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Solar Cells: Is Being Thin Better? 
(It’s certainly more fun.)

J. David Cohen
Department of Physics and Materials Science Institute 

University of Oregon, Eugene, OR  97403

II.
 

II-VI Based Devices:  CdTe

III.  Chalcopyrite
 

Devices:  CIGS

IV.  Amorphous Silicon Solar Cells

Thin Films

The Leading Solar Cell Technologies
I.  Single (and Multi-) Crystal Silicon:

 85% of current market
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Schematic of Atomic Networks
Crystalline Silicon Hydrogenated 

Amorphous Silicon
Polycrystalline CdTe 
or Cu(InGa)Se2
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Growth in Thin Film PV Market Share

Source:  IC Insights, June 2009
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OUTLINE

University of Oregon

Basic Semiconductor Properties
• Defects and Carrier Densities
• Effects of Illumination 
• Carrier Transport and Recombination

Basics of Photovoltaic Devices
• Basic Performance Parameters
• Maximum Efficiency of Single Junction Cells

Defects:  Carrier Trapping vs. Recombination
Measuring Defect Distributions in Thin Film Cells

• Transient Photocapacitance Spectroscopy
• Measured Defect Distributions vs. Cell Performance 
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Electronic Structure of Semiconductors
Silicon Band Structure

From M.L. Cohen and J.R. Chelikowsky, Electronic Structure and Optical Properties of Semiconductors, 2nd

 

ed.

 

(Springer, Berlin, 1988).

GaAs Band Structure

Mostly unneeded information except for:
Band-gap and type of gap:

1.12eV   Indirect 1.42 eV   Direct

Affects optical properties

Effective masses of carriers:  E = ±ħ2(k-k0 )2/2m*
Affects carrier mobilities, Density 
of States near band edges
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Electronic Structure of Semiconductors
Silicon Band Structure

Silicon Density of States

E

Relevant region for 
device physics

From M.L. Cohen and J.R. Chelikowsky, Electronic Structure and Optical Properties of Semiconductors, 2nd

 

ed.

 

(Springer, Berlin, 1988).
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Electronic Structure of Semiconductors

Silicon Density of States

E

Relevant region 
for device physics

From M.L. Cohen and J.R. Chelikowsky, Electronic Structure and Optical Properties of Semiconductors, 2nd

 

ed.

 

(Springer, Berlin, 1988).

Valence Band 
(Bonding)

Filled

Conduction Band 
(Antibonding) 

Empty
)()(2)( 233 πhCnC EEmEg −=
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Fermi Distribution Function:

F(E) = 1/[1+e(E-EF)kBT]

determines occupation fraction of 
Conduction Band (electrons)

and occupation vacancy of 
Valence Band  (holes)  

EF

The Density of Electron and Hole Carriers

dEEFEgn
E

E

top

C

)()(= ∫

[ ] [ ]TkEEtNdEEFEgp BVFV

E

E

V

bottom

/)(exp)()(1)( −−≅−= ∫ ( ) 2/322/2)(where hπTkmTN BpV =

For intrinsic semiconductors:
( ) ( ) ( )CVBVC

i
FF NNTkEEEE ln22 ++==n = p ≡

 

ni ⇒

Perfect Crystal

[ ]TkEEtNE BFCC /)(exp)( −−≅ ( ) 2/322/2)(where hπTkmTN BnC =

Multiplied by ~1010
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Fermi Level Position in Doped Semiconductors

EF

Intrinsic Case:  n = p = ni

⇒
 

np = ni
2 = (NC NV) exp[Eg /(kB T)]

Conduction 
Band

Valence 
Band

EC

EV

Spatial position

Note that the np
 

product is independent of the position of EF
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Fermi Level Position in Doped Semiconductors

EF

Shallow donors added:  n >> p ⇒ n = ND
+ + p ≈

 
ND

+

Conduction 
Band

Valence 
Band

EC

EV

However, we still have np = ni
2 = (NC NV ) exp[Eg /(kB T)]

(THE LAW OF MASS ACTION:  n + p ↔ )

[ ] +=−−≅ DBFCC NTkEETNn /)(exp)(

n-type
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Fermi Level Position in Doped Semiconductors

EF

Shallow acceptors added:  p >> n ⇒ p = NA
- + n ≈

 
NA

-

Conduction 
Band

Valence 
Band

EC

EV

p-type

Again, we have np = ni
2 = (NC NV) exp[Eg /(kB T)]
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Effects of Illumination:  Quasi-Fermi Levels 
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Effects of Illumination:  Excess Carriers
In thermal equilibrium np = ni

2.  When np > ni
2

 

we are not in 
thermal equilibrium and we say that we have “excess carriers”

The two most common ways to have excess carriers:
1. Carrier injection from a junction
2. Addition of carriers by photo-generation

In that case n0

 

→ n0

 

+Δn
 

and p0

 

→p0

 

+Δp
 

with Δn
 

= Δp

The “generation rate” G
 

refers to the increase in the density of 
carriers per unit time (units of  cm-3s-1)

The inverse process, R, the pair-wise annihilation of electrons 
with holes, is called “recombination”  (also has units of cm-3s-1)

Note:  In thermal equilibrium G = Gth and is exactly balanced by R
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Defining the Quasi-Fermi Levels

EC

EV

Conduction 
Band

Valence 
Band

EFRth
Gth

When there are excess carriers, 
the occupation of levels in the 
conduction and valence bands 
is no longer determined by EF.

However, if we know n

 

and p

 we can always express them in 
equations similar to those for 
the carriers in equilibrium: 

These equations thus 
define EFn and EFp which 
are called the “quasi-Fermi 
levels”

 

for electrons and 
holes, respectively

[ ]TkEETNn BFnCC /)(exp)( −−=

[ ]TkEEtNp BVFpV /)(exp)( −−=
EFn

EFp

In the Dark

EC

EV

Conduction 
Band

Valence 
Band

RGth GL

Under Illumination
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Importance of Quasi-Fermi Levels

II.
 

The quasi-Fermi levels are also often taken as a first order 
approximation to the “demarcation levels”

 
of the deep 

defects which determine the role of those defects in 
recombination. 

III.The voltage of a cell under illumination is directly related to 
these quasi-Fermi levels.

I.
 

The electron and hole current densities at each position r can be 
expressed as:

Fnnn Enne rvrJ ∇=−= μ)( Fppp Eppe rvrJ ∇=+= μ)(

At first glance it may seem that EFn

 

and EFp

 

are just an alternate way 
to express n

 
and p

 
and otherwise have no particular utility.

However, these energies play an important role in solar cell analysis:
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Carrier Transport

1. Drift Currents

2. Diffusion Currents

3. Carrier Mobilities
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1.
 

Drift Currents:
 

How Electrons and Holes 
Respond to an Electric Field

Position

EC

EV

EnergySimple Case:
 Constant Field ε and 

Carrier densities
In general:
Jn =

 

-nevn =

 

-ne(μn ε)
This defines the 

“electron mobility” μn

In such a case EFn & EFp 
are parallel to EC and EV , 
respectively. 

EFn

EFp

Similarly:
Jp =

 

pevp =

 

pe(μp ε)
which defines the 

“hole mobility” μp
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2.
 

Diffusion Currents:
 

How Electrons and Holes 
Move If There is a Density Gradient

x Position

EC

EV

EnergyFor example:
 No Electric Field ε but 

a spatially varying 
electron carrier density
There will be a net 
diffusion from higher 
density to lower density

EFnIn such a case one has:

This defines Dn

 

, the 
“electron diffusivity”

dx
dnqDnqD nnn =∇= )(rJ

(Similarly expression 
for holes)
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Key Parameter for Transport:  Carrier Mobility

Total electron current is given by the sum of the drift and 
diffusion currents: 

Similarly, the total hole current is: 

Further, the diffusivity D
 

can be expressed in terms of 
the mobility μ

 
by the Einstein relation: Dn,p = (kB

 

T/q) μn,p

The mobility itself can be expressed as:  μn,p

 

= qτn,p /mn,p 
that is, it depends on the carrier effective mass and the 
carrier scattering time, τ.  

Carriers scatter due to impurities or other defects, and also 
due to thermal motion of the lattice (phonons).  Usually,

thermalimpurity τττ
111

+=

)(rJ ε nqDqn nnn ∇+= μ

)(rJ ε pqDqp ppp ∇−= μ
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The Ideal Solar Cell

A

1.  The “Short Circuit Current”

Ideally, every electron-hole pair generated by an absorbed photon 
will contribute to current around the circuit under zero load.  

⇒ Current density through the cell, JSC = q×(absorbed photon flux) 
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Carrier Generation by Light of Different Wavelengths

Conduction Band: 
Empty Levels

Valence Band: 
Filled Levels

Energy Gap
EC

EV

Position

Energy

PhotonPhoton

Threshold at 
hν=hc/λ≈Eg

Highest photon 
energy absorption 

hν=Emaxhν=hc/λ>Eg 
Excess energy 
lost to phonons

Photon
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The Quantum Efficiency (QE) in Ideal Case

Each photon whose energy exceeds the semiconductor bandgap 
produces an electron-hole pair which gets collected up to some Emax

hc/λ≈Eghc/λ≈Emax
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Spectral Response of Carrier Generation

Solar spectrum fits a 5960K 
Planck black body spectrum 
except for absorption bands

One divides the “Irradience” by 
the photon energy to obtain the 
photon flux spectrum

If each photon with an energy 
above the bandgap produces an 
electron hole pair we obtain the 
maximum cell current vs. Eg
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Short Circuit Currents:  Ideal Case and Best Realized 

Ge Si GaAs

CIGS a-Si:H
CIS CdTe

Note:  The realized “best” values for JSC listed may, in some cases, 
be slightly lower than the most recent world record values.



January 27, 2010 Oregon State

The Ideal Solar Cell

V

2.  The “Open Circuit Voltage”

What determines the voltage generated across a solar cell under a 
high impedance load (when little or no current is flowing through 
the external circuit?) 
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EF

Conduction 
Band

Valence 
Band

EC

EV

Spatial position

Fermi Level Position in Thermal Equilibrium

Recall that regardless of position of Fermi level in the gap the 
product

 
of n

 
and p

 
will be constant

 
for a given semiconductor in 

thermal equilibium at temperature T the “law of mass action”:

n×p = ni
2

 

= NC

 

NV

 

exp(-Eg

 

/kB

 

T)
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EFn

Conduction 
Band

Valence 
Band

EC

EV

EFp

Quasi-Fermi Level Positions under Illumination

Electrons reach quasi-equilibrium within their own populations via 
interactions with phonons fairly quickly (τel-ph ~ picoseconds).

Equilibration with the hole population takes much longer because it 
occurs via recombination events (τR ~ nanoseconds to milliseconds)

Under illumination: n×p = ni
2exp[(EFn

 

-EFp

 

)/kB

 

T] = ni
2exp[Δμ/kB

 

T]

Δμ
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Quasi-Fermi Level Positions under Illumination

EC

EV

Conduction 
Band

Valence 
Band

RGth GL

Under Illumination

Δμ

 
thus represents the difference in chemical potentials between the 

electron and hole carrier populations

The cell voltage is thus given by Δμ/q
 

under open circuit conditions

The value of Δμ

 
itself will be determined by the balance of carrier 

generation and carrier recombination in steady-state 

npGRG
dt

pdn β,
−=−=

Where β

 

is bi-molecular 
recombination coefficient

dt
dp

dt
dn 0: ==

In steady state:
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Some Types of Recombination Processes

EC

EV

Radiative

Multiphonon 
Emission

Non-radiative Auger 
(non-radiative)

Defect mediated 
(Shockley Read Hall)

That recombination rate can be established via a detailed balance

 

argument

The most fundamental of these is the radiative recombination
 

mechanism
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Radiative Recombination:  Detailed Balance

Light absorbed from ambient:

∫
∞

Φ
0

)300,()( νννα dKhh BB

∫
∞

Φ≈
gE

BB dKh νν )300,(

By detailed balance this must 
be exactly balanced by the 
light emitted from the cell:

23
iradradV rad nVVpnrdpn βββ =≈= ∫

Solar Cell in the dark surrounded by ambient at T = 300K
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NOW:  LET  THE  SUN  SHINE  IN

Total flux in = 

ΦBB (300K) +   ΦBB (5960K)

[ ]
∫

∫
∞

∞

Φ

Φ

×+

g

g

E
BB

E
BB

dKh

dKh

νν

νν

ζ
)300,(

)5960,(

FactorlGeometrica1

And the Ratio:

≈ambientabsorbedPhotons
sunlightwithabsorbedPhotons

where ζ

 

takes into account differences in the optical constants 
(e.g. reflectivity) between blackbody spectra at 300K and 5960K 
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Ideal Case Solar Cell (open circuit) Voltage

≈ambientabsorbedPhotons
sunlightwithabsorbedPhotons

AmbientinRateionRecombinatRadiative
SunlightinRateionRecombinatRadiative=

[ ]
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ Δ
=

−
=

Tkn
TkEEn

Bi

B
p
F

n
Fi μexp/)(exp

2

2

But Δμ/kB

 

T
 

= qVOC

 

.    Thus we obtain VOC

 

vs. Eg .

[ ]
∫

∫
∞

∞

Φ

Φ

×+

g

g

E
BB

E
BB

dKh

dKh

νν

νν

ζ
)300,(

)5960,(

1 FactorGeometric

2
irad

rad

nV
pnV

=
β
β

⇒
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Ideal Case Solar Cell (open circuit) Voltage

Ge

a-Si:H

CdTe

Si 
CIGS
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Maximum Output Power of Solar Cell
The power delivered to an external load depends on the product of 
the current and voltage.  This is a maximum at (Vm ,Jm ) or when:

The “Fill-Factor” (FF) 
relates this maximum 
power condition to the 
product of VOC

 

and JSC

 

:

FF ≡ (Jm

 

Vm

 

)/(JSC

 

VOC

 

)

Thus the efficiency of the 
cell can be expressed as:

InPower
VJFF OCSC ⋅⋅

=η

VOC

JSC

d(V×J)/dV
 

= 0
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Maximum Possible Efficiency vs. Band Gap

Ideal solar-cell efficiency at 300K for 1 sun 
and for a 1000-sun concentration (dashed)

1 sun

CIGS CdTe a-Si:H

These predicted maximum 
efficiencies for single junction 
solar cell devices are often 
referred to as the “Shockley- 
Queisser limit”.*

* W. Shockley and H. Queisser, 
J. Appl. Phys. 32, 510-519 (1961).

Note that the efficiency 
under concentration exceeds 
that with 1 sun illumination

WHY?
The current scales with the 
intensity, but the carrier 
density (and hence the 
voltage) goes up too 
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Summary of Ideal Solar Cell Analysis

Shockley-Queisser Limit Assumes
Only radiative recombination of carriers

Perfect collection of all electron-hole pairs generated by light

All the photons with energies > Eg are absorbed

Loss Processes that remain
Radiative recombination

Infrared transparency (low energy photons not absorbed) 

Thermalization (Excess photon energy above gap is lost)
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Real Cells:  Dominant Recombination Processes

Radiative

 

recombination

 

may only dominate in the purest GaAs based devices
Auger

 

and surface recombination

 

dominate in good crystalline silicon devices
Defect mediated recombination

 

dominates in a-Si:H, CdTe, and CIGS devices

EC

EV

Radiative

Multiphonon 
Emission

Non-radiative Auger 
(non-radiative)

Defect mediated 
(Shockley Read Hall)

Surface

 Recomb.
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One Important Length Scale:  Diffusion Length

The diffusion length indicates how far a carrier (electron or hole) 
can move from where it was generated before it recombines 
(in the absence of an electric field).

Mathematically: )()( pnpnD DL τ= where  τn(p)

 

is the recombination 
lifetime for electrons (holes)

Crystalline Si CIGS, CdTe Amorphous Si

τn ~ 100 μs τn ~ 100ns τp ≤
 

1ns
LD ≈

 
300 μm LD ≈

 
0.3 μm LD < 0.1μm

Approximate minority carrier diffusion lengths:
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Some Important Remaining Questions

1. How do we construct contacts so that one of them will 
connect with the hole carrier population only (repelling 
electrons) and the other will connect with the electron carrier 
population only (repelling the holes)?

2. In the ideal solar cell carrier diffusion will bring the carriers 
to the contacts before they can recombine.  But, when 
diffusivities are low, carrier collection needs an electric field.  

How can we do this without an external power source?

In both cases the solution is to utilize pn junctions.
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The Semiconducting pn Junction
Consider joining together a p-type and an n-type semiconductor

EC

EV

EF

EC

EV
EF

The resulting current can’t last forever!
Ultimately, an electric dipole layer forms whose potential exactly 
cancels out the difference between the two Fermi energies 

EC

EV

EF

EC

EV
EF

Electrons move from higher EF to lower EF material
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The pn Junction
A dipole layer forms as a “depletion region” near pn junction:

The band bending obeys Poisson’s Equation: 
ε
ρψ

−=2

2

dx
d

ρ ≈ 0ρ ≈ 0 ρ ≈ -qNA ρ ≈ qND

-qψ

-qVbi

The potential difference due to this is called the “built-in potential” Vbi

Depletion 
Width
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Depletion widths vs.
 

Diffusion lengths
The relation of these two lengths determines the best solar 
cell design type for each of these classes of materials.

CdTe
CIGS

0.3

1.0
Very roughly:

CdTe, CIGS,

a-Si:H
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Using pn Junctions for Carrier Specific Contacts

Here the majority of the absorber shown contains 
very little internal electric field. 

It thus relies on long diffusion lengths to collect photo-carriers

p-type

n-type

Structure close to that used for crystalline
 

Si
 

solar cells



January 27, 2010 Oregon State

Other Types of Solar Cell Device Structures
pn

 
junction

EC

EV

EF

EC

EV

EF

Schottky barrier
metal

pin device

p-type     intrinsic   n-type

pn
 

heterojunction

EC

EV

EF
EC

EV

EF

The Schottky device is not favored for photovoltaics due to its lower voltages

(a-Si:H) (CdTe, 
CIGS)
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Third Important Length:  Absorption Length

The low absorption coefficient for c-Si over the solar spectrum 
compared to the other (direct gap) semiconductors requires a much 
thicker active layer in crystalline silicon based PV devices

Absorption Spectra for Various Semiconductors
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CIGS = Cu(InGa)Se2
20.0% NREL cell

Ingrid Repins, Miguel A. Contreras, et al, Prog. 
Photovoltaics: Res. Appl.  16, 235 (2008). 

Comparing High Efficiency c-Si and CIGS

Jianhua Zhao , Aihua Wang, and Martin A. Green, 
Prog. Photovoltaics 7, 471 (2000),

Crystalline Silicon
24.0% PERL Cell

Incomplete Absorption 
for  hν

 

just above Eg

Short absorption lengths 
increases surface recombination

Absorption for  hν

 

> 2.5eV 
due to CdS “buffer” layer
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High Performance c-Si and CIGS Cell Structures

Crystalline Silicon
 “PERL” Cell

Cu(InGa)Se2

 

(CIGS)
 Heterojunction Cell

2 μm

>200 μm



January 27, 2010 Oregon State

Hydrogenated Amorphous Silicon Cells (a-Si:H)

Transparent Top Contact

Back Reflecting Metal

p-layer

i-layer

n-layer

• Intrinsic absorber
• Highest Efficiency ~10% for 

the structure shown 
• Manufactured into tandem or 

triple junction structures to 
improve efficiencies

• Thin: Even the triple cell is 
only roughly ~0.7 µm in total 
thickness
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Current Best a-Si:H Cells Use Triple Junctions 

Such a “monolithic” stack 
must be designed so that the 
current matches in each cell.  

The voltages add in series.

The highest stabilized 
efficiency to date is 13.0%

Modules with this structure 
are now being produced and 
sold by United Solar. 
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Amorphous Silicon Based Triple Cell

Eg > 1.72 eV

1.60 Š Eg Š 1.65

1.40 Š Eg Š 1.45

p

p

p

ZnO

Three individual
n-i-p stacked cells.

2

3

1

Different bandgaps
capture different
portions of the
solar spectra.

<

<

<

<

Voltages from each 
component cell add, current 
densities must be matched
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Quantum Efficiency of a Triple Junction Cell
Analysis of the performance of a a-Si:H/a-SiGe:H/a-SiGe:H triple 
junction device showing the contribution of the component cells

W. Wang, H. Povolny, W. Du, X. Liao, 
and X. Deng, 29th IEEE PVSC (2002)
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Leading Solar Module Technologies

Absorber 
Material

Best Cell 
Efficiency

Module 
Typical

Crystal Si 24.7% 14-15%

Cu(InGa)Se2 20.0% 11-12%

CdTe 16.5% 11-13%

a-Si:H Triple 13% 8-9%

Cost 
(Market Share)

$3/Wp (85%)

? (<2%)

$0.8/Wp (8%)

$1.70/Wp (5%)



January 27, 2010 Oregon State

Physics of Impurity Mediated Recombination: 
Carrier Recombination vs. Carrier “Trapping”
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Conduction Band: 
Empty Levels

Valence Band: 
Filled Levels

Energy Gap
EC

EV

Position

Energy Shallow States trap and release carriers 
leading to reduced mobilities

Motion & Collection of Charge is Impeded by Defect States

Electron gets trapped in 
shallow level



January 27, 2010 Oregon State

Conduction Band: 
Empty Levels

Valence Band: 
Filled Levels

Energy Gap
EC

EV

Position

Energy

Motion & Collection of Charge is Impeded by Defect States

Bandtail
 

States trap and release 
carriers leading to reduced mobilities

Electron is thermally re- 
emitted fairly quickly
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Conduction Band: 
Empty “Tank”

Valence Band: 
Filled “Tank”

Energy Gap
EC

EV

Position

Energy Other deeper defects provide 
channels for electrons and holes 

to recombine

Note Difference between Carrier 
“Trapping”

 
vs. “Recombination”

Motion & Collection of Charge is Impeded by Defect States
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Important Distinction between Trapping and 
Recombination

Deep states are a problem

Shallow defects slow you 
down but don’t stop you.

Carriers in trapped in shallow defects are likely to be thermally re- 
emitted and ultimately be collected.  These affect carrier 
mobilities, but do not greatly impact device performance.

Carriers caught by deep states remain there long enough that 
recombination is much more likely to be their ultimate fate.

However, this distinction between “shallower trapping” states and 
“deeper recombination” centers depends on the light intensity.
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Carrier capture and optical 
transitions dominate: leads 
to a partial occupation
Occupancy dominated by 
hole emission so that 
states are mostly full

Occupancy dominated by 
electron emission so that 
states are mostly empty

Distinguishing Traps from Recombination Centers

A2
-

D1
+

A1
0

D2
0

Dn

Dp

Electron Traps
Recombination 
Centers
Hole Traps

Predominant role:

An electron lying in a state right at Dn is equally likely to be thermally 
excited into the conduction band and to capture a free hole. 
Thus it will have an equal role as a trap vs. a recombination center.
Electrons lying in states above Dn are exponentially more likely to be 
thermally re-emitted (by 100X for Dn + 0.1eV at 300K) ⇒ trap
For electrons lying in states below Dn the kinetic process of capturing 
a free hole is much more likely ⇒ recombination
Similarly for holes lying in states below and above Dp
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Electron Density of States:  Role of Defects

Palladium Impurity

Silicon Vacancy

Perfect Crystal:  No States in Band Gap
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Defects in Crystalline Silicon

Crystalline 
Silicon

Native Defects in c-Si:

Vacancy VSi and Self 
Interstitial Sii

Both of these produce a 
host of defect levels in the 
gap; however, neither is 
present at very high 
concentrations at room T 
unless they are complexed 
with an impurity. 

Therefore, the relevant defects that can degrade cell performance 
are due to impurities in the silicon lattice 
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Impact of Impurities on c-Si Cell Performance

Transition metal 
impurities at levels 
of ppb can have an 
enormous negative 
impact on silicon cell 
performance 

J. Davis Jr., et al.

 

IEEE Trans. Electron. 
Devices Ed-27, 677-687 (1980)
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Crystal Structure and Native Defects

Types of Native Defects:

Antisites:
 

CdTe

 

(TeCd

 

)

Vacancies:
 

VTe

 

, VCd

Interstitials:
 

Cdi   (Tei

 

)  

CdTe
++

Cdi(a)
++

Cdi(c)
++

VTe
++

Cdi(c)
+

Tei
--

VCd
--

Tei
-

VCd
-

EC

EV

Energy

Calculated, from Wei and Zhang, 
Phys.Rev.B 66,155211 (2002)

Crystalline 
Silicon
Cadmium
Tellurium
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Crystal Structure and Native Defects
Some predicted defect levels in CuInSe2
See: S.B. Zhang, S.-H. Wei, and A. Zunger, Phys Rev B57, 

9652 (1998).

EC

EV

Energy

Chalcopyrite Structure

Copper
Indium
Selenium

p-type doping is believed to be caused by 
the presence of copper-vacancies

Crystal structure is able to accommodate 
substantial deviations from stoichiometry:  
Usually  [Cu]/([In]+[Ga]) < 95%
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Density of States

E

Possible Distribution of Energy Levels in a 
Disordered Semiconductor
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Possible Distribution of Energy Levels in a 
Disordered Semiconductor

All of these

 

are important for understanding electronic properties for device applications
as well as

 

carrier densities, their mobilities, defect capture cross sections, etc. 

Point defect gap states are broadened 
into gaussian defect bands 

These usually dominate

 

carrier

 
recombination and affect band-

 
bending near junctions

Concept of “band gap”

 

replaced by 
“mobility gap”

 

and/or “optical gap”

Deviation from pure periodic 
symmetry leads to band-tailing

 
Bandtailing

 

affects carrier mobilities

 
and doping efficiencies
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More Complete Set of Equations for Device Analysis
We previously discussed the transport equations:

)(rJ ε nqDqn nnn ∇+= μ )(rJ ε pqDqp ppp ∇−= μ

We also discussed carrier generation and recombination:
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However, a second way carriers can increase in a particular region is 
if they flow into it from surrounding regions.  This is governed by 
the “continuity equations”: ∂n/∂t = ∇•Jn and  ∂p/∂t = -∇•Jp

Adding these terms to the right hand sides of (*) and (**), and then 
using the expressions for Jn and Jp above we obtain for the “1D” case:  
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Key Quantities
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Physical Parameters Needed for Cell Modeling
Example from SCAPS modeling program: see M. Burgelman, et al., Thin Solid Films 

361, pp. 527-532  (2000)

Many of these quantities are poorly known and they vary in importance.
On the left, knowing the carrier mobilities is very important, and knowing 
almost all of the defect band parameters are important.
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Characterization Methods

Methods Employed in Cohen lab 
* Methods that cannot be applied directly to working devices
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1. Single or multicrystal silicon or other semiconductor in a 
single junction device (typically a pn junction).

2. Thin semiconducting film on inexpensive substrates such 
as glass, metal foil, or plastic.  Most successful materials 
include amorphous Si, CdTe, and the alloys of CuInSe2

3. Advanced materials designs, such as nanostructured 
semiconducting materials, organics, etc.  Such approaches 
still require significant basic research.

Three Generations of Photovoltaic Technology
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United Solar Roll-to-Roll a-Si:H Process

United Solar’s 180MW/yr 
capacity accounted for ~ 1/3 of 
total a-Si:H based PV in 2008
Cost is now below $2/Wp

Only 5% of the 
weight of modules 
deposited on glass
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Nanosolar’s Nanoparticle Ink Technology
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Nanosolar’s New Berlin Factory

Completion and Inauguration 
September 2009

Designed to produce 640MW/yr !
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First Solar CdTe Modules

Largest thin-film PV manufacturer

Shipped >600MW in 2008

1.2 GW Production capacity

Grid parity recently achieved: 
(<$1/Wp ) 
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Thank You !

University of Oregon
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