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Electrical and Optical Properties

Electrical and optical properties of crystalline semi-
conductors are important parts of pure physics
and material science research. In addition, knowl-
edge of parameters related to these properties,
primarily for silicon and IlI-V semiconductors, has
received a high priority in microelectronics and
optoelectronics since the establishment of these
industries. For control protocols, emphasis has re-
cently been placed on novel optical measurement
techniques, which have proved very promis-

ing as nondestructive and even non-contact
methods. Earlier they required knowledge of the
free-carrier-derived optical constants, related to
the electrical conductivity at infrared frequencies,
but interest in the optical constants of silicon in
the visible, ultraviolet (UV) and soft-X-ray ranges
has been revived since the critical dimensions in
devices have become smaller.

This chapter surveys the electrical (Sect. 21.2)
and optical (Sect. 21.3) properties of crystalline
silicon. Section 21.2 overviews the basic concepts.
Though this section is bulky and its material
is documented in textbooks, it seems worth
including since the consideration here focuses
primarily on silicon and is not spread over other
semiconductors — this makes the present review
self-contained. To avoid repeated citations we,
in advance, refer the reader to stable courses on
solid-state physics (e.g. [21.1,2]), semiconductor
physics (e.g. [21.3]), semiconductor optics (e.g.
[21.4]) and electronic devices (e.g. [21.5]); seminal
papers are cited throughout Sect. 21.2,

21.1 Silicon Basics
21.1.1 Structure and Energy Bands

Normally silicon (Si) crystallizes in a diamond structure
on a face-centered cubic (f.c.c.) lattice, with a lattice
constant of ag = 5.43 A. The basis of the diamond struc-
ture consists of two atoms with coordinates (0, 0, 0) and
ag/4(1, 1, 1), as seen in Fig. 21.1. Other solids that can

21. Single-Crystal Silicon:

21,1 Silicon Basics................ccoeeeieiieieeiaenn. 441
21.1.1  Structure and Energy Bands........ 441
21.1.2  Impurity Levels
and Charge-Carrier Population ... 443
21.1.3  Carrier Concentration, Electrical

and Optical Properties ............... 446
21.1.4  Theory of Electrical
and Optical Properties ............... Lu7
21.2 Electrical Properties............................. 451
21.2.1  Ohm's Law Regime.................... 451
21.2.2 High-Electric-Field Effects.......... 465
21.2.3 Review Material ........................ 471
21.3 Optical Properties....................cccovueeeen. L72
21.3.1 Diversity of Silicon
as an Optical Material ................ L72
21.3.2 Measurements
of Optical Constants................... L72

21.3.3 Modeling of Optical Constants..... L74
21.3.4 Electric-Field and Temperature
Effects on Optical Constants........ L77

REFEreNCRS :...uscvvsimssasminsis smssmssrasssssossnons L78

We realize how formidable our task is — publica-
tions on electrical and optical properties of silicon
amount to a huge number of titles, most dating
back to the 1980s and 1990s — so any review of
this subject will inevitably be incomplete. Nev-
ertheless, we hope that our work will serve as

a useful shortcut into the silicon world for a wide
audience of applied physics, electrical and optical
engineering students.

crystallize in the diamond structure are C, Ge and Sn.
The important notion for the electronic band structure
is the Brillouin zone (BZ). The BZ is a primitive cell in
the reciprocal-space lattice, which proves to be a body-
centered cubic (b.c.c.) lattice for an f.c.c. real-space
lattice. For this case, the BZ with important reference
points and directions within it is shown in Fig. 21.2.

©
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Fig. 21.1 Diamond crystal structure of Si

The states of electrons in solids are described by
wave functions of the Bloch type

U(r) = ¥ ug(r),

where k is the wave vector that runs over reciprocal
space, s is a band index and u(r) is the periodic func-
tion of the direct lattice (Bloch amplitude). Both u(r)
and the corresponding energy-band spectrum E(k) are
periodic in k, which allows one to restrict consideration

(21.1)

Fig. 21.2 Brillouin zone of the f.c.c. lattice

to within the BZ. The bands are arranged so that there
are energy regions for which no states given by (21.1)
exist. Such forbidden regions are called energy gaps or
band gaps and result from the interaction of valence
electron with the ion cores of crystal. In semiconduc-
tor science the term band gap is accepted for the energy
distance between the maximum of E(k) for the highest
filled (valence) band and the minimum of E(k) for the
lowest empty (conduction) band (denoted by E ¢)- The
band gap is called direct if the aforementioned maxi-
mum and minimum occur at the same point of the BZ,
e.g. I (Fig.21.2), and indirect if they occur at different
points of the BZ, e.g. I' and X (Fig. 21.2).

Si is an indirect-band-gap semiconductor with
E, =1.1700eV at 4.2K. The calculated energy-band
structure, that is the curves of E,(k) for selected
directions in the BZ, is shown in Fig.21.3a. The
conduction-band minimum lies at six equivalent points
A on the I"'-X lines (Fig. 21.2). In some vicinity (called
the valley) of every such point the band spectrum is
quadratic in k, e.g. for the valley (100)

2 (12 2
h2 (kx _k0)2 L h (ky +kz)

E.(k)=Eo+
2m,

’

2mt
(21.2)

where kg =~ 1.727 /ag, m) and m, are the longitudinal
and transverse effective masses. The spectra for other
five valleys are obtained from (21.2) by 90° rotations
and inversions kg — —kp. Though the constant-energy
surface for (21.2) is an ellipsoid (Fig. 21.3b), the density
of states (DOS) proves to be the same as for an isotropic
parabolic spectrum with an effective mass

Mye =62/3m]1/3m;2/3 s (21.3)

which is called the DOS effective mass. Another mass,
m e, which appears in the direct-current (DC) and optical
conductivity formulas, is defined via the harmonic mean

1 1(1 2)
=—(—4+=).
Mee 3 \mp  my

For this reason, m, is called the conductivity/optical
effective mass. Equation (21.2) holds at E.—
E. < 0.15¢V, but at larger energies the ellipsoids warp
strongly, especially near the X point; the change of the
spectrum with energy is mostly due to the increasing m,
while m, increases weakly [21.6].

The valence-band maximum is at the I" point (k = 0),
where the Bloch-wave state u,((r) has the full symme-
try of an atomic p-orbital, being six-fold degenerate in
the nonrelativistic limit. The spin—orbit interaction splits

(21.4)
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off from the bare band top a four-fold degenerate p3,>
level up by 1/3 A, and a two-fold degenerate py 2 level
down by —2/3As,. The spectrum at k # 0, even at en-
ergies near the top E,y, is very complex. It consists of
three branches, which are in general nonparabolic and
nonisotropic [21.7]. At Eyo— Ey < Ago there are two
nonparabolic anisotropic p3/2-derived sub-bands with
the energy spectra

h?
Ey12(k)=Ew+ — [Ak2
2mo

+ | B2kA + C2 (K2K2 4+ K2k2 + K2K2) |,
x"y Xz Yz

A<O (21.5)

and at E,o— E, <« 2A, these is an isotropic parabolic
pi1/2-derived split-off band with the energy spectrum
R2k?
Eu3(k) = Ey— Ao+ —A s
2mg

A <0. (21.6)

Here my is the free electron mass, A, B, C and A’ are
inverse hole-mass parameters (for small Ago, A’ & A).
In (21.5) the + sign corresponds to heavy holes and
the — sign to light holes. The constant-energy surfaces
for (21.5) are warped spheres (Fig. 21.3c), the DOS is
nevertheless parabolic and is described by the effective
mass

3/2

Mgh = (mdl (21.7)

2/3
)"

where mg) 2 are the partial DOS effective masses.
Quite different masses enter various physical quan-
tities for heavy (light) holes, and are complicated
functions of A, B and C ([21.9]); however, the split-
off band is characterized by only one effective mass:
m3 =mo/|A’].

These band-structure parameters, obtained from
cyclotron-resonance data and calculations, are presented
in Tables 21.2 and 21.3. The unreferenced values of mge,
mee and m3 were calculated from the referenced data us-
ing (21.3,4) and the assumption A’ = A. Optical data for
mee are discussed in Sect.21.3, while the specific-heat
data for mye are not considered here.

Considerable uncertainty and errors in the values
of B and C have a small effect on the light-hole
effective-mass values (mq> and optical m.2) but lead
to an ambiguity in the heavy-hole effective-mass (m41
and optical mc1) values (Table 21.3). In each data
set mgy A~ me, which means that an isotropic ap-
proximation is reasonable for the light-hole spectrum.

a) Energy (eV)
5y %

X UK = r
Wave vector (arb. units)

Fig. 21.3 Electronic band structure of Si:(a) Energy dispersion

curves near the fundamental gap. After [21.8] with permission;

b) [001]
Conduction band
[010]

[100]

Fig. 21.3 (b) The constant-energy ellipsoids of the conduc-
tion band;

The experimental data [21.10, 11] and band-structure
calculations [21.12] are in good agreement; the for-
mer is used in theoretical papers on hole transport in
Si[21.13, 14].

Nonparabolic parts in the electron [21.6] and hole
spectra [21.7] lead to apparent dependence of effective-
mass measurements on the temperature and carrier
concentration [21.15]. Recently the DOS mass issue was
revisited [21.16] in connection with the intrinsic carrier
concentration.

T'Tel) ved
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This discrepancy was eliminated [21.16] by critically
evaluating measurements of #;(7") and incorporating the
latest data for the hole DOS effective mass. The re-
assessed value of n; (300 K), verified by measurements
on solar-cell devices [21.17], is 1.08(8)x 10! cm™3
(in a very recent textbook [21.18] the unreferenced
value 7;(300K) = 1.00x10'9cm=3 is adopted). This
is obtained from (21.8) using mg.(300 K) = 1.08my,
which is quite close to the tabular values presented, and
m4n(300K) = 1.15mp, which is 1.8-2.1 times larger
than the tabular values presented. Such a strong in-
crease of mgy when increasing T from 4.2 to 300K
is anticipated from the nonparabolic part of the hole
spectra [21.7].

In impure samples n # p; the charge-neutrality con-
dition is then

E, (k)1

Aso=0.044 eV Light holes

n—N;' :p—Na_ (21.9)

together with the known expressions for n, p (withnp =
ni2 holding until the carriers become degenerate) and the
concentrations of charged donors N, ;" and acceptors N,

Cross sections of holes 001 | -

g

constant-energy surfaces jo viathe Fermi energy Er and impurity ionization energies
/  holes
Table 21.1 Energy levels of impurities in Si
= 110
-2- Fig. 21.3 (c) The constant-energy warped spheres and schematic of W eV)
= the valence band Ag D 0.310 =
" A : o W
= 21.1.2 Impurity Levels A 7 0057
and Charge-Carrier Population D 0049
D
In highly purified Si electrons and holes are thermally A
generated with equal concentrations (n = p), equal to B A M5 :
the intrinsic concentration n; given by Cu iR o ibee
2 JmgemanksT \ /% E D : 0.240
ni=2 #B— exp (— g ) 5 e D 0550
4 gt D 0.400
P8} Ga A 0.065
where kg and h are the Boltzmann and Planck con- In X 0.160
stants, respectively, and T is the absolute temperature. Li D 1 0.033 sz
To assess n;(T) theoretically one should take into Mn b 0.530
account possible changes of mgen and E, with T. g B Bk
An early experimental plot of n;(T) for Si is shown s ]') '0.039
in Fig. 21.4, giving n;(300K) = 1.38x 10" cm~>. This s - -t
and the early textbook value (1.45><101°cm_3) do R o

not fit (21.8) with the established low-temperature
values of mgen and Eg(300K) = 1.1242¢V, giving ‘0 e
(0.662-0.694) x 1010 cm™3 for the best available data. A :
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Table 21.2 The conduction-band effective masses and valence-band parameters for Si

0.9740.04° 0.1940.01° 1.08+0.05 0.26+0.01
1 0916340.04°  0.190540.0001>  1.0618+£0.0005  0.2588-:0.0001
Theory 0.971¢ 0.205¢ 1.137 : R e
e = R e 1.0978 - 02780

Experiment 0.0441 +0.0048 —4.140.22 1.6+0.22 334022 0.24+0.01
CEETs e e —42810.02° = —0.75+0.04° 5.25+0.05° 0.234+0.001
—4.2740.020 —0.634+0.08" 4.9340.15P 0.234+0.001
Theory e 438 s e e e
0.04¢ —4.38¢ —1.00¢ 4.804 0.23
0.044F a4t —0.78¢ =5 480" : 0.24

2 [21.19],° [21.20], ¢ [21.21],¢ [21.22], ¢ [21.10],f [21.12], & [21.23]," [21.11]

Table 21,3 The valence-band effective masses calculated using experimental data

5 e

0.55+0.12 0.16+0.01 0.61+0.12 0.51+0.10 0.16 £0.01 :
0584002 01510001  063+002 0434001 0.14540.001
% 0.49-0.56 0.153-0.158 0.54-0.62 0.40-0.43 0.147-0.152

2 [21.19],® [21.10], ¢[21.11]

n;(cm™) Temperature (K) E4 and E, allows one to calculate Er (and hence all the
1500 700 500 300 200 100 concentrations) as a function of 7 and doping.
107 § g An impurity is called shallow if |Eqwo—
10% Ed(a)l < Eg, and deep if |Ec(v)0 — Ed(a)l z 05Eg Shal-
low group V donors (Sb, P, As) and group III acceptors
1018 (B, Al, Ga, In) are well soluble in Si [21.25]. The ion-
ization energy was calculated using the effective-mass
107 approximation, and the Bohr model for donors [21.26—
28] (Kohn and Luttinger, 1955; Kohn, 1955) and ac-
10' ceptors (Luttinger and Kohn, 1955). The value of Eq(a)
calculated in this way is insensitive to the specific shal-
10" low donor (acceptor). Actual thermal (i.e. retrieved from
electrical measurements) ionization energies are given
10* in Table 21.1. It is seen that shallow impurities have dif-
ferent ionization energies. This difference is small for
10" donors and larger for acceptors. The same trend was ob-
served for optical ionization energies, although they are
10* different from the thermal values [21.29,30]. For shallow
it _ impurities, E4() decreases as doping becomes heavier,
= 02 06 1.0 1.4 18 225 26 and becomes zero as Ny(,) approaches the corresponding
1/Tx1073 insulator—metal transition concentration [21.31].

Deep impurities (except for Mn, Fe and Zn) are
amphoteric, i.e. they act simultaneously as donors and
acceptors. For such a donor (acceptor) state, the level

Fig. 21.4 Intrinsic concentration in Si versus temperature.
After [21.24] with permission
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may lie closer to the valence (conduction) than the con-
duction (valence) band. The deep impurities are mostly
unionized at room temperature due to their large Eq(a),
so their direct contribution to n or p is negligible. The
unionized deep impurities may, however, trap the car-
riers available from the shallow impurities or injection,
thus decreasing the conductivity or the minority-carrier
lifetime. Atoms that behave in Si in this manner, for ex-
ample Au, Ag and Cu, are added for lifetime control. The
properties of these impurities in Si have been studied in
detail (see, e.g., [21.32,33]).

21.1.3 Carrier Concentration, Electrical
and Optical Properties

Concentration and Electrical Measurements
Measurements of carrier concentrations, as well as elec-
trical and optical characteristics are most tractable if
either n > p (strongly n-type conduction) or p>n
(strongly p-type conduction). Since the np product is
constant versus doping, the contribution of minority
carriers to the conductivity becomes unimportant when
Ng() increases significantly over n;. A standard route
for determining n(p) is Hall-effect measurements. The
Hall coefficient RH, measured directly on a long thin
slab in a standard crossed electric and magnetic field
configuration, is retrieved by
g Vud

IB '

where Vi is the Hall voltage (Volts), I is the current
(Amps), d is the sample thickness (cm) in the z-direction,
and B is the magnetic field strength (Gauss) applied in
this direction. There are two limiting cases. One, the
high-field regime is defined by gBt/mc > 1, where
m and T are the appropriate mass and relaxation-time
parameters, respectively. In this case

R =10~ (21.10)

1
R¥(00) = ——,
qn

Ril(c0) = L. (21.11)
qp

The other, low-field, regime holds with the opposite
inequality; in this regime

REO)=-=,
qn
RE(0) = ’—‘I‘J . (21.12)

where the constant of proportionality rem), called the
electron (hole) Hall factor, depends on the details of the

scattering process and band structure. Thus the majority-
carrier concentration is determined directly from Rgh)
using a high-field Hall measurement. For typical labora-
tory magnetic fields, this regime is attainable only with
extremely high mobility and low effective mass, which
excludes moderately and heavily doped Si, for which
very high magnetic fields are required. In some cases
the Hall factor is quite close to unity, e.g. ro = 37/8
for the phonon scattering in the isotropic and parabolic
(standard) band.

The electrical properties are fully described by the
drift-diffusion relation for the electron (hole) current
density je(n)

Je = —gnvge +qDeVn ,

Jh=¢qpvanh—qDnVp, (21.13)

where vge = — e E (vgh = unE) is the drift velocity,
ILe(h) is the drift mobility, E is the electric field strength,
and D) is the diffusion coefficient; in general, pe(n)
and De(p) depend on E. In the homogeneous case (21.13)
converts into the material equation jehy = oeh) £, where
Oe(h) = qNiLe(hy is the electron (hole) conductivity; the
total conductivity equals o = oe + on. In the weak-field
DC (Ohm) and alternating current (AC: microwave or
light, except for intense laser, irradiation) regimes, Den)
is proportional to pem) being both constant versus E,
depending on the radiation frequency .

Combining the high-induction Hall and Ohm re-
sistivity (p = ') measurements one obtains the drift
mobility

He(h) = Rgh)(oc)o‘ . (21.14)

Replacing RH(co) by RY(0) in the right-hand side of
(21.14), one arrives at the so-called Hall mobility

uth = RE)(0)0 = remytteqn) » (21.15)

which never equals the drift mobility, although it may
be fairly close to it in the cases mentioned above.
In general, to extract n(p) from RI(0), the calcula-
tion of the ren factor is completed. Magnetoresistance
(MR), i.e. p versus B measurement, is an impor-
tant experimental tool as well. Another established
method is the Haynes—Shockley experiment, which al-
lows one to measure the minority-carrier drift mobility.
In high-electric-field conditions, a noise-measurement
technique is used. A relatively novel, time-of-flight tech-
nique was used in the latest (to our knowledge) mobility
and diffusion-coefficient measurements on lightly doped
crystalline Si samples, both in the low- and high-field
regimes [21.14].



Single-Crystal Silicon: Electrical and Optical Properties

21.1 Silicon Basics

Basic Optical Parameters

The electromagnetic response of homogeneous nonmag-
netic material is governed by the dielectric constant
tensor &, which connects the electric displacement vec-
tor D inside the material to E through the material
equation D = ¢E. For cubic crystals, such as Si, ¢ is
a scalar. An effective-medium homogeneous dielectric
constant may be attributed to inhomogeneous and com-
posite materials if the nonhomogeneity feature size is
smaller than the radiation wavelength A = 27c/w. Ac-
tually, € characterizes the material’s bulk and therefore
loses its sense in nanoscale structures (superlattices,
quantum wells etc). The dependence e(w) expresses the
optical dispersion in the material. The dielectric con-
stant is usually represented via its real and imaginary
parts: € = &1 +ig3 (e2 > 0), connected to each other by
the Kramers—Kronig relation (KKR)

27 2
8](&)):1+;/m€2(9)d9. (21.16)
0

At low frequency (radio, microwave), in the absence of
magnetic fields, &1 =~ £(0) and &;, which is responsible
for dielectric loss, is small. At optical wavelengths, from
far-IR to soft X-rays, the basic quantity is the complex
refractive index /¢ = n +ik. The real refractive index
n, which is responsible for wave propagation properties,
and the extinction index k, responsible for the field at-
tenuation, are referred to as optical constants. They are
related to the dielectric constant via:

&1 =n2—k2 R
&y = 2nk ,
2
_ [+ +a
> §
2 2 1/2_
fe= (8‘+£2; £l (21.17)
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21.1.4 Theory of Electrical
and Optical Properties

Boltzmann-Equation Approach
The response of carriers in a band to perturbations away
from the thermal—equilibrium state, such as applied elec-
tric and magnetic fields or impinging electromagnetic
radiation, is described by the deviation of the carrier
distribution function fi(k,r, ) from the equilibrium
Fermi-Dirac distribution fy[E(k)]. The current dens-
ity equals js=gq [ vs(k) fs(k, r, t)dk, where vg(k) = aig(,:‘)
is the microscopic carrier velocity and the integration
is performed over the BZ. The process that balances
the external perturbations is scattering of carriers by
lattice vibrations (phonons), impurities and other car-
riers. Impurity scattering dominates transport at low
temperatures and remains important at room temper-
ature for moderate and high doping levels, although
carrier—carrier scattering also becomes appreciable. Un-
der appropriate conditions, one being that hw < E
(where E is the average carrier kinetic energy), fs(k, r, 1)
satisfies the quasi-classical Boltzmann kinetic equation.
In the opposite, quantum, range, radiation influences the
scattering process. Generalized kinetic equations, which
interpolate between the quasi-classical and quantum
regimes, have also been derived [21.34].

There exist various methods of solving the quasi-
classical Boltzmann equation. The relaxation-time
method, variational method [21.35-37] for low electric
fields, and displaced—Maxwell—distribution approxima-
tion [21.38] for high electric fields, were used in early
studies. In the last three decades the Monte Carlo tech-
nique [21.39], which overcomes limitations inherent to
these theories and allows one to calculate subtle details
of the carrier distribution, has been applied to vari-
ous semiconductors, including crystalline Si [21.14].
If hw < E, the kinetic and optical characteristics are
calculated well using transition probabilities between
carrier states, with the radiation quantum absorbed or
emitted [21.40]. The most problematic is the interme-
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