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Preface

"The frequent use of well known critical data handbooks like Beilstein, Gmelin and Landolt -Bornstein is impeded by
the fact that only larger libraries - often far away from the scientist's working place - can afford such precious collec-
tions. To satisfy an urgent need of many scientists working in the field of semiconductor physics for having at their
working place a comprehensive, high quality, but inexpensive collection of at least the basic data of their field of
interest this volume contains the most important data of semiconductors. All data were compiled from information on
semiconductors presented on more than 6 000 pages in various volumes of the New Series of Landolt - Bornstein."

With these words the aim of the volume "Semiconductors — Basic Data"., published by the present author — was
defined in the preface to its first Edition. This edition — published in two volumes in the Series "Data in Science and
Technology" — appeared in 1991/92. The 2nd Edition was published in one volume five years later.

While preparing the third edition, it became clear that a complete revision was necessary for several reasons:

— To the eleven subvolumes of volumes I1I/17 and I11/22 of the New Series of Landolt-Bornstein — published be-
tween 1982 and 1988 — eight new supplementary subvolumes (111/41) appeared in the meantime. The 19 volumes
now available comprise about 10 000 pages with more than 13 000 figures. Thus, much new data had to be included
in this collection of basic data.

— The Landolt -Bornstein series is now available on the Internet. So easy access to the data via Internet had to be
considered in the structure of this volume.

— Last but not least the possibility to combine a printed medium with an enclosed CD-ROM gives the opportunity to
improve the value of a data collection by shifting parts of the information onto the CD-ROM, thereby increasing the
amount of information substantially without an undue increase of the number of pages.

By this opportunity, a drawback of earlier editions could be eliminated: To limit the number of pages, a comprehen-
sive presentation of the most important data was only possible for the group IV and I1I-V semiconductors. All other
groups of semiconductors could only be handled very briefly in tabular form with a restricted number of figures and
without references. This drawback is now eliminated. The (printed) volume contains the basic data for all known
groups of semiconductors in suitable lenght. Figures on crystal structures and band structures supplement the tables.

Further information was shifted to the CD-ROM:

- Figures. A user of this book usually first looks for data collected in tables. Figures can supply deeper information
by presenting functional dependences, such as temperature dependence, pressure dependence, and by presenting
dispersion curves, optical spectra etc. Such additional information is now provided in about 1000 additional figures
on the CD-ROM. Presenting these figures in the printed version had required several hundred pages.

- References. The knowledge of the origin of data is necessary for the user to find the context in which the data were
measured. Thus, data presented in this volume should also contain more than 100 pages of references. These refer-
ences were shifted to the enclosed CD-ROM.

- Additional information useful for the reader but too spacious to be presented in the printed version. There are a
large number of substances (e.g. boron compounds, transition metal and rare earths compounds) exhibiting "semi-
conducting properties". A presentation of data referring to such substances in the printed text seemed to be too exten-
sive and was therefore left to the CD-ROM

Thus, the present edition differs substancially from the former editions in the amount of information and the manner

of presentation (and unavoidable also in the number of pages). To emphasize this change the title of the third edition
has been changed from "Semiconductors: Basic Data" to "Semiconductors: Data Handbook".

I do hope the users of the volume will profit from these innovations.

Marburg, August 2003 Otfried Madelung
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Introduction 1

A Introduction

1 General remarks to the structure of this volume

This volume contains basic data of semiconductors. All data were compiled from the 17 volumes of the New
Series of the Landolt-Bornstein data handbook, dealing with semiconductors. They comprise the information a
scientist working an semiconductors is needing in his every-day work.

The volume consists of seven parts (A...G).
Part A contains introductory remarks.

In part B information about the properties of the important groups of tetrahedrally bonded semiconducting ele-
ments and compounds are given. The chapters 1 ... 10 cover the elements of the IVth group of the Periodic
System and their isoelectronic analogues: the binary III-V, II-VI, I-VII compounds and the respective ternary
compounds (vac-1115-VIs, I-III-VIy, I-1V-V5, 1,-V-VI3, 13-V-VIy, 1I-111,-VI4 compounds).

The parts C, D and E cover further groups of semiconducting elements, binary and ternary compounds, respec-
tively.

Part F summarizes informations about more than 100 substances which are described in the literature as having
"semiconducting properties". Since these substances are of minor importance in semiconductor physics, the
data of this chapter are only presented on the enclosed CD-ROM.

To facilitate the use of this book a Substance Index is presented in the part G, separately for the substances in
chapters B ... E and for the substances in part F presented only on the CD-ROM.

The data presented in parts B ... E are ordered in chapters on specific substance groups. Most of these chapters
begin with a "0"-section, presenting information about the crystal structure and the electronic structure of the
semiconductors belonging to the respective substance group. Only these "0"-sections contain figures on lattice
structures and on band structure.

Sections on the properties of individual substances follow. The data are ordered under the following headings:

— Crystal structure
lattice structure / space group / modifications / high temperature and pressure phases (as far as not mentioned
in the "0"-sections).

— Electronic properties:
band structure / energies at symmetry points of the band structure / energy gaps (direct energy gap, indirect
energy gap) / exciton energies / intra conduction band energies / intra valence band energies / critical point
energies / spin-orbit splitting energies / camel's back structure of the conduction band edge / structure of the
top of the valence band / effective masses (electrons, holes) / g-factor of electrons / valence band parameters.

— Lattice properties:
lattice parameters / linear thermal expansion coefficient / density / melting point / Debye temperature / heat
capacity / phonon dispersion relations / phonon frequencies (wavenumbers) / sound velocities / second and
third order elastic moduli / bulk modulus / Poisson ratio / internal strain parameter.

Semiconductors: Data Handbook
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— Transport properties:
electrical conductivity or resistivity (intrinsic conductivity) / (intrinsic) carrier concentration / carrier mobili-
ties (electron mobility, hole mobility) /drift velocities and diffusion constants / thermal conductivity (resisti-
vity) / Seebeck coefficient (thermoelectric power) / piezo- and elastoresistance coefficients.

— Optical properties:
optical constants / absorption coefficient / reflectance / extinction coefficient / refractive index / dielectric
function / dielectric constants / piezo- and elastooptic coefficients.

— Impurities and defects:
binding energies of impurities / energy levels of impurities, defects and complexes or of deep centers.

The following restrictions should be taken in mind when using these tables:

— Only figures on crystal structure, band structures and Brillouin zones are shown in the printed part of this
book. About 1000 further figures on the temperature dependence of semiconductor parameters and on optical
spectra as well as all references are left to the enclosed CD-ROM. Such figures are printed in italics with the
addition (CD), e.g. Fig. 2.3.4 (CD). Figures in the "0"-sections of the printed volume are referred to with the
page number.

— Physical data can be judged confidentally only by added information about measuring and evaluation me-
thods., about the reference the value has been taken from etc. All this valuable information is lacking in the
printed chapters because of the restriction of the number of pages. Adding such information in the present
book had surpassed the frame of this volume.

— The data presented here have often to be chosen from several values, given in the Landolt-Bornstein volu-
mes, if no unique choice had been possible for the author of the respective chapter. In such cases the "most
reliable one" - according to the judgement of the author of this book - or the "newest one" has been listed.

CD-ROM

This book contains a CD-ROM with the full content of the printed pages and additionally more than 100 pages
of references and about 1000 figures. Thus the reader can gain information in three stages:

— firstly be inspecting the tables of this book,

— secondly by getting additional information from the CD-ROM,

— finally by referring to the 17 Landolt-Bérnstein volumes on semiconductors or their Internet version or — of
course — to the original papers referred to in the Reference Lists on the CD-ROM.

2 Physical quantities tabulated in this volume
Data on the following physical quantities occur in the tables and figures of Parts B ... F:

Electronic structure
Brillouin zones:

Brillouin zones for individual semiconductors are shown in the "0"-scctions at the beginning of a chapter dea-
ling with a group of semiconducting materials. Symmetry lines and points within a Brillouin zone are designed
by letters (I', X, L., X ...). Subscripts to these letters designate the irreducible representation of the respective
energy state (1, 1',2, 12, 25"...).

Semiconductors: Data Handbook



Introduction 3

band structure:

The function E(k) gives the energies of a band state at a wave vector & in the Brillouin zone. Instead of the va-
lue of k often the respective symmetry designation in the Brillouin zone is given (E(I'y5) ...). Figures on band
structure show the values of £(k) along axes and at points of high symmetry.

band structure and exciton parameters:
band energies (unit ¢V):
Eoi By energies of the edges of conduction and valence bands, respectively.

Eg energy gap between conduction and valence band. Further subscripts refer to: dir: direct gap, ind:
indirect gap, opt: optical gap (threshold energy for optical transitions), th: thermal gap (energy gap
extrapolated to 0 K from transport measurements), ||, L electric field parallel or perpendicular to a
crystal axis; L(T) superscripts for longitudinal (transverse) exciton energies.

A mostly spin-orbit splittings of energy levels (subscripts 0, so, 1, 2 and dashes (') refer to the location
of the level as explained in the tables),

also other splittings of energy levels (cf: crystal-field splitting, camel's back parameters (see below)
..... ).

Ey ... the letter £ with other subscripts refers to intra- and interband transitions (critical points) as explai-
ned in the tables (Ey, £, E3 ...).

exciton energies (unit eV):

Ey, binding energy of an exciton.

ox energy of the excitonic gap (defined as energy gap minus exciton binding energy).
E(1S) energy of the exciton 1S state; excited states are designated by E(2S), E(2P) ....

E v longitudinal-transverse exciton splitting energy.

Bex exciton exchange interaction energy

effective masses (in units of the electron mass my):

My, My, effective mass of electrons (holes) defined by

E(k)=ET) + I‘zzkz/Zm,1 at the bottom of the conduction band or
E(k)=ET) - 1312/(2/2mp at the top of the valence band
where I" designates the center of the Brillouin zone. For very small effective electron masses the
parabolic approximation E e k% becomes invalid (occurence of k-linear terms).
me ... other subscripts refer to: ¢: conductivity effective mass, cr: cyclotron resonance effective mass, ds:

density of states mass, p,h: heavy holes, p,l: light holes, so: effective mass in the spin-orbit split
band, (X ...): effective mass at symmetry point X ...

g-factor:

ge g-factor of electrons.
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4 Introduction

special band structure parameters (mostly for tetrahedrally bonded semiconductors, see also the "0"-sections
of the respective chapters):

A,B,C  anisotropy parameters of warped energy surfaces at the top of the valence band (symmetry I'g) of
semiconductors with diamond or zincblende structure, defined by the equation

E(k) = E(T) + (R2k212mo)(A £ (B? + sC?)V2), s = (ky*ky? + ky?h,? + kP kg

The £-sign refers to the two bands into which E(T'g) splits for & # 0. By spin-orbit splitting a second
valence band of T'g,['7-symmetry is situated below the degenerate I'g-valence band.

my, m,  longitudinal and transverse effective masses defined by the equation
E(k) = E(ky) + h3Kx3/2m" + hz(KyZ +x,2)/2m,; where K=k — ko and K, || ko, Ky, K, L ko, if the band
minima are situated at k # 0 along a symmetry axis (A or A) (ellipsoidal energy surfaces).

kj, ki ... parameters of the camel's back structure at the bottom of the conduction band in several zincblende-
type semiconductors defined by the equation

E(k) = hzk”2/2m| 2k 22my - (A2)% + ,
+ A()h2k2/2M|)“2

with k) and k| : components of the wave vector
parallel and perpendicular to the [ 100]-direction,
respectively, my: effective mass perpendicular to

the [ 100]-direction; Aq : parameter describing the
non-parabolicity; all other parameters are ex-
plained in the figure (right).

ks ki also components of the k-vector near the top of the
valence band in semiconductors with wurtzite lattice, defined by
E(K) = E(Tg) + aky? + bk, 2,
Ey 3(k) = E(Te) £ A2 + ckP+ dk | 2 £ (A2 + kP + dk 22 + (kP + d'k 212
E1(0) and E; 3(0) are separated by the crystal-field splitting energy A (Acp).
Lattice properties
static lattice parameters:

a, b, ¢ lattice parameters (unit A or nm)

o, B,y  angles

o linear thermal expansion coefficient (unit K1
d density (unit g cm=3)

T melting temperature (unit K)

Tyec decomposition temperature (unit K)

C)) Debye temperature (unit K)

Cp, Cv heat capacities (unit J mol_lK_l)
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Introduction 5
dynamic lattice parameters:

v(k) phonon dispersion relation (dependence of phonon frequency on wave vector), instead of k often the
reduced wave vector £ = k/kpyay is used

V. V phonon frequency (unit s7!), wavenumber (unit cm=)

hv photon energy (unit eV)

Subscripts to the frequencies (wavenumbers) refer to transverse and longitudinal optical and
acoustic branches (TO, LO, TA, LA) and to the symmetry points in the Brillouin zone as for the band structure
energies. Further subscripts refer to Raman active (R) and infrared active (ir) modes.

v; sound velocities (unit cm s1)

Clms Clmn Second order and third order elastic moduli (unit dyn cm=2)

B bulk modulus (dyn em2) (Subscript S: adiabatic bulk modulus)
G shear modulus (unit GPa)

E Young's modulus (unit GPa)

v Poisson's ratio (dimensionless)

g internal strain parameter (dimensionless)

Transport properties

R resistance (unit )

Ry Hall coefficient (unit cm3 C1)

o, (o)) (intrinsic) electrical conductivity (unit Qlem™)

p electrical resistivity (unit € cm)

K thermal conductivity (subscript L: lattice contribution) (unit W cm ! K71

En activation energy (mostly for temperature dependence of conductivity) (unit eV)

n. p, n; electron and hole concentration, intrinsic carrier concentration (unit cm™)

Uns Hp electron and hole mobilities, respectively (unit cm? V~'s1). Further subscripts refer to: dr: drift

mobility, ¢: conductivity mobility, H: Hall mobility, ||, L: parallel (perpendicular) to a principal axis

Up, Uy drift velocities of electrons and holes (unit cm s~')

S Seebeck coefficient (thermoelectric power) (unit V/K)
Tk piezoresistance coefficients (unit cm? dyn=')

mig elastoresistance coefficients (dimensionless)

eix» dixs Zik» Mk piezoelectric coefficients

Optical properties

K absorption coefficient (unit cm™ 1

R reflectance (dimensionless)
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6 Introduction

n (real) refractive index (dimensionless)
k extinction coefficient (dimensionless)
& €k dielectric constant (component of the dielectric tensor); subscripts and brackets refer to: 1: real part

of the complex dielectric constant, 2: imaginary part of the complex dielectric constant, 0: low fre-
quency limit, eo: high frequency limit, |

, L: parallel or perpendicular to a crystal axis

Ty piezooptic coefficients (unit cm? dyn~")

Pik elastooptic coefficients (dimensionless)

Fik linear electrooptic constant (unit m/V)

Ry quadratic electrooptic coefficient (unit m2/V?2)

d(SHG)  second order nonlinear dielectric susceptibility (unit m/V) (SHG = second harmonic generation)

Xijklm third order susceptibility (unit esu)

Impurities and defects
Ey binding energy of donors (£, — £4) or acceptors (£, - Ey)

E for deep levels the type (d, a) is given; positive values refer to the valence band edge, negative va-
lues to the conduction band edge
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B Tetrahedrally bonded elements and compounds

1 Elements of the IVth group and IV-1V compounds

1.0 Crystal structure and electronic structure

1.0.1 Crystal structure
The semiconductors C (Diamond), Si, Ge, Sn (grey tin) crystallize in the diamond lattice.

In this lattice each atom is surrounded by four nearest neighbors which lie with equal distances at the corner of
a tetrahedron (Fig. 1.0.1). The lattice can be seen as two interpenetrating face-centered cubic lattices (Fig.
1.0.2).

The space group of the diamond lattice is Oy,” — Fd3m.

Fig. 1.0.1. Orientation of tetrahedra Fig. 1.0.2. The diamond lattice. The elementary cubes of
in the diamond structure. the two face-centered cubic lattices are shown.

Carbon also occurs in a hexagonal modification (graphite, Fig. 1.0.3); tin crystallizes at room temperature

normally in a tetragonal modification (white tin, B-Sn, Fig. 1.0.4), whereas the diamond-like grey tin (0-Sn) is
stable only below 13.20°C.

\;§ Fig. 1.0.4. Unit cell of the white tin lattice

Fig. 1.0.3. The graphite lattice
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8 1 Elements of the IVth group and IV-IV compounds

Semiconducting phases also occur in silicon carbide. In this binary compound the energy differences between
cubic, hexagonal and rhombohedric structures are so small, that a large number of polymorphic modifications
occur. More than hundred different polytypes exist. In all polytypes every atom is surrounded by four atoms of
the other species.

The polytypes of SiC can be described in terms of a hexagonal system, the stacking order along the c-axis dif-
fering from polytype to polytype; the cubic form fits into this system by taking the [111] direction as "c-axis".
Fig. 1.0.5 shows the elementary cells of the 3C (cubic, zincblende, B-SiC), 2H (hexagonal, wurtzite, o-SiC),
4H and 6H polytypes. Other hexagonal (H) and rhombohedral (R) polytypes occur.

Fig. 1.0.5. Elementary cells of 3C,

2H, 4H, 6H structures. The 3C

. structure is also drawn in the hex-

agonal cell. Stacking sequences

- are indicated.
c
¥ A
4 c
] 8
A A
O

1.0.2 Electronic structure
General remarks on the band structure of elements with diamond structure:

The Brillouin zone of the diamond structure is the Brillouin zone of the face-centered lattice, Fig. 1.0.6. Sym-
metry lines and points within the Brillouin zone are designed by letters (I', X, L, A ...).

The qualitative band structure is shown in Fig. 1.0.7 along the A and A axes in the Brillouin zone. Subscripts
to the letters defining the location of a given energy state in the Brillouin zone designate the irreducible repre-
sentation of the respective state (1, 1', 2, 12, 25"...).

Conduction band edge: Fig 1.0.7 shows only the topological con-
nection of the subbands of the conduction band. Two possibilities
are to be considered in connection with the band structure of group
[V elements:

Lowest band state at I': In this case the energy E(k) can be ap-
proximated near the band edge by a scalar quadratic k-dependence:
E(k) = E(T) + h2k2/2my,.

Fig. 1.0.6. Brillouin zone of the diamond lattice.
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1 Elements of the IVth group and IV-IV compounds 9

Fig. 1.0.7. Qualitative picture of the band structure of a
semiconductor with diamond structure (a) without inclusion
of spin, (b) with spin taken into account. This qualitative
shape applies both to the valence and the conduction bands.
The symmetry symbols are the same for the two cases ex-
cept where valence band symbols differing from those for
the conduction band are shown in brackets. Where a point
or line is labeled with two symbols without brackets, it
means that symmetry arguments alone cannot distinguish
between the two possibilities. Degeneracies of the band are
27/a given in brackets.

Tys | (M)

@)

Ly(Ly)
1

Ly () 37 & )

Ly(Ly')
m

w/a

LoeL @)
(LT+HLE) % @)
L (Le) 4 .
Lowest band state along a symmetry axis (A or A):

In the case that the lowest band state lies at a point kg at
a symmetry axis the band edge can be approximated by
E(k) = E(ko) + W2 i22m + hX (K, + &,2)/2m | where K

Lt @

T [0

T/ 2%/a

=k — ko and K || ko, Ky, K, L ko (ellipsoidal energy sur-
faces).

Valence band edge: In all group IV elements the top of the valence band is situated at the center I' of the Bril-
louin zone (T5). According to Fig. 1.0.7 this state is triply degenerated if the spin-orbit coupling can be ne-
glected. Taking spin into account the (now sixfold degenerated) state splits into the fourfold degenerated I'g”*
state and a lower lying twofold degenerated I';" state, separated by the spin-orbit splitting energy Ag,. Atk # 0
two subbands (degenerated at ') build the band edge. Their energy can be approximated by

E(k) = E(D) + (RPk2/2m)(A + (B2 + sC?)V2), s = (kyZky® + ky?h,? + k2 2k
The +-sign refers to the two bands into which E(I'g") splits at k # 0 (warped surfaces).
Special band structures:

According to Figs. 1.0.8 ... 1.0.13 the semiconducting group IV elements and TV-IV compounds show the fol-
lowing band structures:

Diamond and silicon are indirect semiconductors, the lowest minima of the conduction band being located on
the A-axis.

Germanium is an indirect semiconductor too, but in contrast to C and Si the lowest minima of the conduction
band are located at the endpoints L of the A-axis.

Grey tin is a zero gap semiconductor, where the top of the valence band and the bottom of the conduction band
are degenerated.

Silicon carbide is an indirect semiconductor, the lowest minima of the conduction band being located at the end
points X of the cubic axes (X in the cubic polytype, K in the hexagonal 2H polytype).

The valence bands of all five semiconductors are identical as shown in Fig. 1.0.7 (warped surfaces).
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