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Solar energy
and photovoltaics



Solar energy

Humanity’s Top Ten Problems
for next 50 years
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2003 6.3 Billion People
2050 8-10  Billion People

Source Richard Smalley Energy & Nanotechnology Conference
Rice University, Houston May 3, 2003

Solar energy received by the Earth within one hour
equals the world electricity consumption in one year

(25°000 TWh in 2022)



Solar irradiation

l l | 2@ = 18 TWe

0 30 100 130 200 230 300 350 W,/m2

http://fen.wikipedia.org/wiki/Solar_energy

= 4% of existing desert area can provide PV power equivalent to
the world energy consumption



Solar radiation in Europe

Global horizontal irradiation Europe
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Solar radiation
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Air mass (AM) coefficient
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AM = 1/cos z, where z is the angle
between sun and the normal

Black body: spectrum at 6000 K

AM 0 spectrum: outside Earth
atmosphere

AM 1.5G (global) at zenith angle of
48.2° (realistic for central Europe)

AM 1.5D (direct only)



Solar cell (photovoltaic cell)

solar cell
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= Solar cell is a device that converts the light energy directly into
electricity by the photovoltaic effect

= Most solar cell use semiconductors: Si, GaAs, CulnSe,, CdTe, etc.,
which can be crystalline, polycrystalline, amorphous



Brief history of photovoltaics

From a patent application in 1884

Vanguard 1, 1958-1964

1883

1954

1958

1973

1989

1997

2011

First solar cell made of selenium crystal and a

layer of gold by Charles Edgar Fritts,

First Si cell, Bell Labs (US)
efficiency 6%

PV-powered satelite Vanguard 1 (US)

World energy crisis

1°000 rooftops in Germany
1007000 rooftops in Germany
Fukushima disaster,

Swiss Energy Strategy 2050

efficiency 1%

10



Semiconductor physics



Solar cell and photovoltaic effect

hv

1. Light absorption
2. Generation of ,free”
@, charge carriers

3. Separation of the
charges

Source: Dr. Karl Molter / FH Trier, Clemson Summer School 2011
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Photogeneration

E
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( photon energy
is stored

\ in the e-h pair
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Photon hv

Absorption of photon = Generation of electron-hole pair

B i jon: hc
and gap determines absorption Ephoton > Eg _ hUC _ 7

Only photons with energy larger ¢

than band gap can generate e-h pair: v, = cut off frequency

= semiconductor absorbs if / </,

= semiconductor is transparent to /> /,

A. = cut off wavelength



Direct vs Indirect bandgap

E, (GaAs) =1.42eV E,(Si) =1.12eV
direct gap (strong) indirect gap (weak)

Conduction
Band

Conduction
Band

E, (direct)

E, (direct) E, (indirect)
requires change of

___________ momentum
V. (interactions with phonon)
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k-vector
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Light absorption in semiconductors

Direct bandgap

(GaAs, CdTe, a-Si): 10°L

= thin layer of 1-2 um
enough for absorption

absorption coefficient (cm'1}

Indirect bandgap (c-Si):

— thick wafer 100 um needed 1|

for absorption

200

= better response for

10°%

GaAs

400

600 800 1000 1200 1400

wavelength (nm)

Wide bandgap (a-Si, CdTe): Low band-gap (Ge, Si):
= collection of

«blue» photons

IR photons
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Optical Absorption

no photogeneration ]
semiconductor
Transmitted

VAN e > N\

A==
Absorbed -> | photogeneration

<
ﬁﬁ é thermalisation

Reflected distance (x)

no photogeneration }

no photogeneration }

Reflection: R (%)
Transmission: T (%)

Absorption: absorption coefficient a (cm)



Recombination ®

Radiative (emit photon) Non-radiative (via defects) Auger :
L EENCICHE
Ec @ EC @ EC @
: AN " dﬁf,ect :

Recombination mechanisms:
1. Radiative (emission of photons = photoluminescence)
2. Non-radiative (Shockley-Read-Hall or SRH)
Undesirable in solar cells

3. Auger (energy transfer to another electron)
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Carrier lifetime and diffusion length

_ An - lifetime
T = R An — excess minority carrier concentration
R — recombination rate
1 1 1 1

p— —I— _I_ Tbulk_ bUlk ||fet|me

Tbulk TEand TAHSET TSRH TBand_ I’adlatIVe band'tO'band I|fet|me
Tauger— AUGeEr recombination lifetime
Tsry— defect recombination lifetime

= Lifetime is an indicator of the efficiency of a solar cell - the key
consideration in choosing materials for solar cells.

L — diffusion length (m)
L =DT D — diffusivity bulk lifetime (m?2/s)
7 — carrier lifetime (s)
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Carrier mobility

o= E_d 1 — carrier mobility (m?/(Vs))
E vy — drift velocity (m/s)
E — applied electric field (V/m)

)

2;
f

Mobility (¢m

10 1016 1018 10%

Doping density (cm™)
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Charge carriers in semiconductors

Electron (n) & hole (p) concentration in semiconductor:

equal amount of N n=p=n,
holes & elect .

7 ?ﬁ int?i:;(ions -E4 N, and N, are the effective
semiconductors np = n° = N_N e T densities of states

k is Boltzmanns constant
(1.38x10%°J K™)

Carrier concentrations in equilibrium related to the band edges:

E.—E { Fermi level: probability\
Ly E

c to find an electron at
n = Nce kT this energy level is 50%
_______ E-
—( Ef —Lk, ) — located at midgap in
p= N e kT N, «{ instrinsic
v

\ semiconductors /
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Doping of semiconductors (e.g. Silicon)

Phosphorus (P)
5 outer electrons vs Si’s 4

Si Si Si
e €

Si <@ 5 <@
©

Si Si Si

One electron per donor atom

= n-type doping

Boron (B)
3 outer electrons vs Si’s 4

B
Si Si Si
®
Si @ § WS
h+
Si Si Si

One hole per acceptor atom
= p-type doping
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Doping of Semiconductors

= Undoped (intrinsic) semiconductors have low conductivity because
the concentration of free (mobile) charge carriers is very low.

= Doping with impurities can add free (mobile) electrons or holes:

Donors = donate electrons Acceptors = accept electrons

n-type p-type

Eris close
to valence
band

Fermi energy

Eris close to

conduction
band

thermal energy (~kT) is sufficient to “activate” the carriers
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The PN Junction (1)

majority
carriers

Positively
charged ion
(stationary)

majqrity
Depletion region carriers
(Space Charge Region)
o IZae oY o @ pside
O+ -
O~ [-=P o & ¢
© _
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+ @ @

electrical potential
of the PN junction
iIn equilibrium

P-N junction provides charge separation

23



Built-in Voltage & Depletion Width

Built in voltage V,;
NaNd
.

n

1
N,, N,— concentration
of acceptors (donors)

qV,; = kT In(

n; — intrinsic carrier concentration

Depletion width W

- 22NN,
q NaNd

¢ — dielectric constant

charge density

[
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p-type

<
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++++
++++

4

band bending

ionised acceptors
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Solar cell parameters
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Operation of p-n junction solar cell
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1. Light absorption
2. Generation of free mobile carriers

3. Separation of the free carriers



P-N junction under illumination

OPEN CIRCUIT:
Jphoto c, » Opposite charges build
up on the contacts
e lﬁ Jdark
» photovoltage V,,, is
/ tvpe produced (maximum is
: PyP open circuit voltage V)
|
n-type ' o » Dark curent (J )
@@ equilibrates new
@‘7/;1:;/% photogenerated
E hoton ™ £ g CLOSED CIRCUIT:
he » Charges flow via
(hv —>FE ] external circuit as
A & photocurrent J,;,,
7. » Jonoto flows in the

opposite direction to
Jdark
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Effect of light on I-V curve

1 A

1 A

[

J

Image: www.pveducation.org

-
Vv

Without illumination, a solar
cell acts like a diode

=> |-V curve is identical

Under illumination, solar
cell produces photocurrent

=> |-V curve shifts down by
the value of light current



Current equation

1 A

[ =1 (exp(

<Y

Light

D))~

Light-induced current
(photocurrent) is
proportional to the
incident light intensity
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Current equation (mirrored form)
1 A

Light

Since the cell is generating
power, the convention is to
invert the current axis

=1, —](exp( ) )



-V curve & power curve

Short-circuit
current (lg.) A

Maximum
power point
(MPP)

IV curve of the solar call

g P —

Imax
- Maximum power
= _
® Puax=dmax X Vivax
3
O

|
Power from
the solar aell

Open-circuit

|
| voltage (V,.)
|

Voltage
VMAX Voc

= |-V curves are measured under Standard Test Conditions (STC):
= [ight intensity 1000 W/m?
= spectrum AM1.5G
= cell temperature T=25°C



Iy 900}

Short circuit current /_,

IV curve of the solar cell

800

\ The short circuit current, lgc,

is the maximum current from a
solar cell and occurs when the
voltage across the device is
ZEro,

700+

600 -

500

400 -

Power from

the solar cell 300+

short circuit current density {Nmz}l

2001

> 100+
Voltage |

0 0.5 1 15 2 25 3 35 4 4.5
bandgap (eV)

Short circuit current Isc is the current when voltage across the device is zero
Isc is essentially the light-induced current if we neglect series resistance (/. =1, )
To remove the dependence on the solar cell area, it is more common to use the

short-circuit current density (J,. in mA/cm?) rather than absolute current
32



Open circuit voltage V.
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Fill Factor FF

CURRENT

VOLTAGE

Vmax V

Maximum theoretical power

P =1V

SC "~ OC

Maximum power point (MPP)

Ppp=1_1V

max max

area
ISC X voc
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IV & Power (basic)
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IV & Power (basic)
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IV & Power (basic) (2)
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		V		I		P				I photon		1.5
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Effect of illumination

CURRENT

NouVlen‘PlI‘b
L

maximum
power line

100

VOLTAGE

Light intensity increases:

— Jsc increases
proportionally

= Voc goes up

= overall ) increases
(used in concentrated PV)
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Chart1

		0		0		0		0		0		0

		0.01		0.01		0.01		0.01		0.01		0.01

		0.02		0.02		0.02		0.02		0.02		0.02

		0.03		0.03		0.03		0.03		0.03		0.03

		0.04		0.04		0.04		0.04		0.04		0.04

		0.05		0.05		0.05		0.05		0.05		0.05

		0.06		0.06		0.06		0.06		0.06		0.06

		0.07		0.07		0.07		0.07		0.07		0.07

		0.08		0.08		0.08		0.08		0.08		0.08

		0.09		0.09		0.09		0.09		0.09		0.09

		0.1		0.1		0.1		0.1		0.1		0.1

		0.11		0.11		0.11		0.11		0.11		0.11

		0.12		0.12		0.12		0.12		0.12		0.12

		0.13		0.13		0.13		0.13		0.13		0.13

		0.14		0.14		0.14		0.14		0.14		0.14

		0.15		0.15		0.15		0.15		0.15		0.15

		0.16		0.16		0.16		0.16		0.16		0.16

		0.17		0.17		0.17		0.17		0.17		0.17

		0.18		0.18		0.18		0.18		0.18		0.18

		0.19		0.19		0.19		0.19		0.19		0.19

		0.2		0.2		0.2		0.2		0.2		0.2

		0.21		0.21		0.21		0.21		0.21		0.21

		0.22		0.22		0.22		0.22		0.22		0.22

		0.23		0.23		0.23		0.23		0.23		0.23

		0.24		0.24		0.24		0.24		0.24		0.24

		0.25		0.25		0.25		0.25		0.25		0.25

		0.26		0.26		0.26		0.26		0.26		0.26

		0.27		0.27		0.27		0.27		0.27		0.27

		0.28		0.28		0.28		0.28		0.28		0.28

		0.29		0.29		0.29		0.29		0.29		0.29

		0.3		0.3		0.3		0.3		0.3		0.3

		0.31		0.31		0.31		0.31		0.31		0.31

		0.32		0.32		0.32		0.32		0.32		0.32

		0.33		0.33		0.33		0.33		0.33		0.33

		0.34		0.34		0.34		0.34		0.34		0.34

		0.35		0.35		0.35		0.35		0.35		0.35

		0.36		0.36		0.36		0.36		0.36		0.36

		0.37		0.37		0.37		0.37		0.37		0.37

		0.38		0.38		0.38		0.38		0.38		0.38

		0.39		0.39		0.39		0.39		0.39		0.39

		0.4		0.4		0.4		0.4		0.4		0.4

		0.41		0.41		0.41		0.41		0.41		0.41

		0.42		0.42		0.42		0.42		0.42		0.42

		0.43		0.43		0.43		0.43		0.43		0.43

		0.44		0.44		0.44		0.44		0.44		0.44

		0.45		0.45		0.45		0.45		0.45		0.45

		0.46		0.46		0.46		0.46		0.46		0.46

		0.47		0.47		0.47		0.47		0.47		0.47

		0.48		0.48		0.48		0.48		0.48		0.48

		0.49		0.49		0.49		0.49		0.49		0.49

		0.5		0.5		0.5		0.5		0.5		0.5

		0.51		0.51		0.51		0.51		0.51		0.51

		0.52		0.52		0.52		0.52		0.52		0.52

		0.5258		0.5258		0.5258		0.5258		0.5258		0.5258

				0.531		0.531				0.531		0.531

				0.532		0.532				0.532		0.532

				0.533		0.533				0.533		0.533

				0.5331		0.5331				0.5331		0.5331

						0.535						0.535
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Illumination

		V		I1		P1		I2		P2		I3		P3		I photon1		1.5

		0		1.5		0		1.2		0		0.9		0		I photon2		1.2

		0.01		1.4999999995		0.015		1.1999999995		0.012		0.8999999995		0.009		I photon3		0.9

		0.02		1.4999999988		0.03		1.1999999988		0.024		0.8999999988		0.018

		0.03		1.4999999978		0.0449999999		1.1999999978		0.0359999999		0.8999999978		0.0269999999

		0.04		1.4999999962		0.0599999998		1.1999999962		0.0479999998		0.8999999962		0.0359999998		I saturation		1.00E-09

		0.05		1.4999999939		0.0749999997		1.1999999939		0.0599999997		0.8999999939		0.0449999997		q		1.6E-19

		0.06		1.4999999905		0.0899999994		1.1999999905		0.0719999994		0.8999999905		0.0539999994		k		1.36E-23

		0.07		1.4999999854		0.104999999		1.1999999854		0.083999999		0.8999999854		0.062999999		T		300

		0.08		1.499999978		0.1199999982		1.199999978		0.0959999982		0.899999978		0.0719999982

		0.09		1.4999999669		0.134999997		1.1999999669		0.107999997		0.8999999669		0.080999997

		0.1		1.4999999505		0.1499999951		1.1999999505		0.1199999951		0.8999999505		0.0899999951

		0.11		1.4999999263		0.1649999919		1.1999999263		0.1319999919		0.8999999263		0.0989999919

		0.12		1.4999998904		0.1799999868		1.1999998904		0.1439999868		0.8999998904		0.1079999868

		0.13		1.4999998373		0.1949999788		1.1999998373		0.1559999788		0.8999998373		0.1169999788

		0.14		1.4999997587		0.2099999662		1.1999997587		0.1679999662		0.8999997587		0.1259999662

		0.15		1.4999996423		0.2249999464		1.1999996423		0.1799999464		0.8999996423		0.1349999464

		0.16		1.4999994701		0.2399999152		1.1999994701		0.1919999152		0.8999994701		0.1439999152

		0.17		1.4999992152		0.2549998666		1.1999992152		0.2039998666		0.8999992152		0.1529998666

		0.18		1.4999988379		0.2699997908		1.1999988379		0.2159997908		0.8999988379		0.1619997908

		0.19		1.4999982794		0.2849996731		1.1999982794		0.2279996731		0.8999982794		0.1709996731

		0.2		1.4999974528		0.2999994906		1.1999974528		0.2399994906		0.8999974528		0.1799994906

		0.21		1.4999962293		0.3149992081		1.1999962293		0.2519992081		0.8999962293		0.1889992081

		0.22		1.4999944182		0.329998772		1.1999944182		0.263998772		0.8999944182		0.197998772

		0.23		1.4999917375		0.3449980996		1.1999917375		0.2759980996		0.8999917375		0.2069980996

		0.24		1.4999877696		0.3599970647		1.1999877696		0.2879970647		0.8999877696		0.2159970647

		0.25		1.4999818964		0.3749954741		1.1999818964		0.2999954741		0.8999818964		0.2249954741

		0.26		1.4999732031		0.3899930328		1.1999732031		0.3119930328		0.8999732031		0.2339930328

		0.27		1.4999603356		0.4049892906		1.1999603356		0.3239892906		0.8999603356		0.2429892906

		0.28		1.4999412894		0.419983561		1.1999412894		0.335983561		0.8999412894		0.251983561

		0.29		1.4999130979		0.4349747984		1.1999130979		0.3479747984		0.8999130979		0.2609747984

		0.3		1.4998713696		0.4499614109		1.1998713696		0.3599614109		0.8998713696		0.2699614109

		0.31		1.4998096047		0.4649409775		1.1998096047		0.3719409775		0.8998096047		0.2789409775

		0.32		1.4997181822		0.4799098183		1.1997181822		0.3839098183		0.8997181822		0.2879098183

		0.33		1.4995828613		0.4948623442		1.1995828613		0.3958623442		0.8995828613		0.2968623442

		0.34		1.4993825634		0.5097900715		1.1993825634		0.4077900715		0.8993825634		0.3057900715

		0.35		1.4990860884		0.5246801309		1.1990860884		0.4196801309		0.8990860884		0.3146801309

		0.36		1.4986472551		0.5395130118		1.1986472551		0.4315130118		0.8986472551		0.3235130118

		0.37		1.4979977073		0.5542591517		1.1979977073		0.4432591517		0.8979977073		0.3322591517

		0.38		1.4970362662		0.5688737812		1.1970362662		0.4548737812		0.8970362662		0.3408737812

		0.39		1.49561317		0.5832891363		1.19561317		0.4662891363		0.89561317		0.3492891363

		0.4		1.493506746		0.5974026984		1.193506746		0.4774026984		0.893506746		0.3574026984

		0.41		1.4903888805		0.611059441		1.1903888805		0.488059441		0.8903888805		0.365059441

		0.42		1.4857739099		0.6240250422		1.1857739099		0.4980250422		0.8857739099		0.3720250422

		0.43		1.4789429695		0.6359454769		1.1789429695		0.5069454769		0.8789429695		0.3779454769

		0.44		1.4688320174		0.6462860876		1.1688320174		0.5142860876		0.8688320174		0.3822860876

		0.45		1.4538660905		0.6542397407		1.1538660905		0.5192397407		0.8538660905		0.3842397407

		0.46		1.4317139764		0.6585884291		1.1317139764		0.5205884291		0.8317139764		0.3825884291

		0.47		1.3989250843		0.6574947896		1.0989250843		0.5164947896		0.7989250843		0.3754947896

		0.48		1.3503919541		0.6481881379		1.0503919541		0.5041881379		0.7503919541		0.3601881379

		0.49		1.2785546766		0.6264917915		0.9785546766		0.4794917915		0.6785546766		0.3324917915

		0.5		1.1722233025		0.5861116512		0.8722233025		0.4361116512		0.5722233025		0.2861116512

		0.51		1.0148348056		0.5175657509		0.7148348056		0.3645657509		0.4148348056		0.2115657509

		0.52		0.7818730935		0.4065740086		0.4818730935		0.2505740086		0.1818730935		0.0945740086

		0.5258		0.5984664262		0.3146736469		0.2984664262		0.1569336469		-0.0015335738		-0.0008063531

		0.531		0.3945377493		0.2094995449		0.0945377493		0.0501995449

		0.532		0.3503250385		0.1863729205		0.0503250385		0.0267729205

		0.533		0.3043440505		0.1622153789		0.0043440505		0.0023153789

		0.5331		0.2996459978		0.1597412814		-0.0003540022		-0.0001887186

		0.535		0.2067915266		0.1106334667

		0.536		0.1550699484		0.0831174923

		0.537		0.1012797775		0.0543872405

		0.538		0.045338281		0.0243919952

		0.5387		0.0048532561		0.0026144491
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Effect of temperature

Temperature increases:

— band gap E, is reduced

= the current density goes up
= but the voltage goes down
— overall n decreases.
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Temperature (basic)

		V		I1		I2		I3				photocurrent		1.5

		0		1.5		1.5249999924		1.5499999263				Io		1.00E-09

		0.01		1.4999999995		1.5249999882		1.5499998904				q		1.6E-19

		0.02		1.4999999988		1.5249999821		1.5499998373				k		1.36E-23

		0.03		1.4999999978		1.524999973		1.5499997587				Temp1		300		DT		Voc reduction

		0.04		1.4999999962		1.5249999595		1.5499996423				Temp2		325		25		0.055

		0.05		1.4999999939		1.5249999396		1.5499994701				Temp3		350		50		0.11

		0.06		1.4999999905		1.5249999101		1.5499992152

		0.07		1.4999999854		1.5249998664		1.5499988379				temperature coeff for photo current		1.00E-01		A/m degC

		0.08		1.499999978		1.5249998018		1.5499982794				cell area (m2)		0.01

		0.09		1.4999999669		1.5249997062		1.5499974528

		0.1		1.4999999505		1.5249995647		1.5499962293				temperature coeff for Voc		0.0022		V/degC		ie -22mV/degC

		0.11		1.4999999263		1.5249993551		1.5499944182

		0.12		1.4999998904		1.524999045		1.5499917375

		0.13		1.4999998373		1.524998586		1.5499877696

		0.14		1.4999997587		1.5249979065		1.5499818964

		0.15		1.4999996423		1.5249969008		1.5499732031

		0.16		1.4999994701		1.5249954122		1.5499603356

		0.17		1.4999992152		1.5249932088		1.5499412894

		0.18		1.4999988379		1.5249899474		1.5499130979

		0.19		1.4999982794		1.52498512		1.5498713696

		0.2		1.4999974528		1.5249779745		1.5498096047

		0.21		1.4999962293		1.5249673981		1.5497181822

		0.22		1.4999944182		1.5249517432		1.5495828613

		0.23		1.4999917375		1.5249285712		1.5493825634

		0.24		1.4999877696		1.5248942727		1.5490860884

		0.25		1.4999818964		1.5248435052		1.5486472551

		0.26		1.4999732031		1.5247683607		1.5479977073

		0.27		1.4999603356		1.524657134		1.5470362662

		0.28		1.4999412894		1.5244924995		1.54561317

		0.29		1.4999130979		1.5242488126		1.543506746

		0.3		1.4998713696		1.5238881146		1.5403888805

		0.31		1.4998096047		1.5233542202		1.5357739099

		0.32		1.4997181822		1.5225639658		1.5289429695

		0.33		1.4995828613		1.5213942551		1.5188320174

		0.34		1.4993825634		1.5196628845		1.5038660905

		0.35		1.4990860884		1.517100162		1.4817139764

		0.36		1.4986472551		1.5133068972		1.4489250843

		0.37		1.4979977073		1.507692221		1.4003919541

		0.38		1.4970362662		1.4993815465		1.3285546766

		0.39		1.49561317		1.4870803363		1.2222233025

		0.4		1.493506746		1.4688724556		1.0648348056

		0.41		1.4903888805		1.4419216991		0.8318730935

		0.42		1.4857739099		1.4020300011		0.4870501849

		0.42965		1.4792300132		1.3454647102		-0.0018988729

		0.44		1.4688320174		1.255584676

		0.45		1.4538660905		1.1262195527

		0.46		1.4317139764		0.9347371939

		0.47		1.3989250843		0.6513107747

		0.48		1.3503919541		0.2317915266

		0.48419		1.3236743493		0.0008451728

		0.5		1.1722233025

		0.51		1.0148348056

		0.52		0.7818730935

		0.53		0.4370501849

		0.53879		-0.0004330557





Temperature (basic)

		



I1

I2

I3

VOLTAGE

CURRENT




Solar cell characteristics

Short-circuit current density Jgc:
« proportional to irradiation
« Typical 30-40 mA cm-
* Increases by 0.07% per Kelvin

* Open-circuit voltage V!
« This is the voltage along the internal diode
« Typical values 0.6...0.7 V depending on semiconductor
» decreases by 0.4% per Kelvin

 Power (MPP, Maximum Power Point)
* Power decreases by 0.4% per Kelvin

« The nominal power of a cell is measured at standard test conditions (STC):
G, = 1000 W/m?, T, = 25°C, AM 1.5G spectrum

» Tcell
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Equivalent circuit of a real solar cell

current R
source P

\ o
I

D R I !

. RLOAD

U, U

Light-induced current of the solar-cell

dark current and voltage of the internal p-n diode

parallel (shunt) resistor due to inhomogeneity of the surface and
current loss at the solar-cell edges

serial resistor due to resistance of the bulk and contacts

load resistance
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Full current equation

current ‘ I; ID E I> lO y
source RP RLOAD
I=1 1 eXp(q(V+[Rs)j_l V+IR
nkT ] R,

7
diode ideality factor
n=1....2
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Effect of series resistance R,

-1 _]O{exp(CI(V+]RS))_1}_ V+ IR
nkT

R

p

2.5 A

%]

o
1

cell current [A]

—
L

o
o
A

increasing

o

0.1 0.2 0.3 0.4 0.5 0.6
- cell voltage [V]

-



Effect of parallel resistance R,

-1 —Io{exp(Q(VZTIRS)j—I}— V;IRS
n

p

cell current [A]

0.3 0.4 0.5
cell voltage [V]
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Power conversion efficiency

Efficiency: the ratio of the generated power to the power of incident light
I

| _ Ijelectrical VMAX X ] MAX
56 Poay n=

Irradiated Plighz P[N

Dark

Standard test conditions:

/e = Light intensity P,,= 1000 W/m?
0 = AM1.5G spectrum
= Temperature 25°C

IV FF
FF — Ime :> ]max Vmax — ]SC VOCFF :> 77 — 222
| V P,

sc¥ oc in
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Progress in solar cell efficiency

Best Research-Cell Efficiencies iiNREL

52

Tramsforming EHE

48 -

b=
R B B8 8 &
| | | T T

Cell Efficiency (%)

=

IIi-V Multijunction Cells Thin-Film Technologies Hybrid Tandems (2-terminal) 2 Fh-ISE

(2-terminal, monolithic) © CIGS (concentrator) A Perovskite/S: ~ NREL (-, 665x)

LM = lattice maiched ® CIGS A Peron ganic e h, 47.6% )

MM = metamorghic O CdTe op cIGS

IMM = inverted, metamarphic O Amorphous SiH (stabilized) [ W]

V' Two-, three-, and fourjunction (concentrator)  Emerging PV

¥ Three-junction of mone (nof-concentratar) oD Is

A Two-junction (non-concentrator) [« 2

Single-Junction GaAs ® Org: 5 NREL (6-J)

AgSirugIecryssal A Organic tandem cells vesessssssansesifeansesessYNREL P 39.5% A4
C7TSSe rall

A Concentrator # CZTSSe cells

WV Thin-film crystal

Crystalline Si Cells

@ Single crystal (concentrator)

W Single crystal (non-cancentrator)
O Muilticrystaling

® Silicon heterostructures (HIT)
V' Thin-film crystal

https.//en.wikipedia.org/wiki/Solar_cell_efficiency, May 2024
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Shockley-Queisser limit

efficiency (%)

35 [

30-
251
20
15

10f

www.pveducation.org

i U [ — S — P A
0.5 1 1.5 2 2.5 3 3.5 4

bandgap (eV)

BN B E e e e e S e e e e e m e

4.5

= Maximum efficiency of single-junction solar cell is 33.7%
= Higher efficiencies are possible for multi-junction solar cells

W. Shockley and H.J. Queisser, "Detailed Balance Limit of Efficiency of p-n Junction Solar Cells", J. Appl. Phys. 1961



Main losses

® @
A S/
I
MAIN LOSSES !
. — Ol @
1. Reflection n-type Si “l —
2. Incomplete absorption '
3. Shading |,' Rsh
type Si |
4. Parasitic resistance PPE S 0 |

RSy ————————
|

b. shunt resistance :
Non radiative recombination Q -

Thermalisation E




Efficiency losses

100 —

80 —

~ 60"
X
)
c
b,
o

e 40 —

20 —

0_

Problem

Energy loss in Carnot cycle
Entropy loss in absorption or emission
Entropy loss due to non-reciprocity

Energy loss due to thermalization
or lack of absorption

Entropy loss due to lack of angle restriction
Entropy loss to incomplete light trapping

and reduced QE

Conventional single-junction solar cell

Solution

I— Intrinsic loss

. Multi-junction
solar cell

Surface light

}/ directors

Light-trapping
— structures, density
of states engineering

Polman and Atwater, Nature 2012
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Quantum efficiency

electrons
= X 100%

~ photons

The red response is
reduced due to rear
surface recombination,

4 Blue response is reduced reduced absorption at

due to front surface recombination. long wavelengths and
/ low diffusion lengths.
1.0 Ll ldeal quantum
= ‘ / efficiency
o
E A reduction of the overall QE is
L] caused by reflection and a low
= diffusion length. Mo light is absorbed
E below the band gap
5 so the QE is zero at
— long,wavelengths
=
k]
=
L
E—— — . h »
3 = 1€ Wavelength
L5 Eg
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Quantum efficiency for different cells

100%
s m-Si
—p_S|
80% s -G _
g w— GaAS
,g = = C|GS
&= - = CdTe
T 60% o
£ o = 3-Sj
"2 = == DSSC
S e Org.
T 40% -
©
c
S
Q
=
20% -
O% i -l :

300 400 500 600 700 800 900 1000 1100 1200 1300
Wavelength (nm)

Image from: Energies 2014, 7(3), 1500-1516; doi:10.3390/en7031500



Generations of solar cells
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Different PV techs for various applications




Generations of solar cells

1st Generation:

3rd Generation:
Quantum dot,
tundem, new

concepts

2nd Generation:
Thin-films: a-Si, CdTe, CIGS,
perovskites

> Absorber thickne
100-200um
» Limited by wafer

Rigid substrate
» Absorber thickness: <3um

» Large area deposition

» Rigid » Monolithic integration
» Heavy » Rigid
» Heavy

» 55 years old (ma

»Mainly in R&D stage
technology, 95% m i 2

» 20 years old
» Possibly low-cost &

»Limited cost redu high-eff

potential

» Low-cost potential for mobile apps, BIP
weight
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1st generation:

Monocrystalline Si

crystalline silicon

Antireflection layer

www.wikimedia.org

Aluminum |—
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[1I-V and multi-junction solar cells

projected real-world efficiencies at 500 suns

9% 42% 42% ' &,

GalnP GalnP GalnP
1.8 eV 1.8 eV 1.8 eV

—

aAs aAs
New

1.4 eV 1.25 eV 1.4 eV

New

7
fff’

1.0 eV

7
ol m L gre generation —
Energzy (e V) production

= Combination of wafer and thin-film
technology based on GaAs compounds

= More complete utilization of solar spectrum
in multi-junction cells

= Highest efficiency of 47.6%
(4-junction, under concentrated light)

53



2"d generation: thin film solar cells

Amorphous Si Cu(In,Ga)Se, CdTe
(a-Si) (CIGS)

Incident light

% ﬂ ﬂ ﬂ ﬂ Back contact
TCO
CdS
Glass ) CdTe
e CIGS
P4 | Blue light cds
| absorb
a-Si:H :E;To ent TCO
- 1 Back contact Transparent
2 | oreenrea Substrate | substrate |
ligh
uc-Si:H r :-_I:%sfarbent
cell
n
Aluminum = Thin films are deposited on substrates

= Thickness of light-absorbing layer 0.5...10 um
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3rd generation PV

US$0.10/W  US$0.20/W

100 , -

Efficiency, %

Cost, US$/m?

Prof. M. Green, 2001

US$0.50/wW

Thermodynamic
limit

1 US$1.00/W

Single bandgap
limit

US$3.50/W

lll Gen concepts:

Multijunction cells
Concentrated PV
Intermediate-level cells
Multiple carrier excitation
up/down conversion
Hot carrier cells
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Tandem solar cells:

4-terminal vs 2-terminal (monolithic)

4-terminal R i
: : : ) |MPP tracker ! )
& converter | joutput thon (o i MPP tracker| [Power
Tunneling & converter | joutput
MPP tracker | [Power junction Top cell
& converter | foutput
Bottom cell
R Transparent & conductive layer
Bottom cell
R. Kothandaraman et al., Small Methods 2020
2 7 45 45
1.95 40 40
L 35 as
z 385 30 3 30
g 18 a
g‘ 2 §‘ 25
5175 51
§ 20 § 20
8 7 8
g 15 g 15

08 1 11 1.2 13 1.4 1.5 0.8 09 1 1.1 12 13 14 15
bottom cell bandgap [eV] bottom cell bandgap [eV]

+ individual processing & operation
+ no current matching

- parasitic optical losses

- two electrical circuits (add cost)

+ One electrical circuit
+ Less optical loss
- Current matching
- Process compatibility

2-terminal
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