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1 Introduction

Solar cell modelling is fundamental to a detailed understanding of the device
operation, and a comprehensive model require a detailed knowledge of the
material parameters. A brief overview of the semiconductor properties relevant
to solar cell operation is given in this chapter, including the semiconductor band
structure and carrier statistics, transport and optical properties, recombination
processes, material aspects of radiation damage to solar cells in space and effects
observed under heavy doping, with special attention given to the properties of
hydrogenated amorphous silicon. The principal semiconductor parameters
encountered in photovoltaic applications are summarised in Tables 1 and 2. The
refractive indices of materials used for antireflection coating can be found in
Table 3.

Numerous computer programs that use the material parameters to model
solar cell operation have been developed over the years, and several are now
available commercially:

e PCI1D developed by P.A. Basore and colleagues at the University of New
South Wales, Australia, is the standard one-dimensional simulator used
by the PV community.

o ATLAS, a Device Simulation Software by SILVACO International, uses
physical models in two and three dimensions. It includes the Luminous
tool which computes ray tracing and response of solar cells. It allows the
use of monochromatic or multi-spectral sources of light.

e MEDICI by Technology Modelling Associates models the two-dimensional
distribution of potential and carrier concentration in a semiconductor
device. It also includes an Optical device advanced application module
where photogeneration can be computed for multi-spectral sources.

Some programs are available free of charge. These include, for example,
SimWindows which can be downloaded from http://www-ocs.colorado.edu/
SimWindows/simwin.html.

A discussion of the main principles of the numerical techniques can be found
in specialised texts which deal with the modelling of solar cells (see, for example,
the review [1]) or with the modelling of semiconductor devices in general [2].

2 Semiconductor Band Structure

The energy gap (or band gap) E, and its structure as a function of the wave vector
are key characteristics of the semiconductor material and of fundamental
importance to the operation of the solar cell (see Figure 1). The principal features
of interest are the temperature variation of the band gap energy E, and the
magnitude of wave vector associated with low-energy transitions.

The variation of the band gap with temperature can be described by an
expression originally suggested by Varshni [10]
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Table 2 The energy gap E,, refractive index n and the electron affinity x of transparent con-
ducting semiconductors used as window layers in thin-film solar cells

Material E,(eV) n x
Cds 2.42 2.5 4.5
ZnS 3.58 2.4 3.9
Zn0,3Cd0‘7S 2.8 4.3
Zn0 3.3 2.02 4.35
In;05:Sn 3.7-4.4 4.5
SnO,:F 3.9-4.6 4.8

Table 3 The refractive index at 590 nm (2.1 eV) of the
common materials used for antireflection coating. The
full wavelength dependence of most of these sub-
stances can be found in references [27] and [28]

Material n
MgF, 1.38
Si0, 1.46
Al,O3 1.76
SizNg 2.05
Ta,0s 2.2
ZnS 2.36
Si0, 1.8-1.9
TiO, 2.62
at?
T) = _— 1
Eg( ) Ego T+I3 ( )

where T is the absolute temperature and the parameters o and g are given in
Table 4.

The current produced by solar cells is generated by optical transitions across
the band gap. Two types of such transitions can be distinguished: direct
transitions where the momentum of the resulting electron—hole pair is very close
to zero, and indirect transitions where the resulting electron hole pair has a finite
momentum. The latter transitions require the assistance of a phonon (quantum
oflattice vibration). Thus, there are two types of semiconductors:

e Direct gap semiconductors where the top of the valence band and the
bottom of the conduction band lie at the " point of the first Brillouin zone
(i.e., at zero wave vector k = 0).

e Indirect gap semiconductors where the minima of the conduction band
{in general, more than one) lie at a another point of the first Brillouin zone,
with a different value of the wave vector k.
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Ey Ep, Ex [N Eso Ne
Si 34 42 12 1.9 0.035
GaAs 1.42 90 1.7 0.34
InP 1.34 .18 1.93 0.11
Si GaAs, InP

Ey

PR T Ec(-E,)
r r
L <> <100> X <100>
Light %a-leavy holes Eg, Heavy holes
holes/
Split-off i
(a) band l Son o

Figure 1  The energy gaps in Si (a), and GaAs and InP (b) as functions of the wave vector k. The inset shows
the Brillouin zone of the corresponding face-centred cubic crystal lattice.

Table 4 The parameters E,q, « and 3 in Equation (1). Sources of data: (a) Thurmond [11]; (b)
Varshni {10]

Eg(T=0K),eV ax 1074, eV/K? B.K
Si(a) 1.17 4.730 636
GaAs(a) 1.52 5.405 204
InP (b) 1.42 4.906 327

The optical absorption in indirect-gap semiconductors is considerably weaker
than in direct gap semiconductors, as shown in Figure 2 on the example of silicon
and gallium arsenide.

3 Carrier Statistics in Semiconductors

In thermal equilibrium the temperature and electrochemical potential (the
Fermi level, denoted by E) are constant throughout the device. The product of
the electron concentration n and the hole concentration p is then independent of
doping and obeys the mass action law

2 _ B
np =n; = NN, €xp< kBT> (2)

where kp is the Boltzmann constant, n; is the electron (or hole) concentration in
the intrinsic semiconductor, and the effective densities of states M, and NV, are
given by

2wm,kgT 32 2mmykgT >/
Nc=2<LZ§ B ) szz(—”’:’; B ) (3)
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Figure 2 A comparison of the difference in strength of the optical absorption in direct and indirect
semiconductors, illustrated on the examples of silicon and gallium arsenide.

Here, his the Planck constant and m, and my, are the electron and hole density-
of-states effective masses (see Table 6). In Equation (3), the effective mass m,
includes a factor which allows for several equivalent minima of the conduction
band in indirect-gap semiconductors (see Figure 1).

Equation (2) does not hold for a solar cell in operation. Current flow as well as
electron transitions between different bands and/or other quantum states are
induced by differences and gradients of the electrochemical potentials, and
temperature gradients may also exist. It is then usual to assign a quasi-Fermi
level to each band which describes the appropriate type of carriers. Thus,
electrons in the conduction band will be described by the quasi-Fermi level Ep,,
and holes by Ep,. It is convenient to define also the appropriate potentials ¢, and

¢p by
Epn = _q¢n (4)
EFp = _q¢p

The use of quasi-Fermi levels to describe solar cell operation was already
mentioned in Section 4.1 of Chapter ITa-1. The formalism leads to expressions for
electron and hole concentrations which are summarised in Table 5.

4 The Transport Equations

The electron and hole current densities J, and J, are governed transport by the
transport equations

I, = quan€ +qDyVin

5
I, = appp€ — qD,Vp ®)
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Table 5 Carrier concentration in degenerate and non-degenerate semiconductors. Fy,»
denotes the integral Fy,2(z) = \/%—t o e dx

exp(x—z)
Non-degenerate semiconductors General expressions
In terms of the band In terms of the parameters
parameters of intrinsic semiconductor
Epn — E; Q(‘ﬁ - (pn) Epn — E;
i —— N.F
n Ncexp( KT ) n,exp{ %ol Fu2\ =
E, — Epy Q(‘Pp ~ ) E, - Epp
jexpq 22/ F
p N vexp< T meXpq = NyFi2 T

Table 6 The densities of states in the conduction and valence band (N, and A/,,
respectively), the intrinsic carrier concentration n; and the density-of-states effective
masses m, and m,, (all at 300 K) in Si, GaAs and InP. m, denotes the free-electron mass. Data
from references [20, 35]; intrinsic carrier concentration in Si from reference [12]

Ne(em™3) Ny {em™3) n;(cm3) me/m, my/m,
St 2.8x101° 1.04 x 1019 1.00x 100 1.08 0.55
GaAs 4.7x 1017 7.0x1018 1.79x10° 0.063 0.53
InP 5.7x 1017 1.1x10%° 1.3x107 0.08 0.6

where n and p are the electron and hole the concentrations, u, and u, are the
electron and hole mobilities, D, and D, are the electron and hole diffusion
constants, and £ is the electric field. The first term in each equation is due to drift
in the electric field €, and the second term corresponds to carrier diffusion. With
the help of the quasi-Fermi levels, Equations (5) can be written as

I, = —qunnVey
6
IL,= —qupnVey ®)

Equations (6) are valid for a semiconductor with a homogeneous composition
but position-dependent dopant concentration is included. A generalisation to
semiconductors with position-dependent band gap can be found, for example,
in[13].

In a region where space charge exists (for example, in the junction), the
Poisson equation is needed to link the electrostatic potential ¢ with the charge
density p:

_P
VoE=" (7)
with

p=q(p—n+Np— Na) (8)
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E=-V-y (9)

where ¢ is the static dielectric constant of the semiconductor (see Table 1).
In non-degenerate semiconductors, the diffusion constants are related to
mobilities by the Einstein relations

kT kT
Dnzqﬂn; DP:;PLP (10)

The generalisation of the Einstein relations to degenerate semiconductors is
discussed, for example, in [14].
The conservation of electrons and holes is expressed by the continuity equations

3 1

8—:=G—U+—v-],,

o ‘11 (11)
P_G-U+-v.

ot +q I,

where G and U are the generation and recombination rates which may be
different for electrons and holes if there are transitions into or from localised
states.

5 Carrier Mobility

In weak fields, the drift mobilities in Equations {5) represent the ratio between
the mean carrier velocity and the electric field. The mobilities — which are
generally different for majority and minority carriers — depend on the
concentration of charged impurities and on the temperature. For silicon, these
empirical dependencies are generally expressed in the Caughey-Thomas
form[15]:

Ho

MU= Umin + :(—NT
Nref

(12)

The values of the various constants for majority and minority carriers are
given in Tables 7 and 8. A full model which includes the effects of lattice
scattering, impurity scattering, carrier-carrier scattering and impurity
clustering effects at high concentration is described in [16] where the reader can
find further details.

In strong fields, the mobility of carriers accelerated in an electric field parallel
to the current flow is reduced since the carrier velocity saturates. The field
dependence of the mean velocity v (only quoted reliably for majority carriers) is
given by

Jinko Ex. 1025 - 8/27



ITa-2 — Semiconductor Materials and Modelling 103

Table 7 The values of parameters in Equation (12) for majority-carrier mobility in silicon
(from reference [17]; T,, = T/300)

Bmin = ATP po = BT Nys = CT5 o =DT;b

A B1 B B2 C B3 D Ba
Electrons 88 7.4 x 108 1.26 x1017
Holes 54.3 0.57 1.36 x 108 2:33 2.35 x 1017 24 0.88 0146

Table 8 The values of parameters in Equation (12) for minority-carrier mobility in silicon
(from references [18, 19])

Hmin Ho Nref a
Electrons 232 1180 8 x 1016 0.9
Holes 130 370 8 x 1017 1.25
v= Hy (13)

1/8
(1 + (-’“—"g) ﬂ)
Vsat

where uy is the appropriate low field value of the mobility (Equation (12)), the
parameter 8 = 2 for electrons and 8 = 1 for holes, and vy, is the saturation
velocity, identical for electrons and holes [20]:

2.4 x 107

1 + 0.8¢1/600 (14)

Vsat =

In gallium arsenide, the empirical fitting of the mobility data is of a more
complex nature, and the reader is referred to the reference [21] for more
information regarding the majority-carrier mobility. The temperature and
dopant concentration dependences of the minority-carrier mobility are shown in
Figures 3 and 4.

The electric field dependence of carrier mobility in GaAs is different from
silicon as the velocity has an ‘overshoot’ which is normally modelled by the
following equation [ 24]:

_ lefg -+ Vsat(g/gO)ﬂ
1+ (£/&0)°

(15)

n

where pyis the appropriate low-field mobility, £o = 4 x 103 V/cm, B equals 4 for
electrons and 1 for holes, and v, is given by [25]

Vet = 11.3 x 10% — 1.2 x 10%*T (16)

where T is the temperature in K.
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Figure 3 The temperature dependence of the minority-carrier mobility in GaAs. Full symbols: electron
mobility in p-type GaAs (N = 4 x 1018 ecm~3); data from [22]. Empty symbols: hole mobility in n-type
GaAs (Np=1.8 x 1018 cm—3)[23]. The dashed lines show fits to the data with expressions

337100
anT‘116§ Hp

= 85;80 —49.84;

where T is the temperature in K.

The majority carrier mobility in indium phosphide reported in reference [26] is
shown in Figure 5.

6 Carrier Generation by Optical Absorption

6.1 Band-to-Band Transitions

The principal means of carrier generation in solar cells is the absorption of light.
For a planar slab (Figure 6), a photon which enters the semiconductor generates
g(x) 8x electron hole pairs in a thin layer at depth x — x + 8x. The generation
function g(x) is given by

g9(x) = a(exp{—a(d)x} (17)

where a(4) is the absorption coefficient, shown in Figure 7 for a number of
semiconductors with photovoltaic applications. The generation rate G per
unit volume which appears in Equation (11) is related to the generation
function g in Equation (17) by G = g/A, where A is the illuminated area of the
sample.

A useful formula for the absorption coefficient of silicon is provided by the
expression of Rajkanan et al. [29]:
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Figure4 The dopant concentration dependence of the room-temperature minority-carrier mobility in GaAs.
Full symbols: electron mobility in p-type GaAs; data from [21]. Empty symbols: hole mobility in n-type
GaAs [23]. The dashed lines show fits to the data with the expressions

log pun = 0.16(log Ny)* — 5.93log Ny + 58
log p, = —0.0575log Np + 3.416

where Np and N, are the donor and acceptor concentrations incm™3.
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Figure 5 The majority-carrier mobilities in InP [26]. Full symbols correspond to electron mobility, empty
symbols to hole mobility. Room temperature (300 K) data are shown by squares; data at 77 K by triangles.
The room-temperature data were fitted with a Caughey—Thomas-type expression with parameters shown in

Table 9.

o) = 3" {hv — Eg(T) + Bp}?  {hv — Ey(T) — By}

i=1,2
=12

{exp(EpkT) — 1} {1 — exp(—EpkT)}

+ Ag{hv — Eq(t)}'/?
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Table 9 Parameters in Equation (12) which were used to fit the room-temperature electron
and hole mobilities in InP

Mmin Ho Nref o
Electrons 4990 4.02 x 1017
Holes 0 168 1.24 x 1018 0.433

> r
b
(2]
=
Q
-
£
-
=
2
-l
depth

W

e e e J

e are 2

faava ¥, 3

4—’1'?
X OX

Figure6 Thegeometry used to discuss the light absorption in semiconductors.

where hv is the photon energy, E;1(0) = 1.1557 eV, E;5(0) = 2.5 eV and E44(0) =
3.2 eV are the two lowest indirect and the lowest direct band gap, respectively
(used here as parameters to obtain a fit to the spectrum), E,; = 1.827 x 102 eV
and E,; = 5.773 x 1072 eV are the Debye frequencies of the transverse optical
and transverse acoustic phonons, respectively, C; = 5.5, C; = 4.0, A; = 3.231 x
102ecm=teV—2,4,=7.237 x103cm—teV—2and A; =1.052 x 10°cm~1eV—2.
The temperature variation of the band gaps is described by Equation (1) where
the original Varshni coefficients @ = 7.021 x 10~%, eV/K? and 8 = 1108 K are
used for all three band gaps E;;, E,;; and Egq.

6.2 Free-Carrier Absorption

In regions with high-carrier concentration (due to doping or strong
illumination, for exampie) photon absorption can also occur by electron
transitions with initial and final states inside the same band. This free-carrier
absorption does not generate electron~hole pairs and competes with the band-to-
band transitions that produce the photogenerated current which were discussed
above. Free carrier absorption might be significant in the case of photon energies
near the band gap, and should not be included in the absorption coefficient ¢ in
front of the exponential in Equation (17). Figure 8 illustrates the different
phenomena that occur near the band edge for high doping concentrations.
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2 25 3 35
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Figure 7 The absorption coefficients of the principal semiconductors used in the manufacture of solar cells.

Full details of these and other semiconductors can be found in references [27 | and [28]. Further details of
silicon absorption are given in the text.

Table 10. The constants for the free carrier absorption coefficient in Equation (19)

K1 a Kz b
Si 2.6 x 10727 3 2.7 x10724 2
GaAs 4x10-2% 3 - -
InP 5 x 10727 2.5 - -

Based on experimental data of [30] and [31], the PC1D model, for example,
uses the following expression for the absorption coefficient due to free carrier
absorption:

apc = KinA®* + sz/{b (19)

where 1isin nanometres and the empirically determined constants K1, K,, a, and
b are given in Table 10.

7 Recombination

Recombination processes can be classified in a number of ways. Most texts
distinguish between bulk and surface recombination, and between band-to-band
recombination as opposed to transitions with the participation of defect levels
within the band gap. Recombination processes can also be classified according to
the medium which absorbs the energy of the recombining electron—hole pair:
radiative recombination (associated with photon emission), or the two principal
non-radiative mechanisms by Auger and multi-phonon transitions, where the
recombination energy is absorbed by a free charge carrier or by lattice
vibrations, respectively. An opposite process to Auger recombination (where an
electron hole pair is generated rather than consumed) is called impact ionisation.
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Figure 8 The effects observed near the absorption edge at high doping concentrations, illustrated here on
the example of n-type silicon (from reference [30], as adapted by M.A. Green, Silicon Solar Cells — See
Bibliography ).

The following sections give a brief summary of the main recombination
mechanisms with relevance to solar cell operation which are summarised
schematically in Figure 9.

7.1 Bulk Recombination Processes

A detailed discussion of the variety of the bulk recombination mechanisms can
be found in [32]. Here, we confine ourselves to a brief overview of the radiative,
Auger and defect-assisted recombination processes which are most frequently
encountered in practical operation of solar cells. These processes are depicted
schematically in Figure 9 which also shows the notation used to describe the
relevant parameters.

The rate of band-to-band radiative recombination can be written in the form

Urag = B(np — 1) (20)
where the coefficient B is sometimes written as R/n;?. Radiative transitions

between a free electron and a localised state within the band gap may also be
important in certain situations, for example in novel concepts such as the

Jinko Ex. 1025 - 14/27



IIa-2 — Semiconductor Materials and Modelling 109
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Figure 9 A schematic diagram of the principal recombination processes in semiconductors, and the notation
for the rate constant adopted in this book. The direction of arrows indicates electron transitions.

impurity photovoltaic effect. The values of B for silicon, gallium arsenide and
indium phosphide can be found in Table 11. In other situations, the radiative
recombination coefficient B can be determined from optical absorption using the
detailed balance argument due to van Roosbroeck and Shockley [33].

The rate of band-to-band Auger recombination can be written as

Usuger = (Cpop + Cron)(np — ) (21)

where the first bracket gives the two, usually most important, Auger terms.
Table 11 gives values of the coefficients C,, and Cy, for Si, GaAs and InP.

The recombination rate via defects of concentration N, with a level at energy E,
within the band gap is described by the Shockley—Read-Hall formula [36, 37]:

2
np — n
U, = ! 22
SHR T 2+ m) + w(p+ p1) (22)
where
Et—Ei) (Et_Ei>
n = n; ex = p; ex 23
1=n p< kT p1=piexp| (23)

and v, 7, are parameters, proportional to the defect concentration N, which are
characteristic for the particular defect and energy level. At low injection, 7, and
7, assume the meaning of minority carrier lifetimes. With an appropriate

Jinko Ex. 1025 - 15/27



110 Practical Handbook of Photovoltaics: Fundamentals and Applications

Table 11 The coefficients B of the radiative recombination rate (Equation (20)) and C,,¢o and
Cpo of the Auger recombination rate (Equation (21)). Sources of data: (a) [34]; (b) [32]; (c) [35);
(d) [26]

B,cm3s™! Cpp, cm®s71 Cpo,cm®s71
Si 1.8 x 107 1°(a) 2.8x 10731 (b) 0.99 x 10~31(b)
GaAs 7.2 x 10710%(a) ~1073%(c)
InP 6.25 x 10719(q) ~9 x 10731 (¢)

dependence on the doping concentration and temperature, t, and 7, are also
used extensively in material and device modelling (see reference [20], Section
1.5.3 and Section 7.3 below for a fuller discussion).

7.2 Surface Recombination

Surface recombination velocity is an important parameter which affects the dark
saturation current and the quantum efficiency of solar cells. Similarly to
dislocations and planar defects such as grain boundaries, surfaces (and
interfaces in general) introduce band of electronic states in the band gap which
can be ascribed to broken (or strained) bonds and impurities. A complete
characterisation of surface recombination must also take into account the
surface charge which may give rise to band bending. To achieve optimal
operation, surface recombination is reduced by a passivating or window layer
which prevents minority carriers from reaching the surface. Passivation of
silicon surface by an oxide layer, or the deposition of a thin ‘window’ layer of
GaAlAs on GaAs solar cells are just two examples of such practice.

For an oxidised silicon surface, surface recombination velocity is strongly
dependent on the surface roughness, contamination, ambient gases used during
oxidation and the annealing conditions. Under identical process parameters,
however, one can identify trends in the dependence of the surface recombination
velocity on the surface doping concentration. Cuevas et al. [38] proposed the
following analytical relationship between surface recombination velocity and
doping concentration:

S=70cm/s for N <7 x 107cm™3

N 17 -3

Equation (24) models several experimental results such asthosereportedin [39].

In gallium arsenide, the surface recombination velocity is very high (of the
order of 10% cm/s). The deposition of a thin layer of GaAlAs, however, reduces
the recombination velocity at the interface to 10-10% cm/s (see reference
[40], p. 41). Coutts and Yamaguchi [41] quote the values of 103-2 x 10* cm/s
and 1.5 x 10° cm/s for the surface recombination velocity in n- and p-type
InP, respectively.
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7.3 Minority-Carrier Lifetime

Under low injection — a regime of particular importance for solar cell operation —
the majority-carrier concentration can be assumed excitation independent, and
the effect of recombination can be discussed in terms of minority-carrier lifetime.
In p-type material, for example, and the recombination rate can be written as

U:l(n—no) (25)

Tn

where 1, is the minority-carrier (electron) lifetime. An analogous equation can
be written for the hole lifetime 7, in n-type material. The inverse of the lifetime —
the rate constant —is a sum of the different contributions to the lifetime:

1 1 1 1
—=— +— (26)
T  Trad TAuger TSRH

where 1 stands for 7, or 1, as appropriate. This additive nature of the
recombination rate constant is also useful when discussing the radiation damage
(see Section 8).

The effect of lifetime on transport properties by carrier diffusion can be
discussed in terms of the diffusion length defined by

L=+Dr (27)

where D is the diffusion constant for the minority carriers in question. If,
however, drift in electric field £ is the dominant transport mechanism, it is
appropriate to define the drift length as

Ly = ETppin; Ly = grpﬂp (28)

for electrons and holes as minority carriers. This parameter plays an
important role in the analysis of p—i—n junction solar cells (see Section 4.3 in
Chapter IIa-1).

The wealth of available data for crystalline silicon has made it possible to
arrive at a consensus as to the magnitude as well as the temperature and doping
concentration dependence of the contributions (26) to minority carrier lifetime
[42] The contribution to lifetime due to defects, when combined with
recombination in intrinsic material, has been empirically observed to follow the
equations

1 1 300\ 177
= 3x 10BNy } [ =
— (z,s <103 > % D)( T )

1 1 300\ %37
= 11.76 x 107N, } [ ==
rp,SRH (25 X 10_3 + x A) ( T )

(29)
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where the first term in the brackets applies for recombination in intrinsic
semiconductor. Similarly, the contribution to Equation (26) by Auger
recombination can be described by the expressions

1 T 1.18
=1.83 x 10731 2(—)
Tn, Auger F 300

1 0.72
=278 x 107*1n? (L>
rp,Auger 300

(30)

Although the concept of minority carrier lifetime is most commonly applied to
bulk recombination, a similar notion can be relevant for surface processes. For
example, the effective lifetime observed of minority carriers with uniform
concentration in a wafer can be written as

1 1 2w
—3S

= (31)

Tgf Tsem A
where S is the value of the recombination velocity, W is the wafer thickness and
Ais the area of the sample.

8 Radiation Damage

Solar cells which operate on board of a satellite in an orbit which passes
through the van Allen belts are subjected to fluxes of energetic electrons and
protons trapped in the magnetic field of the earth and by fluxes of particles
associated with high solar activity [43, 44] (see Chapter I1Id-2). When slowed
down in matter, most of the energy of the incident proton or electron is
dissipated by interaction with the electron cloud. A relatively small fraction of
this energy is dissipated in collisions with the nuclei, resulting in the formation
of a lattice defect when energy in excess of a minimum threshold value is
transferred to the nucleus [45, 46]. A proton with energy in excess of this
threshold causes the most damage (typically, of the order of 10-100 atomic
displacements) near the end of its range in the crystal. At high energy, on the
other hand, a proton creates simple point defects, and the displacement rate
decreases with increasing proton energy. In contrast, the displacement rate by
electrons increases rapidly with energy and approaches a constant value at
higher energies. Electron damage can usually be assumed to be uniform
throughout the crystal.

Some defects which are thus created act as recombination centres and reduce
the minority-carrier lifetime z. Thus, it is the lifetime 7 (or, equivalently, the
diffusion length L) which is the principal quantity of concern when the cell is
subjected to the particle radiation in space. Under low injection, the reduction of
the diffusion length L is described by the Messenger—Spratt equation (see, for
example, [47],p. 151):
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1 1
—_—_ 1K 2
2 L(2)+ P (32)

where L, is the diffusion length in the unirradiated cell, ¢ is the particle fluence
(integrated flux), and Kj, is a (dimensionless) diffusion-length damage constant
characteristic for the material and the type of irradiation.

The damage constant K;, generally depends on the type of dopant and, even
in single-junction cells, a different damage constant should therefore be
introduced for each region of the cell. Moreover, care should be exercised when
dealing with low-energy protons (with energy of the order of 0.1-1 MeV) which
are stopped near the surface and may create non-uniform damage near the
junction. Figures 10 and 11 show the doping concentration and energy
dependence of the damage constant K; for electrons and protons in p-type
silicon. Details of the damage constants for other materials can be found in
references [43], [44], [48] and [49].

Damage constants are usually quoted for 1 MeV electrons, and converted to
other energies and particles (such as protons) by using the concept of damage
equivalent. Conversion tables are available in the Solar Radiation Handbooks
which will suit most circumstances. Radiation damage equivalence works well
when applied to uniform damage throughout the cell but care should be
exercised in the case of non-uniform damage, for example, for low-frequency
protons.

The reduction of the diffusion length describes usually the most significant
part of the damage but changes in other parameters on irradiation also
sometimes need to be considered. The dark diode current I, may increase as a
result of compensation by the radiation-induced defects. This, however, occurs

10
Source of data {see notes):
Sa; Ob; Ac; Xd; Xe; Of.
v X e
€ 10° X e
: e
g e
g X o e oA
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10" 10° 10% 107

Doping concentration, cm>

Figure 10 The radiation damage constant Ky for 1 MeV electrons in p-type silicon as a function of the dopant
concentration. Source of data: (a) [50]; (b) [51]; (¢) [52]; (d) [53]; (e) [54]; (f) [55]. The dashed line
shows a fit to the data with the formula Ky, = 3.43 x 107 17N %436, where N is the acceptor concentration
inem=3,
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Figure 11 The energy dependence of the damage constant Ky in 1 Q c¢cm p-type silicon by electron (full
symbols, [55]) and protons (empty symbols, [56]).

usually at a fluence orders of magnitude higher than that which degrades r or L.
Other source of degradation may be defects created in the depletion region, at the
interfaces between different regions of the cell, or at the external surfaces.

9 Heavy Doping Effects

At high doping densities the picture of independent electrons interacting with
isolated impurities becomes insufficient to describe the electron properties of
semiconductors. As doping concentration increases, an impurity band is formed
from the separate Coulomb wave functions located at individual doping
impurities. This band gradually merges with the parent band and eventually
gives rise to a tail of localised states. Electron—electron interaction becomes
important, and the exchange and correlation energy terms have to be taken into
account for a satisfactory description of the optical parameters and
semiconductor device operation. An early overview of this multi-faceted
physical problem can be foundin [57].

In practical situations, this complex phenomenon is usually described in terms
of band-gap narrowing, with a possible correction to effective masses and band
anisotropy. Different manifestations of this effect are normally found by optical
measurements (including absorption and low-temperature luminescence) and
from data which pertain to device operation. Parameters which have been
inferred from the latter are usually referred to as apparent band gap narrowing
denoted by AE,. For n-type material, for example,
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AE,=kT In (p‘)ND> (33)

2
i

where pg is the minority-carrier (hole) concentration and Nj is the dopant
(donor) concentration.

The experimental data obtained by various methods have been reviewed in
[58] where the reader can find references to much of the earlier work. Jain et al.
[59, 60] obtain a fit for band-gap narrowing in various materials using a
relatively simple and physically transparent expression which, however, is less
easy to apply to device modelling. Values for silicon which are now frequently
used in semiconductor devices modelling are based on the work of Klaasen et al.
[61] After reviewing the existing experimental data and correcting for the new
mobility models and a new value for the intrinsic concentration, Klaasen et al.
show that the apparent band gap narrowing of n- and p-type silicon can be
accurately modelled by a single expression:

Ndop N(Inp 2
, =6. — — . 4
AE,(meV) = 6.92 1n<1'3>< 101/) +\/<1n1.3>< o007 +0.5 (34)

where Ny,, is the dopant concentration
For gallium arsenide, Lundstrom et al. [62] recommend the following formula
based on fitting empirical data:

AE; = AN) + kgTIn{Fy 5 (Ep)} — By

where I is the Fermi energy, the function F,, is defined in the caption to Table
5, and

A 2.55x 1078V (p — GaAs)
- \3.23x 108V (n— GaAs)

10 Properties of Hydrogenated Amorphous Silicon’

In hydrogenated amorphous silicon (a-Si:H), the effective band gap between the
conduction and valence band edges is around 1.8 eV but a thermal shrinking of
the band gap with temperature has been reported [63]:

Ey=Ep—y(I'—T,) y=5ks (35)
T A rigorous description of the band structure and charge carrier transport in amorphous silicon is a

complex matter well beyond the scope of this Handbook. This section gives a simplified picture in terms
of effective parameters which has been used in success in semiconductor device modelling.
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For statistical calculations, the corresponding effective densities of states can
be approximated by A, ~ ANy ~4 x 101% cm~3. In contrast to crystalline silicon,
the conduction and valence bands show evidence of exponential tails of localised
states within the band gap [64]:

kTc
Ey —E

kTy

D¢t = Deo exp( C> Deo = 0.8 % 10%1em™3 kTc =~ 30 meV

(36)

Dv¢ = Dyo exp( ) Dvo~ 1.1 x 1021em=3  kTy ~ 50 meV

In addition, there is a Gaussian distribution of dangling bond states (states
corresponding to non-saturated silicon bonds) around mid gap (Figure 12):

Nopz (E — Epg)* Ec+Ey
= _ ~ 100 V Epg= 3
Dps s exp( T2 w me DB 3 (37)

In device-quality intrinsic a-Si:H films, the density of dangling bonds Npg
ranges from 1015 to 10 cm—3.

The carrier mobility in the localised states (band tails and dangling bonds) is
negligible. The accepted values for extended states in the valence and conduction

band are u, = 0.5 cm?/V-s and p, = 10 cm?/V-s, respectively. As in other

102} extended

states
1021 .-\

100+ band tails
10%}
1018 L
101? -

dangling
bonds

Density of States (cm3 eV '1)

1015 L

PR | WO S J Y P L TS N . |

00 05 10
Energy (eV)

Figure 12 Typical density of states in a-Si:H. The states in the band tails behave as carrier traps whereas
dangling bonds are recombination centres. Only those carriers in the extended states contribute to the electron
transport[65].
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semiconductors, the electron transport is given by the drift-diffusion equations
(5) where the Einstein relations (10) apply.
The optical absorption coefficient shows three different zones (Figure 13):

e Band-to-band transitions (Tauc plot) for photon energies in excess of the
band gap (> 1.8 eV).

e Transitions involving tail states (Urbach’s front) for photon energies in the
range 1.5-1.8 ¢V,

o Transitions involving dangling bonds for photon energies below 1.5 eV.

Once the optical absorption coefficient is known, the carrier generation can be
easily calculated according to Equation (17) but it is important to note that only
photons with energies in excess of the band gap yield useful electron-hole pairs
for photovoltaic conversion.

Finally, the dominant recombination mechanism in intrinsic a-Si:H is given by
the modified Shockley-Read—-Hall equation, as applied to the amphoteric
distribution of dangling bonds:

Npa

el ) — =
£ g -Tn
not po,
10° ' - - 350
5 {
= 10 1300
< 4ot} §
- 1250 &
a8 . o
Q 10 1 -y
e e
& 1200 2
S 1 3
P 0O
s 1150 ©
a— 1l
= 10 3
- [¢)
o {1100 &
0 0L
2 10 3
. ] o
10t 50 3
107 ' =

1.0 1.5 20 25
Photon energy (eV)

Figure 13 Typical optical absorption coefficient in a-Si:H. Three different regions can be observed
corresponding to band-to-band absorption, transitions involving tail states and defect-associated
absorption[65].
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Table 12 Recombination parameters in amorphous silicon

v {em -5~ 1) o2 (cm?) o5 (cm?) o (cm?) o (cm?)

107 10715 o°/3 500° 5000

where the parameters are given in Table 12 [66].
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