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Preface

As was the case with the first edition of Solar Cell Device Physics,
this book is focused on the materials, structures, and device physics of
photovoltaic devices. Since the first edition was published, much has
happened in photovoltaics, such as the advent of excitonic cells and
nanotechnology. Capturing the essence of these advances made writ-
ing both fun and a challenge. The net result is that Solar Cell Device
Physics has been almost entirely rewritten. A unifying approach to all
the developments is used throughout the new edition. For example, this
unifying approach stresses that all solar cells, whether based on absorp-
tion that produces excitons or on absorption that directly produces free
electron-hole pairs, share the common requirement of needing a struc-
ture that breaks symmetry for the free electrons and holes. The breaking
of symmetry is ultimately what is required to enable a solar cell to pro-
duce electric power. The book takes the perspective that this breaking of
symmetry can occur due to built-in electrostatic fields or due to built-in
effective fields arising from spatial changes in the density of states dis-
tribution (changes in energy level positions, number, or both). The elec-
trostatic-field approach is, of course, what is used in the classic silicon
p—n junction solar cell. The effective-fields approach is, for example,
what is exploited in the dye-sensitized solar cell.

This edition employs both analytical and numerical analyses of solar
cell structures for understanding and exploring device physics. Many of
the details of the analytical analyses are contained in the appendices, so
that the development of ideas is not interrupted by the development of
equations. The numerical analyses employ the computer code Analysis
of Microelectronic and Photovoltaic Structures (AMPS), which came
out of, and is heavily used by, the author’s research group. AMPS is uti-
lized in the introductory sections to augment the understanding of the
origins of photovoltaic action. It is used in the chapters dedicated to
different cell types to give a detailed examination of the full gamut of
solar cell types, from inorganic p—n junctions to organic heterojunctions
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and dye-sensitized cells. The computer modeling provides the dark and
light current voltage characteristics of cells but, more importantly, it is
used to “pry open cells” to examine in detail the current components,
the electric fields, and the recombination present during operation. The
various examples discussed in the book are available on the AMPS Web
site (www.ampsmodeling.org). The hope is that the reader will want to
examine the numerical modeling cases in more detail and perhaps use
them as a tool to further explore device physics.

It should be noted that some of the author’s specific ways of doing
things have crept into the book. For example, many texts use q for the
magnitude of the charge on an electron, but here the symbol e is used
throughout for this quantity. Also kT, the measure of random thermal
energy, is in electron volts (0.026eV at room temperature) everywhere.
This means that terms that may be written elsewhere as edVXT appear
here as ¢YXT with V in volts and kT in electron volts. It also means that
expressions like the Einstein relation between diffusivity D, and mobil-
ity py, for holes, for example, appear in this book as D, = kT,

Photovoltaics will continue to develop rapidly as alternative energy
sources continue to gain in importance. This book is not designed to
be a full review of where we have been or of where that development
is now, although each is briefly mentioned in the device chapters. The
intent of the book is to give the reader the fundamentals needed to keep
up with, and contribute to, the growth of this exciting field.
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List of Symbols

Description (Units)

Absorption coefficient (nm !, cm ™)

Dimensionless quantity describing ratio of n-portion
quasi-neutral region length to hole diffusion length

Dimensionless quantity describing ratio of n-portion
quasi-neutral region length to the absorption length

Dimensionless quantity describing ratio of top-surface
hole carrier recombination velocity to hole diffusion-
recombination velocity in the n-portion

Dimensionless quantity describing ratio of the absorber
thickness up to the beginning of the quasi-neutral
region in the p-portion to absorption length

Dimensionless quantity describing ratio of p-portion
quasi-neutral-region length to electron diffusion length

Dimensionless quantity describing ratio of the p-portion
quasi-neutral-region length to absorption length

Dimensionless quantity describing ratio of back-surface
electron carrier recombination velocity to the electron
diffusion-recombination velocity

Band-to-band recombination strength  parameter
(cm3s™1)

Magnitude of the energy shift caused by an interface
dipole (eV)

Thickness of dye monolayer in DSSC (nm)
Grain size in polycrystalline materials (nm)

Conduction-band offset between two materials at a
heterojunction (eV)



xvi List of Symbols

Ay
Do(N)
bs

d)BI

bw
Pwm

d)Wn

¢’Wp

3

Valence-band offset between two materials at a hetero-
junction (eV)

Photon flux per bandwidth as a function of wavelength
(m~%s™! per bandwidth in nm)

Schottky barrier height of an M-S or M-I-S structure
(eV)

Energy difference between E- and Eg for an n-type
material or the energy difference between Er and Ey,
for a p-type material at the semiconductor surface in an
M-I-S structure (eV)

Photon flux corrected for reflection and absorption
before entering a material (cm™2s ™! per bandwidth in nm)

Workfunction of a material (eV)

Workfunction of a metal (eV)

Workfunction of an n-type semiconductor (eV)
Workfunction of a p-type semiconductor (V)
Permittivity (F/cm)

Device power conversion efficiency
Wavelength of a photon or phonon (nm)

Mobility of charge carriers in localized gap states
(cm?/V-s)

Electron mobility (cm?/V-s)

Hole mobility (cm?/V-s)

Frequency of electromagnetic radiation (Hertz)
Electric field strength (V/cm)

Electric field present at thermodynamic equilibrium
(V/cm)

Electron effective force field (V/cm)
Hole effective force field (V/cm)
Charge density (C/cm?)
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List of Symbols  xvii

Cross-section of a localized state for capturing an elec-
tron (cm?)

Cross-section of a localized state for capturing a hole
(cm?)
Exciton lifetime (s)

R

Electron lifetime (dictated by 7, ‘rf,‘, or 'rﬁ) for p-type

material (s)
Electron Auger lifetime for p-type material (s)

Electron S-R-H recombination lifetime for p-type mate-
rial (s)

Electron radiative recombination lifetime for p-type
material (s)

Hole lifetime (dictated by 'rg, T
material (s)

L

A
p» or T,) for n-type

Hole Auger lifetime for n-type material (s)

Hole S-R-H recombination lifetime for n-type
material (s)

Hole radiative recombination lifetime for n-type mate-
rial (s)

Electron affinity (eV)
Lattice constant (nm)

Absorbance

Effective Richardson constant (120 A/cm%/K? for free
electrons) (A/cm?/K?)

Rate constant for the Auger recombination shown in
Figure 2.18a (cm%s)

Rate constant for the Auger recombination shown in
Figure 2.18b (cm®s)

Rate constant for the Auger transition shown in Figure
2.18¢ (cm%s)

Rate constant for the Auger transition shown in Figure
2.18d (cm%s)
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Rate constant for the Auger transition shown in Figure
2.18e (cm%s)

Rate constant for the Auger transition shown in Figure
2.18f (cm%s)

Rate constant for the Auger generation corresponding
to Figure 2.18a (s 1)

Rate constant for the Auger generation corresponding
to Figure 2.18b (s 1)

Solar cell area collecting photons in a concentrator cell
(cm? or m?)

Used in the density of states model g¢(E) =

Solar cell area generating current in a concentrator cell
(cm? or m?)

Used in the density of states model g (E) =
A, (E, — B)2(cm~ev¥?)

Speed of light (2.998 X 10! nm/s)

Distance or position in a device (cm, nm)

Exciton diffusion coefficient (cm?/s)

Electron diffusion coefficient or diffusivity (cm?/s)
Electron thermal diffusion (Soret) coefficient (cm?*/K-s)
Hole diffusion coefficient or diffusivity (cm?/s)

Hole thermal diffusion (Soret) coefficient (cm?/K-s)
Charge on an electron (1.6 X 107°C)

Energy of an electron, photon, or phonon (eV)

Energy of the conduction-band edge, often called the
LUMO for organic semiconductors (eV)

Spatially varying electron quasi-Fermi level (eV)
Spatially varying hole quasi-Fermi level (eV)
Mobility band gap (eV)



g(B)
g.(B)

g.(E)
Zpn(E)
Eth

G(\,x)

List of Symbols  xix

Band gap (eV)
Energy of a phonon (eV)
Energy of a photon (eV)

Energy parameter in the model for the Franz-Keldysh
effectdefinedbyEy = 2 (m*)~"3(eh()*? X 6.25 X 10'8
with m*, A, and ( expressed in MKS units (eV)

Energy of the valence-band edge, often called the
HOMO for organic semiconductors (eV)

Vacuum level energy (eV)

Total force experienced by an electron where F, =
—e(§ — (dx/dx) — kT, (dInN/dx)) [Computed using
all terms in MKS units. Arises from the electric field
and the electron effective field.] (Newtons)

Total force experienced by a hole where F, =
e(§ — (d(x + E)/dx) + kTp (dInN,,/dx)) [Computed
using all terms in MKS units. Arises from the electric
field and the hole effective field.] (Newtons)

Carrier thermal generation rate for Auger process of
Figure 2.18a (cm™3-s7!)

Carrier thermal generation rate for Auger process of
Figure 2.18b (cm3-s™1)

Density of states in energy per volume (eV~'cm™>)

Conduction-band density of states per volume
eV~ lem™)

Valence-band density of states per volume (eV~'cm~?)
Phonon density of states (eV ™~ 'cm™?)

Number thermally generated electrons in the conduc-
tion band and holes in the valence band per time per
volume due to band-to-band transitions (cm 3-s™!)

Number of Processes 3-5 (see Fig. 2.11) absorption
events occurring per time per volume of material per
bandwidth (cm3-s~!l-nm™1)
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G’
G,"
G,
Ggh()\, X)

GEOnX)

Gph(>‘, X)

1(x)

Exciton generation rate (cm ™ 3-s71)
Represents any electron generation rate (cm™>-s ™)
Represents any hole generation rate (cm™3-s 1)

Free electron generation rate per time per volume of
material per bandwidth (cm™3-s~'-nm™1)

Free hole generation rate per time per volume of mate-
rial per bandwidth (cm™3-s™!-nm™1)

Free carrier generation rate per time per volume of mate-
rial per bandwidth. [Used when G‘P}h()\, X) = Ggh()\, x).]
(cm™3-s~l-nm™1)

Planck’s constant (4.14 X 10~ 13 eV-s)

Planck’s constant divided by 2 (1.32 X 10~ PeV.s)
Photon flux impinging on a device (cm™%-s™1)
Electrical current produced by a device (A)

Exciton dissociation rate per area of interface
(cm™2s71)

Intensity (photons per area per bandwidth) of light as it
travels through a material (cm™2-s~!-nm™1)

Intensity of incident light (photons per area per band-
width) (cm™2-s"'-nm ™)

Current density; terminal current density emerging from
the device (A/cm?)

Pre-exponential term in the multistep tunneling model
Ius = "J[)CBTeAV (A/CIIIZ)

Dark current density (A/cm?)

Interface current density arising from field emission at
a junction (A/cm?)

Prefactor in the interface recombination current model
U™ — D) (Alem?)



