.0x10°

6.0x10

4.0x10

12.0x10

0.0

0.00
0.0

Photocurrent quantum efficiency

0.2 0.4 0.6 0.8
Distance

High absorption, short diffusion length:
- all photons absorbed
- only ~ L/d of electrons reach external circuit

- QE ~ L/d

1.0

]

Electron density [a.u

U=HN=
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d=1pum,L=0.12pum, aa=0.1 um

0.010 2.0x10°

0.008 -+

0.006 -+

0.004

0.002

Electron density [a.u.]

0.000 - I - : . | . | . 0.0
0.0 0.2 0.4 0.6 0.8 1.0

Distance

Phtocurrent quantum efficiency

High absorption, short diffusion length:
- only (1 - e-d) of photons absorbed
- only ~ L/d of electrons reach external circuit
-QE~(1-e)*L/d

U=HN=
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Current density [a.u.]

1.0 1.0x107 1.0 1.0x107

p ke [

large L, large ad El
0.8 18.0x10° 3’ o 087 18.0x10° '
s, > s,
0.6 16.0x10° 2 2 06 short L, |arge od {sox0® 2
2] Q n
c © 1 c
) et o)
0.4- 14.0x10° © S 04- 14.0x10° ©
c haet c
S 5 =
0.2 12.0x10° g O o2- 12.0x10° g
w w
0.0 T T T T T T T T T 0.0 0.0 T T T T T T T T T 0.0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Distance Distance
J,.=eQE[E)I,/E
ph QE(E) 0 1.0 1.0x10°
El
QE=(1-n(1-e)(L/dtanh(d/L)) < o8 18.0x10° 3
z -]
‘© ] i 3 >
g short L, small ad °*** 3
— [}
E 0.4+ 14.0x10 'g
5 o
O  o2- {2.0x10° 9
Internal QE _ 2
oF¥PY—-—— 00
0.0 0.2 0.4 0.6 0.8 1.0
Distance
By %
% Imperial College
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4. Dark current and diode equation
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Calculation of photocurrent under bias

Modify boundary conditions:  J, (d ) =0

n(x)=Gt. + c(géh_(f/tl)) cosh((x—d)/L)
1 (n, -Gt )

an(x): Ceosh(d/ L)sinh((x—d)/ L)

J(V)=J,(0)=eGD,t /Ltanh(d/L)—eD.n, /L tanh(d /L)

g A/ I\ J
~ v
Intensity dependent term Bias dependent term
JocG J oc -exp(eV/kT)
X i
% Imperial College
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Diode equation

J(V) is the sum of short circuit photocurrent and dark current:
‘](V) - ‘]sc - ‘]dark(v)
For an ideal diode: JV)=J,.—J, (exp(eV/KT) - 1)

In practice: JV)=J,.—J, (exp(eV/mKT) — 1)

The non-ideality results from different recombination mechanisms.

Jqark IS due to recombination in both neutral regions and space charge region.

In SCR, both n and p vary and R is non linear. Here
JaardV) = — Jy (exp(eV/2KT) — 1)

In practice, m is usually between 1 and 2.

Imperial College
Optics & Solar Energy : Nelson : Lec. 2 London




Contributions to dark current

n(Wp) — noeeV/kT
ya

n=Np

n(X) — noe(EFn_EFp )/kT — noeeV /kTe_(X_Wp )/ Le

®

p(X): poe(EFn_EFp)/kT / ......... é

= eeV/kTe—(wn—x)/Lh
— Mo

P =N,

p(Wn) — poeeV/kT np — ni2 eeV/kT

‘]dark — ‘] n,dark + ‘] p,dark + ‘] DZ ,dark =€ j RdX + j RdX + j RdX

neutral neutral DZ
n—region pregion[ \
— n—n
R:p Po R= 0 R=Z Ri(nap)
": By Th Te &
3 % Imperial College
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5. Factors limiting performance
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Factors limiting performance

. . ) I%
Short circuit current density Jg. @ = 5 Lo
o 700 >
£ 600 08 %
— 2 500 &
‘]sc —ejQE(E)Jin(E)dE & 400- o0 “g
5 300 04 3
_ —ad S 200 S
QE(E)=(1-r)1-e); g ! 2 &
s o4 - v v J OO0 O oo
g 0.0 0.5 1.0 1.5 2.0 2.5 3.0 35
Photon energy / eV
To increase Jg- We need to:
increase spectral range of absorption reduce band gap E,
increase b, increase light intensity
increase internal QE n improve material quality to increase L
reduce reflectivity anti-reflection coating
increase optical depth ad increase thickness, use back mirror
2 i
% Imperial College
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Factors limiting performance

Open circuit voltage V. : V. - mkT n Jec e mkT n Jec
“ e J, e J,

J, (exp(€V/mkT) — 1)= =& [Rdx+ [Rdx+ j Rax

neutral neutral
n—region p—region

To increase V. (at a given J ) we need to decrease J;:

decrease intrinsic carrier density increase band gap E,

reduce minority carrier density in neutral | increase doping levels

regions

increase minority carrier lifetime in improve material quality to increase L

doped regions

reduce R in depletion region (SCR) reduce defect density in space charge

region

Iy :
L % Imperial College
P Optics & Solar Energy : Nelson : Lec. 2 London



3y Factors limiting performance
R, V Fill factor FF:
N dark i 7
| m=1
2 = £ | m=2
é R. increasing § | Rsh decreasing 3 |

N o o
Voltage Voltage

Voltage
Series resistance Shunt resistance

Ideality factor

To increase FF we need to:

reduce recombination through traps reduce trap density in DZ

decrease series resistance increase doping levels, increase contact

cross section or density

increase shunt resistance improve edge quality, thickness,

passivate grain boundaries

U=~

Imperial College
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Solar cell design

double layer finger "inverted” pyramids

antireflection
coating

thin oxide

p-silicon (~200~)

24.4% efficient PERL cell
(design: UNSW,;
Manufactured by BP Solar)

rear contact oxide
Problem Solution
Reflection by surface and contacts Antireflection coat, narrow metal
fingers

Incomplete of light absorption

Textured surfaces, thick active layer

Fast charge recombination

High purity crystal, high quality
junction, low doping in bulk of cell,
surface passivation

Resistive losses

High doping near contacts, deep metal
fingers

Imperial College
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6. Photovoltaic materials
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Photocurrent density / A m”

p ke [

Power conversion efficiency

e Expect Jsc to reduce as band gap Eg is increased

e Expect Voc to increase as band gap Eg is increased

e Theory predicts max efficiency of ~31% for standard solar spectrum at E,~
1.4 eV

e In practice, material parameters also matter

700 3 0.6
600 sc v 2 0.5-
4 ocC i
500- & o4 Fully concentrated
_ 12 8 > ] sunlight
= _
4907 > D 03-
= 5
300 = 2
: L = I 0.2-
11 G 1 sun
200 o _
] o 0.1
100 g _
01— N PN oo~
0.0 05 10 15 2’0 e 20 0.0 05 1.0 15 2.0 25 3.0

Band gap / eV Band gap / eV

Imperial College
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Photovoltaic materials

Material Band Max Jsc Type of Crystal size
gap (mAcm™ | gap
(eV) )
Crystalline 1.1 42 indirect >10°m
silicon (c-Si)
Crystalline 1.4 32 direct >10°m
GaAs
Polycrystalline | 1.1 42 indirect 10" m
Si
(p-Si)
Amorphous Si | ~1.7 ~ 23 ~ direct amorphous
(a-Si)
CulnGaSe; >1.0 <45 direct 10°m
Cd Te 1.4 42 direct 10° m
P3HT/PCBM | 2.0 16 Direct amorphous
(finite band
width)

Absorption coefficient / m™*

—Silicon
—— GaAs
aSi

absCIS
P3HT

2 3

Photon energy / eV

p ke [

Optics & Solar Energy : Nelson : Lec. 2
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Photovoltaic materials

Best cell performance parameters

Cell Type Area Voc Jsc (MA FF Efficiency
(cm?) V) fcm?) (%0) (%0)
c-Si 4.0 0.696 | 42.0 83.6 |24.9
c-GaAs 3.91 1.022 | 28.2 87.1 25.1
poly-Si 1.0 0.628 | 36.2 785 [19.8
a-Si 1.0 0.887 | 194 74.1 12.7
CulnGaSe, 1.04 0.669 | 35.7 770 |184
CdTe 1.131 0.848 | 25.9 74.5 16.4
P3HT / PCBM 0.1 ~0.6 ~11 ~70 5.4 80
70 -

theoretical limit
60 +

E 50l
<é: 40 1 poly-Si | r
* Jc decreases as band gap E, is increased - R s dTe Gats
. .. i n .
* Vgcincreases as band gap E, is increased 20 | o v
* PCE should have an optimum at someE, 1071
0 \ \ \ \ \ \
0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
Voo IV
X g
; Imperial College
Optics & Solar Energy : Nelson : Lec. 2 London
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Actual versus ideal PV performance

0.40
0.30 +

>

st c-Si X X GaAs

@

'O 0.20 + >K>K poly-Si

= CIGS X cdTe

LL / X :
010 | amorphous Si

X Molecular
0.00 1 1 1
0.50 1.00 1.50 2.00

Band Gap / eV

2.50

Optics & Solar Energy : Nelson : Lec. 2
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Efficiency (%)

44

Multijunction Concentrators Best Research-Cell Efficiencies B ok
v Thregqun;tmn {2—term|r|a|, monphth ic) (melamorphic}T 40.7% |
40 — A Twoijunction (2-terminal, monolithic)
Single-Junction GaAs Boelh
361 ASingle crystal Spﬁ‘m'gab {inr:lrgrEt;d
A Concentrator Spectrolab semi-mismatched)
V Thin film v
. . Japan NREL
32 Crysltalllne Si Cells \reL Eneray L (inverted semi
m Single crystal Spectrolab mismatched, 1-sun)
O Multicrystalline i 1‘é’a“8“ Amonix
| @ Thick Si film Sl SunPower (62x conc,)
28 . . (96x conc.) e i
Thin-Film Technologies 1§(|)anford Bmmmmmm e —————— -
® Cu(In,Ga)Se, (0 senc) Unswy UNSW UNSW FhG-ISE
24} OCdTe Spire Kopin UNSW v
O Amarphous SiH (stabilized) Cu(m%EaL)Se
@ Nano-, micro-, poly-Si Spire (14xloonc.)?
20 O Mutijunction polycrystalline Georgia Tech ~ UMSW
ARCO .
Emerging PV _ Georgia Tech __S1e O NREL NREL NREL  NREL NREL
5 = Westing- NREL ah
O Dye-sensitized cells  "hoyce Univ. Stuttaart anp
16 — @ Organic cells No. Carol University . 2 Qfﬁg:q {45 pm Izingrilm {I.arge-areaj
- g 0. Larolina i A
(various technologies) State Univ. S5 Finc :ﬁﬂﬁﬁ, é?;’;f::;g; NREL L’ o’ transfer) NRE
ARCO  Boeing N :
12 Kodak ~ Sodrex S Boeing FueCS - Uniteg Soler ’United Solar SR 12.1%
AMETEK ~ Photon Energy ;ho ' 1.1%
Matsushita Kaneka arp
2 um on glass
8 Solarex United Solar {EHMSREE
NRLIJEITKcllnadqa
i niv. LNz
Urﬁ\%rsity o Groningen R 5:4% |
4 of Maine AN Plextronics
i Siemens
University Ling UMVersity
0 L I I N N AN AN Y NN AN AN AN MNNNN SN NN N AN NN N MR SN NN N B
1975 1980 1985 1990 1995 2000 2005 2010
Rev, 11-07-07
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Summary of Lecture 2

Photocurrent generation results from the absorption of light and the competition
between charge transport and recombination.

Power generation results from competition between photocurrent and dark current

Photocurrent can be calculated for a simplified model of a p-n junction
— it depends on cell optical depth and minority charge carrier diffusion length

Dark current is due to recombination and depends on band gap and defect density

Control of light harvesting, recombination and band gap lead to good solar cell design.

Imperial College
Optics & Solar Energy : Nelson : Lec. 2 London



7.2 (cont.) Solar cell device physics

Dark current density Jg,,, IS made up of contributions from the two
neutral doped regions and the depletion zone (DZ) :

‘]dark — ‘]n,dark + ‘] p,dark + ‘] DZ ,dark

By solving the continuity equation for holes in the n region with G = 0
we get :

J

2 D, ( eV /KT )
p,dark — en; € -1
Lh N D

similarly for electrons in the p region with G =0:

:eniz Dl\el (eeV/kT_l)
e VA

In each case it’s assumed that only the Fermi level of the minority
carries is moved by the applied V.

J

n,dark

In the DZ, the dark current is due to recombination of electrons and
holes with a net rate R. From the continuity equation with G=0 :

‘] DZ ,dark — ej R dX

Imperial College
Optics & Solar Energy : Nelson : Lec. 2 London



7.2 (cont.) Recombination mechanisms in DZ

Recombination in the DZ can occur by Shockley-Read-Hall
recombination through trap states (Rgg,), by radiative recombination as
well as by Auger and other methods.

R — I:QSRH + I:zrad + I:zAuger +...

SRH recombination involves the capture of an electron and a hole by a

Intra band gap state
gap np_niz N np_niz

~y

r.(p+p)+z,(n+n) I,p+7,N

@ Regn =

Rqry IS maximised for mid gap traps and when n = p. Then
np - ni2

2 (~eV /KT
R ~ ~ n; (e _1) eV /2kT
SRH ~ ~ ~€

(r)n+p)  2(r)ne™

Rqry 0ives rise to an ideality factor of ~ 2. This is often seen in direct
gap semiconductor p-n junctions

Imperial College
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7.2 (cont.) Recombination mechanisms in DZ

Radiative recombination involves the spontaneous emission of a
photon as the electron relaxes to the valence band.
@

From lecture JN1 and PS5 we know that the
W

W spontaneous emission rate is proportional to ,, _ Was ¢ g
the absorption coefficient, the photon density o, T

y of states and occupation factor

== ]
x a(E)e(E—eV)/kT 1 oc g®V/FT NP

WS

p

To find the net R4 we subtract the rate at equilibrium, when np = n?
2 V /KT
I:Qrad — Brad (np _ ni ) o (ee B 1)
R,.q has an ideality factor of 1. This means that R, , becomes more
important relative to Rqg,, as V is increased.

Imperial College
London

Optics & Solar Energy : Nelson : Lec. 2



7.2 (cont.) Solar cell device physics

Integrating R over the DZ of width W, and summing contributions to J,,,, :

‘]dark — ‘]n,dark + ‘] p,dark + ‘] DZ ,dark

‘Jdark:eni2 D, n D, (eeV/kT_l)
I—eNA I—hND

+ B, MW, (67 —1)+ B_,n W, (e —1)

rad " i

The net dark current has the form
\]dark — Jo(eeV/ka _1)

where the ideality factor m is typically between 1 and 2.

Imperial College
Optics & Solar Energy : Nelson : Lec. 2 London
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Factors limiting performance

Open circuit voltage V. : V. - mkT n Jec e mkT n Jec
“ e J, e J,

rad " i

Jo(eeV/ka —l)z enf[ D, N D, j(eeV/kT _1)+ B..,NW., (eeV/sz )+ B .n Z\N ( eV /KT )

LeNA I—h ND
‘]dark — ‘] n,dark + ‘] p,dark + ‘] DZ ,dark =€ j RdX + j RdX + j RdX
= tral tral
‘]0 (eXp(eV/ka) o 1) Reurerglon T)eurgglon
To increase V. (at a given J ) we need to decrease J;:
decrease n, increase band gap E,
increase N,, N increase doping levels
increase L L, improve material quality to increase L
reduce B, reduce trap density in space charge
region
reduce B__, reduce absorption a
Iy i
L % Imperial College
P Optics & Solar Energy : Nelson : Lec. 2 London



Device physics of solar cells

1 dJ
Physics governed by charge continuity g& + G -R = 0
G=ab, e
Generation G = light absorption rate
n
Recombination R usually linear R= Bnp ~ ;
Current density ) Dominated by minority carrier dn
diffusion. J = CID & +qnue
| j . | | d’n n
Differential equation for carrier density Dn — — =-G
dx t
Boundary conditions n(o) — nOeV /KT J, (d ) =0

p ke [

Imperial College
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Device physics of solar cells

Result: diode equation for J-V J — _J . + J 0 (e qVv/mkT 1)

Important parameters:
— absorption coefficient a, optical depth ad, reflectivity
— charge diffusion length L = (Dt)/2
— type of recombination (e.g. linear, bimolecular, via defect states)

— parasitic resistances: series R and shunt R (leakage)

Imperial College
Optics & Solar Energy : Nelson : Lec. 2 London



From cells to systems

Atypical module has
36 cells in series

C-Si module efficiencies
typically ~ 15%

1401

Light to power efficiency of
best silicon solar cell ~ 25%

Imperial College
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Photovoltaic systems: cell

Solar cell
e Area™ 100 cm?

e Current output in AM 1.5:
|~30mAcm2x100cmZ2=3 A

e Voltage at maximum power point ~ 0.5V

e Power conversion efficiency
Effciency 14.6%-—Pmax 1 45W n=3Ax0.5V /(100 cm? x 100 mWcm=2) = 15%

‘%
5 Optics & Solar Energy : Nelson : Lec. 2
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Photovoltaic systems: module

Solar module

BP 380J 80 W module

36 x 150 cm? cells in series

Current output in AM 1.5:
| ~30mAcm2x150cm2=4.5A

Typical Electrical Characteristics BP 380
Maorminal power (Poem) 80w

Violtage at MPP (Vi) 176Y

Current at MPP (lmgp) 4.6A

Shaort circuit current (1.2 4.8A

Open circuit voltage (Ve 221V
Temperature coefficient of . (0.065+0.015) % /K
Temperature coefficient of Ve (80210 mW/K
Temperature cosfficient of P -{0.5+0.05)%/K
MOCT (Air 20°C; Sun 800W/m?;, wind speed 1m/s) A47+2°C
Maximum series fuse rating 184

Maximum system voltage (320.) BOOY

Standard test conditions - irradiance of 1000Wm® at an AM1.EG solar spectrum and a tempearature of 26°C,

Optics & Solar Energy : Nelson : Lec. 2
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Photovoltaic systems : system

PV
generator v DG >
ZAN /N
Battery

Solar PV system

A PV
.
e generator gy EE Vac X Load
=
wd
»
ZX
Y50 Components of a PV system

Array of modules

Imperial College
Optics & Solar Energy : Nelson : Lec. 2 London
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PV
generator \ DG #

Battery
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PV
generator
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PV
generator

—»

inverter

#

1401
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www.solarimpulse.com

The question of energy determines the whole project, from the structure’s dimensions to the extreme weight constraints. At
midday, each m? of land surface receives the equivalent of 1000 Watts, or 1.3 horsepower of light power. Over 24 hours, this
averages out at just 250W/m?. With 200m? of photovoltaic cells and a 12 % total efficiency of the propulsion chain, the
plane’s motors achieve no more than 8 HP or 6kW - roughly the amount of power the Wright brothers had a available to
them in 1903 when they made their first powered flight.

Only a machine of disproportionate dimensions (61 metre wingspan) and very light weight (1500 kg) will be able to fly
sufficiently slowly (45 km/h) to operate off the available energy!.
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Summary of Lecture 20

A PV cell is equivalent to a diode in parallel with a current generator

Performance characteristics:
— J._ (increases with reducing Eg or increasing X)
— V,. (increases with increasing Eg, increases logarithmically with X)
— FF (convenient indicator of operating point)

Real materials limited by
— incomplete light absorption
— (non-radiative) charge relaxation
— series resistance

Thin film materials pursued for low cost (outweighs lower efficiency)

PV systems designed for wide variety of applications: versatile, modular, decentralised

Optics & Solar Energy : Nelson : Lec. 2
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Calculation of photodetector internal QE

p-type

n tipe
/ — Neglect photocurrent from thin
_/ — emitter

e Assumptions

— All electrons reaching p-n

/ junction are collected

— No current exits through base

— No diffusion
— Generation rate is uniform

° — electrons drift with mobility p

— electrons relax with lifetime 1

X

I _

o

X

[ I
o Vv

% Imperial College
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1dJ
Continuity equation for electrons g dx G-R=0
electron drift current: J, =euFn

electron relaxation rate: R =

d
electron generation rate: G~ le.ae‘”dx = %(1 - r)(l — g )I—O
0

dn n
F——=-G
— /ue dX i

e

First order inhomogeneous differential equation.
Solution

n=Ce**"" +Gr,

U=HN=

Imperial College
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=0~

n=Ce** +Gr, J = elueF(Cex/ueFre +Gz'e)

Apply boundary conditions: Jn(d ) =0 = C =G e d/#Fre

e

n(x) =G, (1 _ e (dx)mFr )

J n (X) = €U, FG 7, (1 — e_(d_x)/ﬂeFTe )

In limit of large prF: ‘]n(x) = eG(d ~ X)

Jon = J,(0)=eGd

‘]ph - € QE(E) Iin | E

QE=(1-nl-e%)n
n=1
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p-n versus p-i-n device structures

p-type

n type ntype
T i p type —\ p type I ™~

0 Vapp 0 _Vapp

E % A
. UL AN
J.,=J,(0)=eGL, tanh(d / L,) Jo=1J,(0)=eGd
Maximise J , when L >>d Maximise J., when ptF >>d
Response time t. ~ d?/D, Response time t, ~ d/pF
LIRS
L % Imperial College
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