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Chapter I

Introduction

The first of the III-V compounds to be reported was InP,
1)

prepared over sixty years ago by Thiel and Koelsch.

Hugginsz)

pointed out in 1926 that binary compounds formed between group
ITIb and group Vb elements should crystallize in a form similar
to the diamond structure taken up by the group Iv semiconductofs,
and this was confirmed by the experiments of Goldschmidt?) The
fact that one of the compounds, InSb, is a simiconductor akin

to germanium and grey tin, was reportéd in 1950 by Blum et al?)

)

and by Goryunova et al? Welkeré) however, appears to have been
the first to appreciate the importance of the III-V compounds as
a new family of semiconductors, when in 1952 he described the
semiconducting properties of severai of these compounds and drew
attention to some of their special properties, such as the very
high electron mobility and small energy gap of indium antimonide.
Wbrk on III-V compounds has given us‘much inférmation about

those physical processes which cannot be studied on germanium

and silicon. The particular features that attracted interest
were the low effective mass, which revealed itself by a very high
electron mobility, and the ionié component in the crystal binding.
After the first exploratory research, nearly all of the work was
limited to InSb, partly because.this was an almost ideal vehicle .
for such gtudies, but also because it was easy to grow InSb
 single crystals. As a result the technology of InSb édvanced

to the stage that the best material made a year or so ago compared



well in impurity content with the purest germanium and silicon.
The technology of the other compounds fell far behing this, for
the purification was very difficult and there was no great in-

centive to work in this field.

The invention of the semiconductor laser and the discovery
of the Gunn effect have caused a marked change in this situatioh.
There is now an increased prospect of industrial application
of these materials, and we may expect a growing interest in
GaAs, GaP, and compounds or alloys of compounds which can emit
visible or microwave radiation. It is useful at this stage to
assess our present knowledge, and to point out areas where the
evidence is insufficient or confliciting. These tasks are attempted
in the thesis, with a nu@ber of articles giving detailed treat-
ments of specific aspects of the subject. Especially, phenomeqa
in substitutional solid solutions of III-V compounds is an ims
portant object in this thesis. R

This introductory article serves a rather qualitative
purpose. It is more general in scope, and more speculative in
its approach. It deals with three of the most important features
which have led to our interest in IITI-V compounds, that is, details
of conduction bands, effectite charges and crystal binding, and
phenomena in solid solutions.

As the interest in compounds shifts toward the variation
of band structure in substitutional solid solution, a knowledge
of band structure becomes more important. The family of III-V
‘compounds has some members with a direct band gap and some with
an indirect gap, and in order to predict the band structure of
alloys.of compounds it is necessary to know not only the energy

of the lowest conduction bands minimum, but also the energies



of the higher minima. For;unately we can derive much of the
required information by combining the results of various eiperi—
ments. The energies of twd of the three important vertical
transitions, X_ - Xl’ and L3 - L., can be measured or estimated

». 5 1
by ultraviolet reflectivity, and determinations of these energies

have now been made for all  the:better known compounds7)

The
energy difference between 1715 - r7l can also be found by optical
‘techniques. Moreover, some inter-conduction band transitions
from the lowest minimum to the higher minima, that is, l’l - Xl
and r1 - L and be studied by the infrared transmission measure-
ment ‘and by the Hall effect measurement.

| In a compound like GaP, where the lowest energy transition
between the conduction and valence bands is the indirect one
from f’l - Xl’ we can deduce the.felative positions of ”l and '
Xl from optical transmission or from the spectral response of
the photosensitive barrier‘at a metél—semiconductor interface.
We cannot find the position of Ll in the same way. In the direct
gap materials, GaAs and GaSb, the minima at X and L are not much
higher than F’l and their position can be determined by Hall
effect measurements and by a study of the pressure dependence of
resistivity. The powerful method determihing the band structureg
is the reflectivity and transmission measurement in the region
of visible light to 1nfrared one.

As an example we take the band structure of the three gallium

compounds. The direct transitions have been established with .
good accuracy by a number of workers. The conduction band

structure of GaAs has been studied by Sagar an MlllerB)

19)

and by

Becker et a and the two sets of results are in good agreement.
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In the present work, the transition of conduction electron from
the ]41 lowest minimum to the Ll one has been established from
the Hall effect measurements in fairly pure n-GaSb. A recent

10)

investigation by Zallen and Paul on the optical properties

of GaP has given the[y-Xand [s-[ienergies with good accuracy,
and the results agree will with those of Nelson et al%l)
The direct transition 1415 - T’lin GaAs has been established

12) p13)

by the transmission measurements of Sturge. Ehrenreic

has calculated the energy difference between r7l and Xl from the

high temperature behavior of the Hall coefficient, and he finds
this to be 0.36 eV at low temperature. Spitzer and Meadl4)
give a slightly smaller value, 0.28 eV at 300 %,
Optical properties of GaASl—XPX solid solutions near the
intrinsic absorption edge were studied by many authors as shown
in Fig. 1. The dependence of energy gap on composition might
be represented in the form of two séraight lines intersecting
near x=0.4. It is understanding that the experimental data can
be devided into the two types, thatiis, of the direct transitidn
and of the indirect one. |
The interconduction band transition from T’l minimum to
Xl minima has been observed in some III-V compounds by many
authors%5) In GaAs, the energy separation between T'l minimum
and Xl ones was determined tq be 0.36 eV in the infrared optical
measurement. It has been found for n-type GaAsl_XPX solid
solutions with GalAs rich composition that fhe additional‘infra-
red absorption arises from the transition of conduction electron

from the T’l minimum to the Xlones. The linear dependence of

the threshold energy on composition hag been confirmed and this
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Fig. 1 Dependence of thresholds for direct and indirect

transitions on composition x in GaAsl__XPX

is relating to the linear change of ,band structure in GaASl-xPx
solid solutions as expected from the observation of the fundamentall
absorption edge.

The absorption spectra for GaAsl_XPX solid solutions have
been studied in detail in the infrared region as described in
chapter IV, along with the electronic transition from the impurity
level to the conduction band, the optical absorption due to
lattice vibrations and the free carrier absorption.::

It can be seen from the periodic table that group IIIb
atoms have three electrons with an szpl~configuration outside
~a core of closed shells, and that»groupFVb atoms have five
electrons‘in‘a“32p3—configuration. Between them, therefore,
the III and V atoms have an éverage of four vaience electrons

per atom available for binding. III-V compounds with'the
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zinc-blende structure do indeed have properties rather like
those of the group IV crystals, diamonds, silicon, germanium,
and grey tin, in which covalent bonds are formed between

tetrahedralép3

-hybrid orbitals.

In IIT-V compounds, three idealizéd possibilities for the
crystal bonding may be considered;;covalent binding, ionic bind-
ing and neutral binding. For covalent binding each V atom donates
an electronto a III atom, so that vt and III” ions are formed,
each with four valence electrons. These combine into sp3f |
hybrids and tetrahedral bonds are formed, as in diamond. There
will, however, be an additional electrostatic attraction between
the charged ions. For pure ionic binding we may suppose'that
the ITITI atoms donate three electrons to the V atoms, forming
III3+ and VB' ions, each with gpherically symmetrical closed-
shell configuration. - These ions wo%ld be held together in the
crystal by purely electrostatic forces. In the neutral bond%6)
the III atoms retain three electrons and the V. atoms five so
that theré is no charge difference between the atoms. These
three bonding schemes represent simplified ideal cases and the
actual bonding will not correspond exactly to anyrone of them.
It appears that the bonding in TII-V zinc-blende structure .
crystals is near to the neutral bonding scheme but with a
varying degree of charge difference between the III and V atoms
in the different compounds. It is not immediately obvious,
however, whether electrons will tend to be transferred from fhe
IIT to the V atoms or vice versa. In the: thesis, some of the

evidence on the partially ionic scheme of the crystal bonding

will be described in chapter IV.



Generally, the wave f&nction of the valence electrons in
a III-V crystal may be represented by means of a linear com-—
bination of the wave functions of the idealized covalent and
ionic structufes%7) As an ionic component increases relative
to a covalent one of the wave function, the bonds become polar-
rized towards the V atom, and a certain value of the proportion
of ionic component fo the covalent one will correspond to a
neutral bond. The other value of its proportion will result
in a charge difference between the III and V atoms. Then the
effecfive charge, e* might be defined as the total charge within.
the III atom sphere. Therefore ideally e* would be zero for
neutral binding, -e for covalent binding, and +3e for ionic
binding.

The simplest method of measuring effective charge uses far
infrared reflectivity. The shape and position of the reflectivity.
maximum give the low frequency and High frequency dielectric
constants and the transverse optical mode frequency. The square
of the effective charge can then be calculated%B) Also the
X-ray diffraction experimentlg) givés both the magnitude and
sign of the effective charge. In chapter IV, the precise measure-
ments of X-ray intensity on the GaAsl_xPx solid solution will
be reported and the advanced method of the determination of
effective charge will be discussed.

If there is a transfer of charge between the atoms in III-V
compounds, we may expect this to be related to the electro-
negativity of the two kinds of atom. Electronegativity is the

power of an atom in a compound to attract electrons to itself,

and electrons will tend to be transferred from atoms with low



electronegativity values t; those having higher ones. There
is no general scale of electronegativity, because the electro-
negativity of an atom depends on the kind of bond. For a'given
type of bond, however, it should be possible to construct a
self-consistent electronegativity soalezo) as shown in Table 2.,
" We can see that the V atoms, P, As and Sb are all more electro-
negative than the III atoms, Al, Ga and In. Hence, in compounds
between these elements we may expect a tendency for electrons

to transfer from the TII to the V atoms.

Table 2 Scale of electronegativity value

B C N
2.0 2.5 3.0
Al Si P
1.5 1.8 2.1
Ga Ge © As ,
1.6 1.7 2.0
In Pb Sb

I III ; III  V

1.5 1.9 1.7 1.8 2.1
T1 Bi

I 11T :

1.5 1.9 1.8

In the preceding paragraphs we have examined some of the
evidence for the degree of charge transfer in the III-V com-
pounds and this seems to agree qualitatively Wifh the electro-
negativity values of the atoms. If we take the values of the
effective charge, e¥*, to be a measure of the charge transfer

between the atoms, we gee that this implies the following -
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sequence of electronegativities:

P> AsY Sb> Ga> In> Al (1)
ane this is in approximate agreement with the order of decreasing
electronegativity values. This implies that in the following |
series of compounds there is a progressive decrease from left
to right in the charge transferred from the III to the V atoms:

A1P, AlAs, InP, GaP, InAs, AlSb, GaAs, InSb, GaSb (2)
It is apparent that further work needs to be done in order to
decide the nature of the bonding in III-V crystals with zinc-
blende structure. The evidence of the preceding paragraph,
however, suggests that the bonding scheme may be described as
essentially of the neutral form but with some degree of electron
transfer from the III to the V atoms, the amount of negative
charge transferred decreasing with the various compounds according
to the sequence (2). We may think of each III-V bond as basically
a two-electron covalent bond bﬁt wiéh some polarization towards |
the V atom. The degree‘of polarization is such that the contri-
bution from the four bonds puts a.ngt negative charge on the V
atomé, leaving an equivalent positiVe Charge on the ITII atoms.
The polarization of the bonds will increase with the difference
in electronegativity of the III and V atoms, giving rise to the
sequence (2) of relative charge transfer in the different compounds.
As above mentioned, it is seen that the effective charge
is greatly related to the electronegativity. This conceptich
is more important to describe the formation of substitutional
so0lid solutions of iII-V compounds. As suggested by 0. G
Folberthgl) the polarization effect is connected with the for-

mation of solid solutions. Instead of the parameter given by
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¥

0. G. Folberth, it is assumed that the quasi-chemical inter-
change energy,JZ , can explain some peculiarities which are
connected with the formation of solid solutions as following.

Let us consider two kinds of III-V compounds, that is, AIIIBV

and DIIIEV. Since the amount of charge transfer varies from
compound to compound and the differences in the electrostatic
attraction alters the bond length. Thus the change of the
internal energy in the quasi-binary.compound seems to be caused
mainly from the electrostatic part of crystal bonding. In the

similar manner for the quasi-binary system, the interchange

energy may be related to the'differenCe of the electronegativities

Table 3 List of 7 and (4a)

max

AlP AlAs AlSb GaP GaAs GaSb InP InAs InSb
A1P 4,27 12,9 0.37 4.I1 12,2 8,08 11.5 19.3| __
AlAs | 18.1 8.35 3.88 0.15 7.65 3.64 7.00 14.4| &
A1Sb| 113  40.0 12,5 8.52 0.65 4.54 1.27 5.59 | .,
GaP | 0.02 17.4 110 3,72 11.8 7.67 11.1 18.8| &
GaAs | 20.1 0.02 38.0 18.7 > 7.81 3.80 7.16 14.5 E§
GaSb | 116 42.0 0.02 113 40.0 3.86 0.61 6.28 | —
InP | 0.90 27.8 134 1.22 29.5 138 3,23 10.3
InAs | 11.4 0.90 52,9 10.4 1.22 55,2 18,7 6.93
InSb| 94.2 28.9 0.90 91.2 27.2 1.22 113 40.0

4 x 107

between III-V compounds by the equation,
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A) = Rooe [Higoe — 5 (Hasas + Hoee)]

A? B) | . 3

i

2
and 7 = [0a-Ke)— -G |, “@

where A is the constant. Table 3 shows the value of 7 for
each quasi-binary system. The quasi-binary system with the
smaller value of 47 is easily expected to'have a tendency
forming solid solution. The advanced treatment will be dis-
cussed in chapter II.

In thesis, the terms of "mixed crystal", "substitutional
solid solution" and "solid solution" have been used in the sam?.

meaning.
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Chapter II

Phase Diagrams of the Quasi-Binary Systems containing
ITI-V Compounds ‘

1. Quasi-binary phase diagram of III-V compounds

' 1-1) Introduction

A number of the III-V quasi-binary systems has been studied
previously, since it is very important to give careful consider-
ration to the phase equilibria. Solid solutions of these com-
pounds in each other would provide semiconductors with a
continuous range of properties such as energy gap and carrier
mobility. In addition, knowledge of~fhe solubility limits,
when a complete mutual solid solubility is not realized, is very
important to investigate on the nature of the chemical bond.

The first work, carried out in 1953, showed the absence of
solid solutions in the system InAs—InSb%) On the other hand,.
tﬁ% formation of substitutional solid solutions over the entire
goncentration range of this system was reported in 1958?) Simi--
larly, studies were followed by many authors which established
the phase diagram of these quasi-binary system. This work
contains the experimental determinations of the quasi-binary
phase diagrams of GaAs-GaP and GaAs-GaSb system.

However there have not been any considerations whether a
continuous éolid solution exists in the quasi-binary system.
The‘thermodynamic properties for these systems are discussed and

- the fesﬁlting expression is applied to the GaAs-~GaP, GaAs—GaSb,,
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.
and other quasi-binary system.

1-2) Theorétical‘Backngund

It is well known that the binding energy between the III
and V atoms is very strong and two kinds of atoms form a
stoichiometric compound. Additively, in the quasi-binary system
 of these III-V compounds, the third species of atoms can be
only substituted for the same group of atoms, that is, the quasi-
binary compounds, AIII(B¥QXCX), are stoichiometrically formed.
Vieland's regular solution method of treating the equilibrium
between a liquid and a binary compound of virtually invariant
composition can be generalized to ternary systems of sub-regular
solutions. The liquidus becomesva surface and the solid phase
field, a line in the binary s&stem, becomes a plane. The equi-
librium treated is between the liquid and III-V mixed crystal
solid solution, AB-AC in the quasi—ﬁinary section. The chemicai

potentialé in the solid phaseB) are

Mag = /u/stg + RT LnisX® )
: |
Mic = MAC + RT £ % (-X5), @

where X° is the mole fraction of AB in the solid solution. In
this case, it is assumed that each of A-B or A-C atoms pair is
~a molecule, B or C, respectively. Hereafter the approximation
may be called as a molecular-like pair modei (MLP model). . The

chemical potentials in the liquid phése may be expressed as:

pf = o s RT v Ny, i=ABc e
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)
where /110 is the chemical potential in the standard state of

;”Ni=l and 7& is the activity coefficient of component i. At

équilibrium, | _ ;
/UAB = /M4 + /A; ) . @) :
/,usc = /(,(,4 -+ M . : o (L)

irifegral molayr
The .free energy of liquid is given by

¢¢ = wanpif + A/a/l/+ /Vc//(c(. ‘ &)

In the quasi-binary section, always assuming that NA is 0.5

integral molar
and NB+NC=O.5, theAfree energy may be expressed as:

G—p = Mg [/L{A(* /L(’(] + Me [//,1/# //{c/] . c7)

Then the composition changes only in the section of NA=O.5,
and the free energy is given as an Uni-variable function of com-
position, The above equation is assumed to be written by the

compositive chemical potentials,‘ #2&__'8 and/z( kC as
GI= Xj /lnf + (/—X;p)//l4f )
where Xl is the mole fraction of the composite, AB and
pif = pii R o
/442( - i + /46{ | )

As above discussed, the équilibrium of liquid and solid in
the quasi-binary section can be treated similarly to a AB-AC
binary system (hereafter B-C binary system). In fact, the

agssumption seems to be reasonablé in the system containing ITI-V
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compounds.
Assuming that the solution constituted by two cbmponents,
B and C, is regular, the chemical potential of each component

is expressed by
/Ua = /L{B' -(-PT»&@ Xp + (- Xp0%, (0 ) cir)

Me = pé + RT LnXe + Cr—Xxe)2 ), crz)

where XB is the mole fraction of B, ) is the quasi-chemical
interchange energy and }4; is the chemical potential in the

standard state of Xi=l'

The change in the free energy on fusion can be approximately

written as:

‘Ach = AHye (1 - VTm-/’-i ) Zn
where

CAHfi = Tmpe Ay )

and AHfi and ASfi are the enthalpy and entropy of fusion respec-

tively, and Tm is the melting point of pure substance, i.

.1
An estimate of ihe entropy of fusion of GaAs can be obtained by
a comparison with the entropy of fusion of Ge. The entropy of
fusion of GaAs would be expected to be approximately twice.the
entropy of fusion of Ge(6.7 e.u.) plus a mixing entropy term of

R 1n 4; about 16.2 e.u. as shown by the equation,

ASf (afs) = 2854(Ge) +Rbnt K

Similarly, the values of the entropy of fusion for the other III-V
compounds can be obtained as shown in Table 1, where the other

data reported by previous authors are listed.



'~ Table 1 Values of entropy and enthalpy of fusion

Melting Point ASf (e.u.) He (kcal/gmole)
Compound T, (°c)- Val Literat
P Value estimated Literature value alue therature
, estimated value
A1P 2000 2084(Se) + Rin4 17.03 48.64
AlAs 1600 £S5 (St)+AS4(Ge)+ Rind 16.25 30.44
A1Sb 1080 ASf(Si) +AS4(Sn) + R4 15.08 20.40 14.2 (20}
GaP 1540 2S4S +AS(Ge) RIE  16.25 | 29.45 B
| . 14.7(3) 13.9(21)
GaAs 1238 2854(Ge)+Rin4 15.47 | 15535 1.4 (2%) 23‘.38 21 (20]
GaSb 712 A S¢ (Ge) + ASH(Sn)+ R4 14.30 : 14.10 12 (20]
InP 1060 ASE(SL) +ASf(Sw)+RE4  15.08 20.10 12 (20)
L 21.4(21)
InAs 942 S (Ge) + ASH(S») + Rbng 14.30| 14.7(3) 10.4(22) 17.38 26 (20}
, 11.5 (24
12.2(26) 11.3 (23
InSb 530 248¢(Sn)+ Rén 4 13.12| 13.3(3)  11.9 (22 10.53 13% ESS}
o | 14.1(25) 14.4 (24 :

8T



Applying the MLP model in the quasi-binary system, the calcu-
lation of phase diagram can be performed in two ways. One is that

both 1iquid and solid solution are ideal. Then the liquidusvandbr

solidus can be given as a function of temperature by

X;" = {eXP[AHﬁ(T TI’CJJ}/

{ex [,AHK -r»:-pc)] exy[——f—(.,. TpB)]j “
Xg = Xi exr[%{ﬂ(‘%“-‘r':;}a)] - %))

It is apparent that the difference of compositions between solidus

and liquidus rises from the change in the free energy on fusion.
On the other hand, under an assumption of regular solution,

the condition which means that chemical potentials must be equal

for the two phases is represented ag follows.

RTLn X8 + (1= X7000 +aGpp = RTLXF +0-x50ADs , >
RTen¥2 + ¢/~ ,\’c")i@/ +AGte = RTLXE +01-X2YMDs, «%)
These equations cannot be solved analytically, but can be solved

numerically on the computer for given temperature.

1-3) Experiments and results
a) GaAs-GaP system
As is well known already, continious solid solutions are
formed in the GaAs-GaP system, and the change of their lattice
parameters with composition obeys Vegard's law4) This fact proves -

that its solid solution behaves like an ideal one. This work is
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concerned with the phase diagram of this system, and its thermo-
dynamic properties will be discussed.

Specimens of GalAs-GaP alloys were prepared by the two temper-
atures method?) and all of compositions over the system were
obtained, where these compositions were determined by powder X-ray
method. Melting points (m.ps.) of these alloys were determined

6)

using the apparatus reported by Mori et al.’ as shown in Fig. 1.

for optical —““_“Efﬂ
7

pyrometer ==

1 —

| =

Corbon Crucible

RF coil

Sample

Holder

Quartz g}bmber'
Glass Prism
(rectanqular prism) é

DAL NN -

Sighting  Glass

o~

Glasswindow

=
i

Argon Gas

Fig. 1 The apparatus for measuring melting points

It consists of a RF coil and a chamber charged with graphite boat.
The sample is heated in argon atomospher of about one atm. The |

measurement of m.P. was taken on the two color eye optical pyrometer
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and its value corrected with respect to the influence of subli-

"mation of volatile components. The results are shown in Fig. 2,

in which dotted lines are theoretical solidus and liquidus.‘

1
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Fig. 2 Phase diagram of GaAs-GaP quasi-binary system.
’ Solid and dotted lines show the experimental
data and theoretical curves, respectively.

Assuming that, in GaAs-GaP quasi-binary system, each of Ga-As or -
- Ga~P atoms bair is a molecule, B or C, respectively, and these
molecules form an ideal solution, the equilibrium relation of
reaction between liquid and solid phase can be calculated as the -
similar manner discussed in the previousisection. The entropies
of fusion of GaAs and GaP have not been measured. Aﬁ estimate

of these entropies can be obtained by a comparison with entropies
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of IV-group elements as same as done by Thurmond?) but whose

8)

values are employed from the table of Kubaschewski, The entropy
of fusion of GaAs would‘be expected to be approximately twice the
entropy of Ge (6.4 e.u.) plus a mixing'entropybterm of R 1In 4:
about 15.5 e.u.. Similarly the entropy of GaP is estimated to be
16.3 e.u.. Using these values, Equs.(16) and (17) would be
actually calculated as shown in Fig. 2. The experimental values
can be explained well by the theoretical solidus line except a
small deviation. Although we can not definitely conclude the
thermodynamic properties of this system, ‘it appears to be the

proof that our molecular-like pair model of Ga-As or Ga-P atoms

is'a‘good approximation for such covalent quasi~binary compounds{

'b) GaAs-GaSb system
0. G. Folberthg) has denied the existence of a complete
range of solid solutions in GaAs—Gaéb system. Recently, R. B.

Clough and J. J. Tietjenl®)

héve grown alloyé of GaAsl_XSbX with
compositions ranging from 1 to 80 mqle pct GaAs, as well as GaSb
by using a vapor-phase epitaxial growth techniquef
The purpose of this paper is to clarify these disagreementsll)
in the phase equilibria of a GaAs-GaSb system by means of differ-
ential thermallanalysis, microscopic observation, and measurements
of lattice constants by X-ray method.
b-i) BExperimental
(i) Differential thermal analysis
We have found it convenient to empoiy differential thermal

analysis to determine liquidus and eutectic temperatures. Ga,

As and Sb with purities better than 99.999% pct were used}in this
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work. The required amounts of Gals and\baSb which were prepared
previously were weighed and sealed under vacuum into fused silica
capsules (11.5 éi34 mm ) with a hole for the thermocouple with the
-shape shown in Fig. 3 (a). Fused silica capsules were previously
immersed in HF solution for 20 minutes and washed by water and
then dried. The differntial thermal analysis cell was piéced in
a inconel block (350 @¢x560 mm in length) with two holes for the t
differential thermocouples inside a resistance furnace. The inconel
block was provided with a cover of the same material to ensure
temperature homogenization as shown in Fig. 3 (b). Pt-Pt lB%Rh»
thermocouple was used for temperature measurement. The furnace,

and thus the inconel block and the thermal analysis cell were

heated to 1270 °C in order to melt together completely since the

) C
Thermo couple ! :
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Silica ompoule Inconel bdlock
{o) {b)

Fig. 3 The apparatus for'differential thermal anélysis
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melting temperature for GaAs compound is 1238 °

C, (although

that for GaSb 712 OC){ After holding at the temperature for 30
min., the furnace power was reduced gradually to maintain a
constant cooling rate of l.SvOC per minutes. The difference
between é specimen and the inconel block was amplified by about

30 times and then noted by a X-Y recorder. The transformation
temperatures were determined from inflection points, which appeared
in every cooling curve thus obtained. These inflection points, and
thus the transformation temperatures seem to be reasonably accu-
rate since the temperature difference between a specimen and

the inconel block was very small within several degree centigrade,
and its amplification was very well regulated. The chemical compo-
sitions of the specimens were considered to be indentical to the

weighed amounts of the componeht elements, which were shown in’

Table 2,

Table 2 Compositions of alloys and results of
~ thermal analysis'

Composition of solutions
( mol% GaAs ) - 1.00 | 100 [ 20.0 | 35.0 | 50.0 | 70.0

Liquidus temperature
(r°c ) : 773 919 959 1067 1101 1163

Eutectic temperature .
( 7°c ) 703 708 702 708 70% 703
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(ii) Microscopic observation

Microscopic observation was carried out to determine whether
the two compoundé are mutually soluble in all portions or misci-
bility in the solid state is limited. Very slow cooling rate
and very long time homogenization of the specimens for microscopic
observation were adopted to realize the conditions near equili-
brium. The specimens were carefully polished on the final cloth
after preliminary grinding by fine emery papers; Etching was
not needed, since structural details was revealed immediately
after polishing because of the difference in hardness among con-.
stituents.
(iii) Determination of lattice constants

Lattice constants of the specimens used for thermal analysis’
were determined by Debye~Scherrer method by using Norelco dif-.
frectometer. The diffraction angleq were determined within the
accuracy of about 0.0080 from the X-ray péaks calibrated by the
standard angles of Si powder. The gccuracy seemed to be suf-
ficient to precise determination ofvﬁattice constaﬁts when com-

~positions of compounds changed veryASlightly.
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Fig. 4 Typical gooling curves
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b~ii) Results and discussion

The typical cooling curves are shown in Fig. 4. Two dis=-
'tinét deflection'points are observed for a GaSb-10 mol% Gals
specimen., Table 1 shows results of thermal analysis, together
with compositions of alloys. From the results, eutectic type

diagram with eutectic temperature at 708 °¢ was obtained as shown

Fig. 5.

lation 123

,44“""'

g Expt{:imeni

1200

.
800
712 1708, JRSS R |
98.76 i|
. 600 g
- 0 20 40 60 80 100

Moie % GaAs

Fig. 5 GaAs-GaSb phase diagram

Photo, 1 and‘2 are the typical photomicrographs. A GaSh-
50 mol% GaAs specimen in Photo. 1 was melt together at 1255 °¢, -
held for 1 hr. and cooled very solwly down to 740 °C, and then
held at this temperature for 2 hrs and cooled in the furnace. |

Moreover, the specimen was homogenized for long time atr630 °¢,
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and then quenched into water. This microphotograph indicates

the location of the primary GaAs black crjstals and a eutectic
mixture of GaAs and GaSb crystals. Photo. 2 shows the microphoto-
graph of GaSb-70 mol% GaAs specimens used for thermal analysis,
where a larger quantity of the primary GaAs than the other speci-
men are recognized. From the results of microscopic observations,
it appears very likely that this quasi-binary system is eutectic

type, and not complete solid solution type.

Photo. 1 Microphotograph ofIGaSb-SO mol% GaAs alloy
Photo. 2 Microphotograph of GaSb-70 mol% GaAs alloy

The following further definite evidence is found Eo confirm
a limited miscibility in the solid state for the quasi-binary
system. Fig. 6 shows X-ray diffraction curves for GaAs, GaSb and
GaSb-70 mol% GaAs specimen which are shown in dotted, dashed
and solid line respectively. The X-ray diffraction profile for
GaSb-70 mol% GaAs specimen is clearly shown to be consistéd of
GaAs and GaSb phases, whose lattice constants are slightly dif-

ferent from those of stoichiometric compounds. The peaks
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corresponding to GaAs and GaSb phases shift slightly toward ones

- for GaSb and GaAs respectively. These lattice constants calculated

R GoAs pure
th) ~ te20 == GaSb pure
; GaSb 6.0983 —— 70mole %GaAs-GaSb |
| Gals 56544 : k
TOmole % GaAs (60977 i |
56599

08 or—* " 5 720

Fig. 6 Intensity distribution of (620) diffraction line
from present measurements are 6.0983 A for GaSb, 5.6544 A for
GaAs and, then 6.0977 and 5.6599 A for two phases in the specimen
respectively. Differences between fhe two stoichiometric com-
pounds and the two phases corresponding to each compounds are 1.24
mol% (GaAs phase) and 0.14 mol% (GaSb phase) respectively. From
above results it iévapparent that a miscibility gap occurs in the
quasi-binary system, whose compound components have small solid
solubility. |

In the next place, some thermodynamic calculations will be,_

- carried out by using some present data to discuss a so0lid solu-
bility and an éutectic-composition. As discussed in section~l-2);
under an assumptionvof regular solution, the condition which

- means that chemical potentials must be equal for the two phases
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is represented as given in equations (18) and (19).
Similarly, the condition of equilibrium between solid and

‘solid phase is represented as follows.

RTLnX” + (1~ XTHDNES =RThnXP+01-XP)* D+ 2X(E f, e
RTIn (-X°) + (| D+ (2XLVEf = RTLn (1-}1)+ cPy{D+exPUES .

In above equations, concentration dependence for solid phase is
considered as dZé=D+EX, wheré x is concentration and D and E
constants. We have'calculated.JZS=8,67O+4,230x cal/mole by using
the experimental data of 1.24 and 0.14 mol%_for each mutual solu-
bility between GaAs and GaSb phases, and equations(20) and (21).
The composition of eutectic point and interaction enefgy for
liquid phase can be calculated from equations(18) and (19) to ke
3.0 mol% GaAs and -~1,470 cal/mole respectively. The results

- obtained from the calculation from equation(lB) and (19) by using

- the parameters mentioned above are shown in both Table 3 and Fig. 5.

Table 3 Calculated valdés for x and xs

| Temperature (°k) xg (mol%) | xg (mol%)

1192 10.0 99.37
1374 | 50.0 99.78

1436 S 7o,ou ' 99.90.

Since stoichiometric compounds are easily formed between III

-and V elements because of their lérge binding energy, the molecular



30

§

12)

pair model is assgmed to be applied to GaAs and GaSb compounds,
and thus the binary .solution is taken to be regular. There seems
the good agreemeﬁt betwéen the experimental and the binary regular
liquidus curves except near the eutectic temperature. As for the‘
equilibrium between a liquid and solid, for example, calculated
values for compositions of a liquid and solid in equlibrium at
1163 °¢ are 70.0 mol% GaAs and §9.9O mol% GaAs respectively. The
results described above are verified by the experimental fact

that the crystallized GaAs has only a very little solubility for
GaSb. On the other hand, as for solid—solid equilibrium, solid
solubility of GaAs in GaSb at 600 %0 ig calculated to be 0.092 mol%

GaAs. It may be necessary to take into account of vibrational

entropy for the more exact estimation.

b-iii) Summary

The quasi-binary diagram of GaAs and GaSb have been investi-
gated by means of differential thermal analysis, microscopic
observations and X-ray measurements{pf lattice constants. Thermo-
dyhamic calculations were also carried out by using some present
data. »

From these results itvwas concluded that this quasi-binary
system ié simple eutectic type, whose eutectic point occurs at

3.0 mol% GaAs at 708 °C. Solid solubilities in both GaAs and GaSb

terminal solutions are found to be about 0.2 moI%.
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c) Other quasi-binary system of III-V compounds
‘Many phase diagram of III-V compounds reporfed by other
authors can be ekamined using the mathematiéal method described
previously. In thisvsectién, the applicability of the MLP modei”
to some quasi-binary systems can be tested by comparing the
available experimental phase diagraﬁ data with the calculatéd

results.

c-i) InSb-InAs system
The system was first studied in reference (1) and then in

reference (13); in both studies, no solid sdlutioné_were foﬁnd ;

in the system. In 1958»the formétion of substitutional solid

solutions over the entire concentration range of this system

was reported in reference (2). The phase diagram is shown in .

Fig. 7, where the dotted lines have.been calculated by an ideal

approximation, and the solid lines correépondlto the regular

- approximation. The interaction parameter was determined by fitting

one calculated solidus point to the experimental value, the good

agreement between calculation and eiperiment fbr the liquidus“

and solidus across the entire diagram is valid evidence in

support of the model.

c~-ii) InAs-GaAs _

13)

The system was first studied by X-ray diffraction, and

was later studied in more detail with a larger number alloys?)‘
The éhange in lattice spacings with composition showed a very

close agreement with Vegard's law. The interaction parameters’
of Jbs andlfbl determined by curve fitting have been 2,445 and

467 cal/mole. The phase diagram is shown in Fig. 8.
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c-iii) InSb-GaSb system
The formation:of solid solutions in this system was first

established by X;ray diffracfion%B) The phase ‘diagram was

establiéhed by the authors28)129),30) 5 chown in Fig. 9. 1In

the figure, the solid lines have been calculated, assumed that

A?{andtfzs are O and 1,500 cal/mole respectively.
c-iv) Al1Sb-GaSb system
| 31)

The existence of solubility was predicted in this system

28)

despite the data where no solid solutions were observed. Iin

a. number of subsequent workssz)’33)’34) the formation of solid
solutions wag confirmed as shown in Fig. 10, where solid lines
have been calculated, assumed that both AQIIand,JZs is =-5,000
cal/mole. |

c-v) InSb-AlSb system

' 31)

Preliminar& investigations enabled the authors

to state
that this system contains a continuous series of substitutional’
sélid solutions. - Later35)’36)’37) homogeneous samples of the
alloys were obtained. Thé interact%on parameters of¢fzs andeQ
determined by curve fitting have be%n 37 and -80 cal/mole res

spectively. - .
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Observed data (o) given by A. 8. Borchchevskii et al?4)

and solid lines calculated



35

1200

1000 > /wﬁ

¢ | /’ ‘  ,

] x *

T(°C)
@
g

N

600

!

400
inSb 02 04 06 08 AiSb

_Mole Fraction of AISb

Fig. 11 InSb-AlSb phase diagram

Experimental values given by D. Effer37) and

solid lines calculated.

1-4) Discussion

If we consider the various grodps of semiconducting materials,
we find some general rules governing -the variation of the energy
" gap and the thermodynamic property. Thus it is well known that
the energy gap decreases with increasing,atbmic nﬁmber; for
instance, the energy gap of the elements éf group IV of the periodic

system decreases from diamond to gray tin. A similar rule exists

AITIV

also for the semiconducting B’ compounds. Furthermore the

AIII_BV compounds all have higher energy gaps than the corres-
ponding isoelectronic elements of group IV. These rulés were

16) in 1952, on the basis of binding theory.

ITT

set forth by Welker
B

The essential basis of the argument was that for the A
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compounds there exist a small additional ionic bond which arises

from the inequality between the two kinds of atoms, namely the

ITY

A and the BV étoms. The covalent bond and the ionic bond

17)

" come to resonance according to Pauling and the result is a

larger total binding strength and from this a larger energy gap.

However, it is not possible to explain by this concept alone the

differences between the energy gaps of AIIIBV compounds with

the same mean atomic weight, the so-called isoelectronic com-

pounds. Therefore a further factor must exist, whose effect is

18)

greater than that of the binding strength. Folberth proposed

a model for the interpretation of the characteristic properties

ITI.V IIIBV

of the A™™"B compounds. To a first approximation all A

compounds have the same difference between the potential valleys |

III and BV atoms. In this approximation '

at the sites of the A
it is assumed that every BV atom giYes one valence electron to

an AIII atom, so that all atoms now share equally four valence
electrons. These charged atoms could now build up a crystal ~
having a tetrahedral structure likelthe elements of group IV.

The resulting structure has the ZnS‘lattice. In this approximation

v and the AIII gites

Ve

the difference in charge between the B
amounts to two electronic charges uniformly for all AIIIB om~
pounds.

For a better approximation it is still necessary to consider
the deformation of the electronic structure caused by the above-
~ mentioned charge differénce, namely the polarization of the
valence and the inner-shell electrons in the direction towards
the'BV atoms. This polarization differs for the various AIIIBV

compounds; it increases with increasing difference in electro-



~ numbers of the elements A
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,
negativity between the BV and AIII

atoms,,and‘therefore it
increases with increasing ionic bond. Itvincreases also with
the atomic weight. If the polarization is very small,the

valence electrons are almost equally distributed over the valence
’bridges in the same manner as in the eleménts of group IV. So
the potential is essentially determined by the différence of

\') AIII

charge between B’ and sites. By making certain assumptions

it is possible to estimate the polarizati&h in arbitrary units

)

by the following formula;
‘ . ,
ECoV

where Eion is the ionic extra energy according to Pauling, E
ITI '

cov

is the covalent binding energy, and Z and ZV are the atomic®

III and BV, respectively. The concept
of electronegativity of the componeﬁt elements is often used
for the determination of the ionic component of interaction
energy in III-V compounds. According to Bauling}g) the ionic

compbnent of bond energy is equal to the squared difference of

electronegativities of each component:

Ein = const, (G —1G)> | (23)

Also the covalent component of the interaction energy may be
estimated in comparison with the bonding energies of group IV
atoms. These results'are shown in Table 4, where the total

energy, E_=E +E

FPoovEion? is listed in coulmn 5th. Thus the total

energy of III-V compound constituted almost from the covalent

~term is greatly larger than the interchange energy of the III-V



Table 4 Binding enérgies and polarization factor

B

‘i;iIIBV Blectro- ion Eggé‘v B, Eion(%) 5
negativity kcal/mole | kcal/mole | kcal/mole cov
me (3 I3 60.8 | |
car | '{:ggg 60.07 273.85' 332,15 | 17.5 66.7
 InP oI, 65.4 258.45 323.95 20.2 130.0
alss e 1093 42.0
sahe 1% 41.4 270.45 311.95 13.3 78.6
Inis [P 45.8 256.1 302.1 15.2 133.5
S & 15 20.8 280.8 301.6 6.9 38.0
’GQSb' s 1192 20.4 268.85 289.35 7.1 56.6
InSb | gp  1oss 23.5 255, 2 278.8 8.47 92.5

8¢



‘ Table 5 Peculiarity

in the quasi-binary system of III-V compounds

Systen @a)max ad 7 from ML? mgggi (giiéigiiie value Nature of inferaction
InAs-InP | 3.23%| 3.5 |0.018769 0 the entire soncentration
GaAs-GaP 3,72 | 11.9 |0.018769 0, (5,000%) ditto

f InSb-GaSb | 6.28 | 35.9 [0.001225 1500 ditto
| InSb-A1Sb| 5.59 | 54.5 |0.000900 37 “ditto .
GaSb-AlSbh o.65' 18.6 |0.000025 -5000 ditto
‘InAs-Gals | 7.16 | 54.9 |0.001225 gg45 2800 (31 ditto
InSb-InAs | 6.93 | 41 o.o406607 2090 2900 [3'7] ditto
InSb-InP |10.3 | 37.5 |0.113569 e
GaSb-Galds 7.81 22 0.040000 8670+4230x Phase separationk
InP-GaP | 7.67 | 63.3 |0.001225
GaSb-GaP | 11.8 - | 10.1 |0.113569

* See the chapter

ITT.

6¢
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quasi-binary energy, even though the interchange energy is an
important factor to present whether the continious solid solu~
tion in a given Quasi—ﬁinary system is formed or not.

The polarization effect may also explain some peculiarities
which are connected with the formation of solid solution. Frbm
metallic alloy systems it is known that a continuous solid
solution exists if the two components crystallize in the same
crystal system and if the lattice constants do not differ by
more than approximately‘lo per cent. These conditions also apply.
in semiconducting systems,‘but they are not always sufficient.

A study of the quasi-~binary systems between AIIIBV compounds
shows that in some of these systems continuous solid solutions

do not form or form only to a limited extent. This is the case
even though the lattice constants satisfy the above-mentioned
conditions well. These facts may b? explained in the following
way. If the polarization values of the two compounds differ

too greatly, a considerable distortion of the electronic struc- |
ture results. Consequently the internal energy ig raised and
decomposition is favoured, since the system then passes into

a state with lower energy. in Table 5 the relative disparity
between the lattice constants and the difference in the polari-
zation values are listed for various quasi-binary systems-s-f*f!
Evidently>a continuous solid solution exists only in those
systems for which the polarization values and the lattice . silvi
constants dO‘not‘differ very~markedly..QFor;the:samé

reason, continuous solid solutions dB not existbbetween AIIIIBV

. compounds and elements of grbup IV. For example, GaAs and

\
3
i

- germanium do not mix together over a wide range in spite of having
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~almost equal lattice constants. By the same reasoning it follows
‘that continuous solution between a AIIIBV compound and a AIIIBV
compound is not possible. However, when the average value of
‘melting points of two terminal compounds is defined as < T> and
the interchange energy, g divided by R<T)> has beén considered
for various quasi-binary systems, a correlation has been found
between _QS/R {T) and ’Z

Near the ends of the quasi-binary systems, the formation
of solid solutions is favoured by the increaged influence of
the entropy in there regions, In these eases solid solutions

may exist even if the above-mentioned rules are not satisfied.

1-5) Conclusion

In this section, the following contents could be concluded:
(1) The thermodYnamic properties for III-V quasi-binary systems
have been concerned and the moleculér like pair model could be
established to be applicable to these systems.
(2) The quasi-binary phase diagrams:of GaAs-GaP and GaAs-GaSb
system have been determined in the present work.
(3) The applicability of the MLP model to some quasi-binary
systems could be tested by comparing the available experimental
| phase diagram data with the calculated results.
(4) The interaction parameters obtained by curve fifting'for

experimental data in these systems seemed to have the same

tendency with the expected'effect from the crysfal binding theory.
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2. Calculation of binary phase diagram

2-1) Introduction

A method of calculating the phase diagrams is extremely
desirable because the experimetnal determination of the diagrams
including liquidus and solidué curves requires many times and
introduce the large degree of uncertainty in the results. The
calculation of the phase diagrams is worthy to examine the thermo-
dynamic properties of any multicomponént system. However, the
general functions representing the equiiibrium relation are
difficult to be solved analytically, but can be solved numerically
on a computer. In the work, the computations of the binary phase
diagrams have been performed for the ideal, regular and athermal
solutioné. For the present purpose, it is conveniently assumed
that the solution is the binary sys?em and two constituent

substances are designated by A and B.

2-2) Theoretical background

The relative partial:molar'freé energy (also called partial
moiar free energy of mixing) is the change in total free energy
upon mixing 1 mole of pure substance i with an infinite quantity

of a solution of given composition for_fixed'values of Pand T,

M = ' ‘
G = G - Gi . | c24)

In accordance with Scatchard}) the deviation of the relative

partial molar free energy,.G?, from that for an ideal solution, |
RTlnx;, may be called the excess partial molar free energy of

component i is and designated by the symbol‘Gis,"
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L) 1‘-
xs

AG«: = G,;W— /?T—en/\’r, = RT &7, . ey

Accordingly, the excess integral molar free. energy G*® of a
solution is defined as the deviation.- of the relative integral
molar free energy, GM, from that for an ideal solution, RT(xAln X

+xBln xB):

G = G- RT(MlrXy+ 1660)6) =RTOUIn Yo+ X bn V3) . b

M so the 'excess value for enthalpy, HXS, identical with the
corresponding relative quantity, HM, since the relative quantity
referring to enthalpy vanishes for an ideal solution. The excess

integral molar entropy, st, equals _ | te
Xs M
S = ST 4+ R(XabnXa —rXf.é»‘Xg) . e7)

Accordingly, the excess molar entropy and enthalpy are connected?;~g

to the excess integral molar free energy as follows:

G* = H® - 75 | (29)

. Some thermodynamic relations for the excess values are easily

shown as
, | Xs B
S“=?"gi ) R e @a?) o
. | L ;

,&,ﬁr—ﬁ/-’/azxs).,ﬂ e
| SN ST e
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Disqussing the thermodynamic properties of solutions, it is
conventional to define the solution in three ways. One is an
ideal solution Which obeys Rault's law over all temperatures
and,pressﬁres‘at which it is capable of existing. The other

solutions are the regular and the athermal solution as following.

Regular Solution
Regular solution is characterized by
§%% = 0, and H*® 5 0 . (32)

Therefore, the relation of Eq.(31) using Eq.(26) is reduced to

Xs . : . ‘
3?} .'—'-R%X.:{fmfa +7’?_§’-‘_-;-"% § =0 23)

Always being s*%=0 over all composition range, .- %5)% equals

to zero, accordingly

ORTLn7:
5T

(3%)

i
\
i

- Thus the excess integral molar freegenergy and the excess partial

" molar enthalpy in the binary system are given by

GXS = XmX2 o (35)
and H§S=a(l~xi )2 ’ 1=A, B (36)

where K is the parameter independent of temperature and is called
the quasi-chemical interchange energy as diséussed later.

Athermal solution

The solution is defined as
H*® = 0, ana §°° & 0, L - (37)
and additively o k
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7T

The logarithmic activity coefficient is independent of
~ temperature as shown in Eq.(38) and may be expressed as a func-

tion of composition by
RAnY: = (3C/=Xeo*, i=A,B | 7)

In the binary system, the excess integral molar free energy and

the excess partial molar entropy are obtained as

CTyS = - TF X4Xe , | &2)
xs 2 ,
St = ~TRU-XT, c=A, B )

- where ﬁ is the constaht. Here, th? physical meanings of
- constants,  and f?;;should be understood from the aspects of
the statistical mechanics as mentioned later.

For the binary system at equilibrium, the essential concept
is that the chemical potential of any component is identidal in

all phases. It follows that

I II - I II S -
Ma=Hy» Mp=HMg » (42)
where the superscripts, I'and 11, are referred to two phases,

vrespectively.

2-3) Computation of phase diagram
As mentioned above, the phase equilibria can be computed

from the condition of Eqs.(42). For the present purpose, it‘is
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conveniently assumed thatvthe melting points of two constituent

substances, T and T are put into 1,000 °K and 1,500 °K,

, m.p.A p;B
and also both entropies of fusion of A and B obey Richard's law,
that is, zleA and ‘ASfB equal to 2 e.u.. In such a binary system
of A and B, the phase relations will be examined using of the

computer (HITAC-5020 and FACOM-230-60).

a) Ideal solution
The phase equilibria are simply represented, because the
excess values are only reduced to the mixing term, RT(xAln Xg
+xBln_xB} The liquidus and solidus can be given as a function
of temperature as shown in Egs.(16) and (17). The result is
shown in Fig. 12, and the entropy of mixing‘is shown in Fig. 13_

as a function of composition.

n bt 1 “ %
1500 £*0 |80 |
¥ %/ : |
N // f
o 1000
3
o
5 |
[ ‘ g 500 - - v—— L
|...
o} _ |
0 20 40 60 80 100

Atomic Per Cent B Compornent

' Fig. 12 Phase diagram constituted by ideal solutions
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s ( cal_/fhnokl-deg. )

20 0z 04 06 08 10

Fig. 13 Entropy of mixing

b) Regular solution
Under an assumption of regular solution, the condition
which means that‘chemical‘potentials;must be identical the two

phases is represented as follows, fdr the liquid-solid equilibrium,

RTLnXi + (~XE)ole +AGH = RTG XS + (1=X1)7 As @)

RT 4o XE + (1-xF)'le + AGrsp = RTLXS + (X Ycls . @t

These equations cannot be solved analytically, but can be solved
numerically on the computer for a given temperature. On the
other hand, the condition for the equilibrium between a and b

solid phases is given by
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RTLnXE + (1~ X405 = PT2n X5 4 (1=XF ol , 75

Assuming that O(a=(Xb, the functions of Egs.(45) and (46) are

deduced as
RT e + C1=2x)0ls =0, “n

and the free energy curve shows a central symmetry at XA=XB=O.5.

Moreover, at X=0.5, the foliowing differential relations are

satisfied:
and the critical temperature, Té, i; defined by
‘.7; =:c¥?£k . é | , | ; (%i):» t

Then the symmetrical equation of Eq;(47) can be rewritten in a

characterized form as

X < - - | C
Loyt gy (72K | &

It means that, T/TC holding constant, the solutions with different
values of O(S behave in the same manner. Fig. 14 shows the
phase separation, that is, the solid solibility curve as a func-:

tion of T/T_.
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As well known, the parameter, o(S and ¢y , in the regular
solution is called the quasi-chemical interchange energy as

defined by

o = NoZ (Eap - 2-/’(1544 +Em)) | | (£1)

vhere EAB’ EAA and E_ . represent the binding energy of the A and

BB
B atom, the A and A atom, and the B and B atom respectively.

On general thermodynamic grounds we know that for positive values
of X this system must segregate at low temperatures into an
A-rich and a B-rich phase. In a similar way we arrive at the
conclusion that for negative values of X +the equilibrium state.
at low temperature must involve the formation of an ordered-phase
AB. The Figs. 15 show the free energy of mixing of liquid and,
solid solution for various temperatures, assuming that Of =0 and

(Xs=4000.0. The computing phase diagrams are shown for various

values of X and Ofy in Figs. 16.

! 1665
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©
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QE’SOO L 3

|...

L 0 .
. ; 0 20 40 60 80 100

Atomic Per Cent B Cqmpornen’r‘

| ' (a) | .
Fig. 16 Calculating binary phase diagrams under
the approximation of regular solution
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Fig. 16 Calculating binary phase diagrams under
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c¢) Athermal solution
Similarly as above discussed, the conditions of phase equili-
bria for the athermal solution can be expressed as folilows; for

~the liquid-solid equilibrium,

RT L XA +(1- Xd VpeT +aGyy = R TLG + (- XP P [:’;T, (£2)

RT bn X + (/—xf’)‘prr +AGHs = RTInX5 + ~X30Bs T, )

where. Fz and ﬁs are the constant mentioned in Eq.(41). For the

solid-solid equilibrium, the conditions are
4 ’én a a 2 b b 2
Rl Xy + (1= X4 ) fa = PLuXi +C1—X0)08 5 ()

R L XE + (/—X?)‘ﬁe = lu Xt + (/—Xf)‘[;'b . &%)

- Assuming that (?a=(eb’ the above equations are reduced as

é%7ér +(W—2X)§; =o,,v | 58)

and the value of free energy of mixing shows a central symmetry
 at XA=XB=O;5. The athermal solution is very different from the
regular one, especially the expression for the solid-solid equi-
librium does not contain the temperature term. The situation is
interpreted in Fig. 17, which is seen to be in contrast with
Fig. 15. Thus the magnitude of phase separation in solid state
is independent of temperature. Fig. 18 shows the relation between
the parameter,(s , and the equilibrium composition, X. TFig. 19 »

shows the binary phase diagrams of athermal solutions.
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d) More complicated solution
The activity coefficient of one elementvis knowm to be

affected by the presende of other elements present in solution.
Wagner proposed a power series expansion in term of the mole
fractions of the vérious elements present that is expected to
hold approximately for the dilute solution casé. A gquadratic
formalism ord -parameter approach proposed and studied by
Darken is a much more suitable procedure for evaluating the con-
centration dependence of activity coefficients for alloys of appre-
ciable solute content. In the present investigation, some solutions
have been defined in sec. 2-2), and the quantity of 1n Ve/t-x:02
equals to O/RT for the regular solution and to. $/R for the
athermal solution. Then a parametergflis used differing only by

a factor of 2.303 from that of Darken; i.e.

Ln7e | @7y .
(1=Xe)?

where the equation is a consequence of the Margules expansion

for the excess paftial molar free enrgy in a binary system .

In the Margules power series of (1-ni)N, the n=0 terms ﬁust be
absent in order to satisfy Raoult% law and the n=1 term must be
absent in order to satisy the Gibbs-Duhem .equation. The series

therefore reduced to
' Xs 2 F PR ~ ‘
AS;  =Aa R/~ X4) +AR(I—X4 )7 + (s8)

AHE = B RU-x4 )2+ BsRC=xg P 7
Therefore,;flis given for a binary system by
; _ .
L-(Z!=‘/12~/43XB +'—F[B)+B’XB]"" «7)

"As a simplifing approximation for this work, the higher power

terms will be negelcted and the terms of o(and.ﬁ will be rewritten
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- as

X = R(B:2+BsXa) | D,

(3 = —P(Aa-f"AJXB) \ ‘ (61)

Then the corresponding solutions are recognized to add the concent-
ration dependent term to the previously discussed sclutions.
In general, it is convenient that the compositéksolutidn -

" has the excess free energy as defined by the equation,

G = o(Xaxp + BT XaXs
= R(Ba+BsXg — AT -ATXo) . &)

The form of the excess value can be often applied to many real

solid solutions. For example, the Al-Zn binary system had been

analyzed wusing the form of (62)?2)
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2-4) Analytical expression of some characteristic relations
a) The azeotrqpic transformation |
The azeotrobic transformation may be simply defined as the
phase transformation without the composition change. In the
binary system, the transformation between the solid and liquid
phase'can be represented by the following conditions, since

s .S
Xp=Xp s and Xp=Xpy

jnlff _ _ Aam
77 - RT,

Agz_Z§f - . AGyB
s , R 7

aﬁu"

!

where Tz is the temperature of the azeotropic transformation.
For the case of the regular solution, the above relations are

reduced to

(1 = Xaz)? (s -olp ) = AGA R )

(X%z)ZGXk—-dk,)==zs§75 ' Ay

‘where XAZ is the composition of component A at the azeotropic
~point. Therefore, from the equations, (64) and (65), the azeo-

~tropic point areexpressed as

’ L [ & 0 aWgaS-an;g .
Xaz = - & * (1—¥)?2 A =5 . S %6

200 [ =& . aHy-aHp S L amaiatly |«
= _ ; = ‘ 7
éﬁrﬂ%m{zu_S) T T Zam iJCPEY' AxX .S }
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where AX = D(S - O .J = ASjB/AS«yA-
- Also assuming that ZSSfA=;ASfB, the point is given by

| [Acl - ASg (Tmpa—Tmps)]?

= Tmpp —
%z mpe 44as3AK ’ @
1 A SL(TmpA — Tm,pf) '3 B
A

In the previous section, some diagrams computed in the
assumption of regular solution show such an aze&tfopic point."’
Hére the influence of ¢ -parameters on the azeotropic phase-
transformation can be analitically measured using above expres-
sions. Assuming that the entropy of fusion obeys Richard's law,
and the melting points of pure substance, T,,paand Tm@B’ are 1;000°K
and 1,500 °k respectively, the interesting results are obtained
as shown in Fig. 21. These points can be classified in two kinds:
one may be called the positivé azeotropic phase transformation

which is characterized by some conditions of T >T Ao((--lO3

, m.p.B’
and O.5)>XAZ, the another may be called the negative one which

3
£ Tm.p.c’ A4 > 107 and XAZ

Accordingly, the conditions that the azeotropic point can exist

.exists in the conditions of TZ > 0.5.

are described as follows; (1) the absolute difference of X -
~ parameters between solid and liquid, [4d(| , is larger than
AGpop=AGaq, (2) the aéeotropic'temperature can not exist in the

range between melting points of two terminal substances.
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b) Butectic point
When the liquid coexists with two solid solution of « and
@ phase at the eutectic temperature, Te, the condition may be

expressed as
,@ndf.LAG‘%—,—e = Lnaf =,&«af ) (70)

where df is the activity of component i in the corresponding
phase j. Assuming that both the solid and liquid phase'are
regular, the chemical potential is represented by a central sym-
metric function, that is, Xﬁ+Xﬁ=l, and equations, (70) and (71)

are reduced to

7o = (AHa —jﬂﬂg )+ (JXf-/)oQ; : (72)
RinXere 4 (s, -aSge)
T - (2X3 - 1) ¢72)
R L X84 x5 ' | |

The above two equations with respect @o Te can be simultanequsly
' ' | : . o
- solved by using the computer as functions of two compositions,

XS

1
A and Xe

2-5) Conclusion

The computation of the binary phase diagrams_hésﬁ been per-
formed for the ideal, regular and athermal solutions. The numeri- .
cal method might be expected to make progress'for the mofe’compli—,
cated phase diagram and should be believed.tb'be available for the

metallography.
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Chapter III

Preparation of III-V Compound Semiconductors

The main method of preparing the compounds is from a melt
inéluding equal atomic proportions of the elements (stoichio-
metric melt). For the gallium antimonide, the crystal has been
grown horizontally by the Bridgman technique, in which the
molten material is contained in a boat, and is frozen direction-
ally by being drawn thrbugh a steep temperature gradient. For
the gallium arsenide, a vapour pressure control furnace is added.
If the cooling is slow and carefully controlled, so that the
crystallization progresses from one end, solid ingots may be
formed. The pressure required for preparing the gallium phosphide
and their alloys with gallium arsenide from a stoichiometric melt'{

.

is rather high. The method of growth under such a condition has

been developed in the present work.
1. Preparation of GalAs compound

The horizontal Bridgman technique is suitable for the crystal
growth of GaAs. The apparatus is shown in Fig. 1, where the left
resistance furnace is used for the vapour pressure control, the
central furnace is required for zone refining. The temperature
distribution for preparing GaAs crystal is shown in this figure.
The reaction tube is evacuated and sealed after excess arsenic is
added to create the required vapour pressure. - Single crystal or
" ingots including large grains have been grown in silica boats)

when the molten ingot does not stick to the boat. To prevent
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sticking the inner surface of the silica boat is roughened with

a fine sand paper. The tube

outsid resistance
brick \

- -0

IIRREXRTETE TN NRA AR YS

. driving _=

direction oty e silica

~ Isolite powder | “erema vessel

& *
.\cooling plate

(©) motor
1500 1300 °C !
: oo !
[« %
E'To0f
A  e——"7)
soo}/ —=%c

10 20 30 40 5 60 70 80
distance cm

Fig. 1 Apparatus for growth of GalAs and its temperature
gradient. .

ié placed in the furnaces in the position shown in the diagram,
and then the mullite tube supporting the container is pulled to
the left at the rate of 2-5 cm per hr. The left resistance
furnace has maintained the ambieht temperature at just above

600 °c. Many ingots prepared in this way have been supplied for

the X-ray, the infrared, and the electric measurements.

2. Preparation of GaSb compound

The ingqts of Gadb have been prepared using the same appa-k
ratus as described in the previous section (I1I-1). However,
the equilibrium vapor pressures of constituent components, Ga

and Sb are negligible small, and then the left furnace in Fig. 1
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is unnecessary to be controlled. Photo. 1 shows the ingot grown

from the melt. The nondoped crystals

S S
=2 3 4\ 5 6 7 8§ 9W

~ |
K,“\l

Photo. 1 Gallium antimonide prepared by the horizontal

Bridgeman furnace

prepared in this way are always p type with a hole concentration

-

near 1.2xlO16 cm-3 and a room temperature mobility of 826 cmZ/Vsec

and a mobility at 77 °k of 2710 cm2/sec. To examine the electri-
cal properties of n-type material, Te doped ingots were prepared.
Electrical properties of the ingots prepared in this way are

listed in Table 1.

Table 1 Electrical properties of GaSb prepared
in the present work

carrier

Sample concentration mobility
Number | Type dopant (cm-B) (cm2/Vsec)
R.T. L.N.T. | R.T. | L.N.T.

B918"-2 | p . 1755207 [ 0.57%10"| 711 | 2054

B919-1 p - 120 0.25 826 | 2670
BO01-4 n 0.5 wt%Te | 15.5 19.3 1750 | 2920 .

B003-1 n 0.005wt%Te | 2.3 4.2 1790 | 2510

BOO8B-5 | n | 0.003wt%Te | 0.69 o3 3198 | 2926

B005-5 p 0.001wt%Te | 1.74 0.48 660 [ 1017
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3. Phase equilibrium in the Ga-As-P system and preparatlon of
GaAs XPX compounds

- 3-1) Introduction

Compounds of the III-V elements have been grown from the melt,
from gaseous phases, and.from liquid metal solutions. These
compounds are of considerable interest in the semiconductor
field because of their electrical characteristics. Crystalline
solid solutions of ITI-V compounds which contain As and P are
of particular interest because their energy gaps are large and
change continuously with the As/P ratio. '

The preparation from the melt of the crystalline solid

ITI

solutions A As PX has not been studied to any great extent,

mainly because As and P have high equilibrium vapor pressures

1)-3)

at the high temperatures required. Except for the preparation

from the melt of InASl—xPx’ the conditions for controlling the

composition of these oompounds have not been studied. - Thus, the
‘authors have considered a general method for preparing such com-
bounds from the melt. GaAsl_XPX has been prepared succeszully
by this method, as described in the first part of this paper.

In the next section, the concept‘of pseudo*equilibr;um in a
. heterogeueous system containing two different temperatures is

ITI

described. A general method of preparing A~ "As P. from the

1-x"x
melt by controlling pressures is also presented.

3-2) Experimental
The crystalline solid solutions'of GaAsl xP . have been grown
in our: laboratory from the melt under controlled pressures of

As and P. The total pressure at the meltlng p01nt ranged from
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to a magXimum of about 25 atm

4) 5)

1 atm as will be discussed later

in sectlon 4. These high pressures made neccessary modifications
in the usual technlques of preparing GaAs crystals; consequently,
the apparatus was modified to permit operation at pressures up .

to about 10 atm.

Electrical Furnace (A) Subsidiary EF (C
e e RF Inductlon Colt (8)  S>*'4'° EF 1)

4 Z

0O00000

Thermoc m ) ~ Thermocouple

Og'00POo

Graphite Boot
Molten Matal

10cm

[ SR et Y )

Fig. 2 Appa;atus for the preparatioﬁ of GaAsl_XEX compound.‘
The modified apparatus that was used is shown in Fig. 2.

It consiets of (A) an electric furnace which was used to control
pressures, (B) a RF induction coil with an 18 kw generator tuned
to about 30 kHz, and (C) a subsidiary electric furnace. The
ereaction vessel for preparing the compound is located within the
furnace as shown in Fig., 2. It consists of a 40cm long.fused
silica tube with an internal diameter of 35 mm. This length is
sufficient to keep part of the tube in one of the lower temperature
zones throughout the preparation of the ingot. The highest
temperature which the fused silica reaches is 1000 OC,,or less.
The reaction veseel, containing Ga (in a graphite boat), As and
P, was evacuated. With the reaction vessel in place, the middle’

furnace (B) was slowly heated to the reaction temperature Th’
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then the electric furnace (&) was heated to the temperature, TC,
required to hold the desired pressure which was calculated as
described in the following section. The temperature of the
subsidiary furnace (C) was held at the intermediate temperature
between Th and TC. After sufficient t;me passes, an As-P solid
solution was formed in the end of the reaction vessel at TC, and
ligquid and solid solutions of Ga, As and P were formed in the .
graphite boat at Th. When the pseudo-equilibrium in the system
was established, the sample boat was then moved through the RF
coil.

The effect of variables such as temperaturés, Tc and Th’
travelling rate, and the amounts of Ga, As and P were investigated
to develop a suitable technigue for producing uniform ingots of
the crystalline solid golution of GaAsl_XPX.

The best control over the composition of the grown crystals
can be obtained when the amounts Ga, As and P in the vessel
correspond rigorously to the proportion calculated by the concept
of the pseudo-eguilibrium. When the negligible small amount of
the crystalline solid solution is formed, the necessary numericals

to be determined are as follows: At Th’ molar quantities of Nlh

N%h nd Néﬂ, and mole fractions of X%h and Xih, where X%h:Nﬁn/
lh¢ Lh Nl lh_lh,/1h 1k 1h 1h 1h . 1h . R
(N 4N 1a=0 / Ny NG+ ), N, +Np =, and where the

superscript lh refers to the ternary liquid in the guasi-~binary

oa gty )y X

section; at T., similar guantities of Fic, NEC, Xig and XP ,
where X SC/ SC+NSC) and x;c RSC/(NSC+V§C), and where super—
subscrlpu sc refers to the solid solution of As and P; also,

Lo I oA Sc, wih sc,lh
total mloar quantities of As, P and Ga, BA»_NA +NAs’ NP“NP +NP
and N —NAh

Ga Ga’



73

The relative amounts of Ga, As and P were used in conjunc-

tion with Bq.(14) in order o obtain the mole fraction X5~ for

GaASl_XPX compound. Then the value of X;C in the left side of
1h

the apparatus shown in Fig. 2 for the values of XP and T, in the
right side can be calculated. Affer NGa and NAs moles of Ga and
As were weighed out, the tqtal amount NP of P required was deter-
mined from the following equation which has been derived from the

above definitions,

L y;
Np = zNGQxf’§+ [Nas = N (/—zxﬁ”’f)JX,fc/(/—X,fc) - &

The amounts of each element were initially weighed +to correspond
1h
P H
addition, the ratio of NAS+NP to NGa is listed in the fifth

to the mole fractions, X%C

and 2X listed in Table 2. In
column of Table 2.
In the next place, the temperatures of Th and TC must be

determined. The solidus temperature, T, corresponding to the

h
desired compound is known from the quasi-binary diagram of Galg-
GaP. TC and XEC which correspond to Th can be calculated from the
condition of pseudo-equilibrium described later in section 3.
These calculated values are shown in Table 2.

Ty, was determined preliminarily for the empty vessel by both
thermocouple and optical pyrometer. The effect of RF heating on
the molten metal was neglected because of the large heat capacity

of graphite boat, and the temperature of the molten nmetal was

considered to be very near the temperature determined preliminarily.
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Ty

Table 1 Preparing conditions

sh

means the liquidus point at the composition XP and TgxP shows the maximum value

in the boat without the molten material

Starting Material Theoretical values Experimental values

Sample| Nga Nas Np NpstNp isc oxih. oySh Tgal Tgal oxSh TEXP TiXP
Number (x20° mole) Naa P P P o o P o o

("K) ("K) |(ingot) | ("K) (7K)

1 80.00 120.00 - 1.50 [ 0.0 0.0 0.0 1518 885 | 0 1530 888

2 73.12 138.69 5.091 1.97 0.040 0.040 0.114] 1535 8771 0.110 1540 888

3 105.88 105.88 6.16 1.06 |0.051 0.054 0.152] 1541 875 | 0.150 1553 878

4 119.52 121.50 6.78 1.07 0.051 0.054 0.152] 1541 875 | 0.042 1553' 883

5 112.36 198.11 22.47]| 1.96 0.087 0.082 0.220] 1552 873 | 0.324 11563 868

6 77.84 135.83 10.85% 1.88 [0.083 0.082 0.220( 1552 8731 0.130 1563 878

7 73.61 121.00 16.47 1.87 30.102 0.138 0.340| 1572 859 | 0.390 1593 853

8 92.53 173.90 - 45.34 2.37 0.181 0.242 0.500| 1603 847 0.506 1623 833

9 75.35 T4.38 25.17 1.32 0.205 0.270 0.532{ 1610 848 | 0.500 1623 843

10 81.95 67.62 34.88 1.25 0.%18 0.248 0.618| 1629 837 | 0.660 1653 813

11 77.25 57.29 48.05 1.36 0.482 0.448 0.706| 1650 836 | 0.720 1673 808

12 86.14 31.08 61.11 1.07 |0.787 0.654 0.840| 1688 858 | 0.900 1713 - 723

13 113.33 24.46 219.99 2.16 0.908 0.876 0.950 v1722 868 [ 0.954 1723 723

14 80.00 - 120.00} 1.50 1.0 - - 1738 1.00 1723 723




The temperature profile of"l‘h over the molten metal was found

to have a temperature gradient of about 10 0C/cm, while Tc was
found to be essentially uniform. In the present work, Tc was set
empirically to a temperature shown in the sixth column of Table
2. These temgeratures were determined to be in the neighbour-

hood of the calculated value with respect to X When the

sc
P L]
vapor pressure increases over several atomosphers, the tempera-
tures were necessarily made slightly lower for safty. The
thermocouple which was inserted into the RF coil (see Fig. 2)
was used only as a monitor. The travelling rate of the boat was

képt about 1.0 cm/hr. throughout the procedure.

Photo. 2 Ingot of GaASl-xPx compound

In these experiments, all ingots consisted of small crystals
of grain size 5 mm or less. Phofo. 2 shows a typical ingot?of
GaAsl_xPx. The ingot was cut into pieces about 5 mm in length.
The aQerage composition of each sample was determined by a-
powder X-ray method. It was assumed that the lattiée constant

6)

changes linearly withvcomposition . The average composition of

typical samples as a function of their position in the ingot is
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4
shown in Fig. 3. The composition was also estimated in another

way. The intensify of the Kg-X-ray

100

——

/

80

i

60

IANE Y
\\\

20 30 40mm
Distance Along Ingot

[
§e

Mole %

it
f

Fig. 3 Distribution of the GaAsl_XPX alloy
’ composition along the ingot.

|
emission lines of P and As were measured by using an electron
microanalyzer. Analysié”of these emission lines provided a |
suitable method for determining a éhange_in composition from one
grain to another. In spite of the fact that the ingot cross
section contained many small grains it was found that in all
ingots, regardless of initial composition the change of compo-
gsition in the cross section perpendicular to the growth direction
was smail in comparison with the change’of composition in the |
i growth direction.

The'composition of the crystalline solid solution was taken |
~as the composition of the initially solidified part of the ingot;

This composition, written as X" (ingot), is determined by the
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intercept of the mole% GaP curves with the vertical‘axis (see
Fig. 3). The relation between X;h(ingot) and T is shown in
Fig.6. The value. of XE? has not been determined experimentally,
bﬁt has been assumed to be indentical with the célculated one
shown in Table 2. IMmediately after initial growth of the com-
pound from the melt, a change of the relative proportion of As,
P and Ga distributed between two sides under the steady state
condition, would be thought to be so small that it could be neg-

lected. The -Solid .. Line. in Fig.7 indicate the relation

between X5° and X&® (ingot).

X%h at the top of ingot was also estimated from methods

based on the measurement of certain optical properties of the
quasi-binary compound. The first method7)’8) involved the
measurement of the lattice vibrations. It is based on the fact
that the integral absorption, ff(dA.for the 700 cm"l absorption
band is proportional to the composigion. The other method9)
involved the measurement of the electrical fundamental edges.

A1l dimensions of the specimens whidh were cut from the initially
solidified part of.the ingot, were aﬁout\l.o X 0.5'cm2. X;h

values determined by, these methods havefbeeyl describect in Chap.

Tana V.,
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Th
(I iGos {gc) %é Gas(ghl )

Te

Fig. 4 Schematic representation'of the present procedure.
The ciosed system includes four phases as shown in
the figure: (sc), binary solid solution of;As and
P; (gec) and (gh), gas phase; (1lh), ternary solution
of Ga, As and P; (sh), crystalllne solid solution

of GaAsl PX

3-3) Theoretical Background o

Presentation |

Fig.4 is a schematic diagram of the épparatuS'used-in
preparing GaAsl xPx‘ Known quantities of As and P placed in the

.left. side of the apparatus are maintained at a temperature

T . T is always lower than T the temperature of the right

c c h’
side of the apparatus. The phases present in the left side are
known from the results reported by Krebslo). The thermodynamic

'parametérs for As and P are determined by assuming that the
" solid solutions of As and P are regular as will be described
below. In the right side of the apparatus, the three components, .
As, P,‘and Ga, coexist in the solid, liquid and gas phases.

The partial pressure of Ga is assumed to be negligible compared
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with those of As and P.

In applying the phase rule to the system it is found that
there are two degrees of freedom for each side of the apparatus
considered independently. Hence, the equation of state for each
phase can be determined if the temperature and pressure ave fixed.
The relation between.the mass density and partial pressure of
vapor phase species, assuming ideal gas conditions, is given by

. n = MP/RT ' (2)
where n and M are mass density and molecular weight respectively.
It is reasonable to consider the mass density rather than the
© corresponding partial pressure of each element in the gas phase.

The components in the gas phase, assumed Tto be As and P,
can exist as various molecular specles. The possible stable
molecular species in the temperature range from 600°K to l,BOOOK
appears to include ASZ, As4, P2, P4, AsP and four-atom molecules
formed by various combination of As and P. Although it has been
knownll) that some solid substances may be transported through the
vapor phase in fthe presence of a reactive gas such as a halogen or
a hydrogen halide, the gas phase in the present system does not
contain any transporting agent, and the mass transbort does not
seem to be imporitant.

In the present experiment above mentioned, when each furnace
reaches the constant temperature and is held for sufficient time,
a steady state will be set up. Consider the hypothetical inter-
face at the boundary between the To and Th rarts. Then the total
mass flux passing through its interface from the Tc prart is

ine
mass density and mean molecular speed of molecular species in.

represented by the term, Y n.., V. where n and v. are the
P Y ’ ;; irc ince’? inc

The condition that there is no net flow of atoms in either direction
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between TC and Th varts is‘related to the fact that the total mass
flux from the TC part is equal +to that from the Th vart at the
interface. In the present case, we restrict Asz, As4, P2, and

P4 as molecular spécies in the gas phase. Here, remembering that“
mass flow of a moleqﬁlar species isiWritten as nv/4; where v is
a mean molecular speed, theﬁ from equation (2) the following
relation is obtained, nv/4 = SP. We cou;d consider that thé tube
.has a "pumping speed" SDL, a function of‘molecular weight M,
which_is.shown to bevS = lﬁ7§7fﬁﬁ using a simple mass flow theory.

" At steady state where no net atom flow occufs, the condition for

balance is written as follows.

Z ( SU\H'PU\H - Su\c Pc)\c) =0 , Z: As,P (3)
k .

where A refers to number of moleculs of each species, and [ to
the kind of species respectively. ]

The system described in the previous paragraphs is in a
staté which might be described as a}sort df pseudp-equiliﬂ?ium..
If the pseudo-equilibrium is realizéd between the left side and
the right side of the apparatus, the conditions for:equilibrium
can be thermodynamically developed. Here it is assumed that the
binary solution of As and P is regular, that the liquid and
solid solution of Ga, As and P is regular, and that the gas
phase is ideal. The theory of regular solution is now épplied
. to the present system.

Consider the thermodynamic properties of As and P located

in the left hand side of the apparatus. The integral molar free

energy of mixing of the solid solution FM containing the two
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L

components may be éxpreésedlz) by

FM (As-P Bmdry) = RT g: “n d,;sc (4)
S = XS X loup + RT(Xis n Xas + K645,

where x and a are the mole fraction and activity of . the compbnents,
JZAS—P is the quasi-chemical interchange energy per gr-atom
between As and P, R is the gas constant, and T is the absolute
temperatﬁre. By applying the themé differehtial relation to

Eq. (4), the activities aig and agc may be expressed by

Lo Aas = S Xis + (1= X05 M ap /RT (=)

b3

I

L X5+ (/—X;C)Jﬂds//ﬁ_r , (é—b)

where the supersubscripts sc and gc.refer to the condensed phase
and the gas phase fespectively in the left side. Supersubscripts
gh, 1h and sh; which will be used later, refer to tﬁe gas, liquid
and solid'phase in the right side of the épparatus, respectively.
Defining the activity coefficient as 7} = ai/xi, the second
term of Egs. (5) become ln'rl.

Whén the gas and solid phases coexist ;n equilibrium at
temperature TC, fhé congruent chemical potential of each COmpO—.

nent may be expressed as follows:

UE AP Bemang, T = (s, o), 1=AsP ' b

Then activities of each component in the solid solution can be

‘represented in terms of the corresponding partial pressure of
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some molecular speciles in the gas phase.

: 0 - /%
A = [Ps(T/pg )™ = [Pe®yrnm0]™ | aa

o o
a3 = [PrO/pha)* = [PrR/ple) 1%, o

where P is the partial pressure above the saturated solution

and P° is the pressufeAabove‘the pure substance.

In a gimilar way, the thermodynamic properties of the compo-
nents located in the right side of tThe apparatus may be derived

by assuming that chemical equilibrium among the three phases is
established. It follows that the ternary integral molar energy

of mixing may be given as follows:

Lk, 2h ) £ ,
FM(DW@V/[-T?’W{) = X(m)(/tﬁ @M{’"XG?XPIWQSV -+ %f/)(f:‘fiﬂ//fi

t RTOGELn il G2 5% 4 ™) . o

3 (I-3
lh lh .. ik )

The activities By Bpgo D may be expressed by

f L W LVIR
688 = 0 X2+ [0 + PR il X - L2y o7, 7o)
bndit = X 4 TOENE XU X0 XF) X058 YT, (4

L4 VI ' '
g?? d/, = In X/fﬁ + [(Xfitﬂ(m,p +XA5£Q4§/:)(X£AT X/ffﬁ) - X&:’/IX/;fZQ{%iJ/?T. (7~c)

The condition for the chemical equilibrium at temperature Th

between liquid and gas phases is found to be

4 , .
= " Ternarg Liguee , Ty ) = /45%(%,72) , =G As. P o)

Neglecting the partial pressure of Ga, the partial pressures of

As P2 and P, are related to the activities of As and P by

X f*s4_’ 4
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4 . 2
adt — [Psm/peam ] = [Py by 17 ()
24 PralTi)) D2 4 _ (T 0, 2%
dp' = [Pl Py 1" = [ PP /pplem)]”. =3
The chemical potentials in the solid phase(II~3> are
sh sho
/4(6%45 = Maps + RTy £n Q/W, (r—x) , 2—3)
54 sho b
//{é%/’ = /’(Craf ' /Q7z /&7 %Qf/\/ 7 | (>—0)

where X i1s the mole fraction of GaP in the crystalline solid
solution and here X equals %o QXEh. The another representation
for the chemical potential in the solid phase has been described
in Appendix, but the similar forms to the above equations(12)
have beeﬁ resulted.

The condition of the equilibrium between liguid and solid
phase is given by the equations(II-4) and (II-5). Under the

regular approximation, its condition could be reduced to the

equations,

L (1=X) + X2 fDs/ory = M- zx/)/ . (zxﬂ)-mﬂf}/zm TAGSE s

(4—3)

2
Lon X +//—)()2J25/e7;, = /&V[ZX/’[A)-/-(/——,ZXfX/;)‘Z@s/’ém —m@(mf,
(1t—b)

Therefore we can find rumerically the equilibrium condition.

2=As4 and 2P2

=P4, the egquilibrium constants, KAs and KP may be defined as

On the other hand, for the reactions of 24s

s = P /[ py g2

’ (/-SL"'C?)

k% = F%Ww/[’Fh sl (1—b)
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Upon substituting BEqgs.(7) and (11) into Eq.(3), one obtains

4, Bt

s¢
+4_,@7% 4 2 SasalTe) w/( As, 5¢, Te)
As

o B 0 )
Pﬂﬁ[ﬁ) Sasa(Th) W(As, 44, 74) ’ o
o SC
Z [)POT(']Z) N 4/.41—&—2-5— - o Splle)w (P, se, o) =0 (l—=b)
For (1) az SeaRIW (P LTy
where
Cwlim Ty = 1w P Seen = Swerd i dli §
Po(T) SealT) 1 AT (T 1*

Egs.(1l6-2) and (16-b) represent the fundamental relations for
the pseudo—equilibriﬁm between the binary solid phase at the TC

part and the ternary liquid phase at the T, part.

h
From the results obtained above, the mole fraction of the
binary solid solution, X%C and the temperature Tc in the left
hand side of the apparatus can be calculated using the relations
(14) and (16), and provided, (a) the mole fraction of the crys-
talline solid solution Xgh and its formation temperature Th are

iven, and (b) parameterslfzi and each partial pressure of the

pure component are known.

3-4) Numerical Analysis
In order ©to analyze numerically the above pseudo-eguili-
brium, it is necessary to know their parameters. The data on

the vapour pressure over the pure elements of Table 3 is used

to analyze
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the pseudo-equilibrium state. The molecular species of the pure

‘elements listed in Table 3 are thought to consist of four atoms

Table 3 Vapor Pressure over Pure Elements, log P (atm)

| The parentheses and brackets denote the pressure over the solid
and 1iquid phase, reaspectively

Element Literature Adopted

| -6872/T + 7.76613)
| (As,) -6570/T + 7.37314) -7357/T + 8.279

-7357/T + 8.27915)

B -2450/T + 3,80015)

=2757.5/T + 5,07315)

As -2450/7 3.8 ¢
(ae,] -1286.5/T + 2.547%4) /T 42800
~6322/T + 8.958'3)

| (2, -7240/T + 9.96916) -6322/T + 8,958
: -5600/T + 8.11916)
| 16) _ :
‘ ~2740/T + 4.959 ~
| ( P4] —2750.5/1 + 5,03 : )
|

Table 4 Equilibrium Constants, 1log K

Reaction Literature - Adopted

ore. - x 15360/T - 8.2917)
8, = AB

2774 1 14955/ - 8.6710)

15360/T - 8,29

7518/T - 4.938%5)

7sia/T - 4,938
4 8400/T - 6.6817) 3

As indicated by various authors reporting on the low temperature

measurements. Since the condenced systems investigated on the
and, Liguiel and lrquid

present study are sollqw the data for the aoll.Aphasesllsted in
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Table 5 Quasi-Chemical Interchange Energy
(cal/gr-mole) ’

System Literature " Adopted
9969 - 11.157%4) 1969
Ga - As , -t
-3.7719) ST
| Ga - P 7900 - 7.0074) 7900 - 7.00T
A8 =P 2000 2000

'Tablev3 are used. Table 4 lists the values of equilibrium
constants for reactions 2As2 = As4'and 2P2v= P4 over comppunds.
Partial pressures of the di-atomic species, As2 and Pz; then
can be computed from the data on the tera-atomic species by use
‘of the equilibrium constants. L ' .

In the binary solid solution of As and P,,_Q,:S_’P ﬁas been
calculated from the phase diagramlo) to be approximately 2000
cal/gr-mole. | ’

In general, JZ is independent of composition and tempera-
ture in a regular solid solution. . ﬁowé#er’it is dependent on
temperature in real binary liquids suéh és Ga-As and Ga-P as
shown in Table 4. Such solutions are defined by ) = o -G T.
For binary systemsysimilar to the III-V systems, the composition
~of liquid state corresponds to that of the solid state at the
melting poiﬁt. For this point the activity coefficient of com-
ponent ¢ in solid solution can be written as'ln')’ih =zﬁGfi
+ 1n 7'§h.,‘AGfi is the molar free energy of fusion of component
U. The activity coefficient is related to the quasi-chemical

interéhange energy by the relation 1n ?(i = AZV4RT. - Hence the



data reported by C. D. Thurmond %) and J. R. Arthur'®) may be
used near the melting point as the interchange energy in the
binary liquid phase.

20)

The GaAs-GaP quasi-binary phase diagram is Shown in Fig.
2 of chapter II. The dotted.curves indicate the ideal solidus
and ligquidus lines calculated on the assumption of the molecular-
like model of Ga-As or Ga-P atoms pair. In the diagram, the
experimental values, indicated by the open circles, are in good
agreement with the calculated solidus line. In addition it is

6)

known that the change in lattice parameter vs. composition for
the Gals-GaP system obeys Vegards law. Thus it can be said that
the solid solution behaves like an ideal one. As a result,
might be taken to be approximately zero.

Using the values discussed in the previous paragraphs,
various thermodynamic parameters of the syétem in pseude~equili-
brium can be computed from Eqs.(l6). Fig. © shows the temperature
TC, the temperature in the left hand side of the apparatus,
required to hold the composition Xéh and the temperature Th on

the experimental solidus line of the guasi-binary phase diagram.

sc 1h
P P

The partition of relative molar quantities of Ga, As, and P for

i
Fig. 7 shows the composition X as a functlon of composition X

the two parts with different temperature iz shown. Moreover the

sh
P
-

._f:\‘ . .
could be found from the equationil4). Fig. 8 indicates the

composition, X

1h
P

equilibrium partial and total pressurcs of As and P on the

of crystalline solid sclution corresponding to

X

~liquidus line.
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‘Fig. 6 Temperature in the T  part required to obtain the
o erystalline solid solution of mgle fraction XP’
The solid lines show the theoretical curves. Open
circles are the values obtained expgrimentally.

It is possible from the above discussion to apply the concept
of pseudo-equilibrium to the preparation of the ternary compound -

containing two volatile components, for example, the crystalline

go0lid solution of the type AIIIASl_XPX, where AIII

"volatility element such as Al, Ga and In. When the left side of

may be a low

the apparatus is kept in a suitable state which is characterized
by X?C and TC, the crystallinq solid solutipn éap be.produced in
| the right side. The»mgthod of preparatiqn of thé G:;u&sl__xl,?,X com-
pound can be developed according tb this-conception..-The-detgils

&

~of experimental method had been désgribed,in%tpevprevious.sécfion
e "f, . i -_‘r. [STLINS NS SR FRVPEVER SN . “ ST vt TN el XEENy) il o :,a.a,

2.
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Fig. 7 Distribﬁtion of P in two phases (sc)

and (sh) necessary to hold the pseudo- 0.0
equilibrium. The solid lines show_the ' GaAs O 02 03 04 GeP

theoretical curves. Open circules are

the values obtained experimentally. :
- | Fig. 8 Theoretical equilibrium partial and
total pressures of As and P at the melt-
- ing point of the crystalline solid solu-
tions. The solid and dotted lines are
. labeled A and B, respectively (see in theEjg
text). - | ? ' '
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4. Discussion

In the present work, the method for the preparation of the
crystalline solid solution of GahAs, P  from the melt has been
developed by controlling vapour pressure of As and P. The com-
pounds of GaAsl_XPX in the whole composition range of GaAs and
GaP could be obtained by the method. The crystal structure and
lattice parameters were confirmed and determined by powder X-
ray method. Compounds thus obtained have exhibited a high
degree of homogeneity in their Ga~As-P ratio perpendicular to
the growth direction. The composition along the length of
crystals remains constant or varies gradually depending upon
the condition of the preparation. Several important points to
obtain a homogeneous ingot with desired composition by the
present technique will now be discussed/as follows.

When the relative molar amounts of Ga, As and P were
weighed out and put into the vessel, the composition of ingot
prepared in the present method is mainly dependent on the tem=-
perature TC in the left side of the apparatus. It is found
that the higher value‘of TC results in the lower value of the
composition ZXEh(ingot) of ingot. These tendencies were known in
Table 2, for example, When sample number % and 4, or 5 and 6
were compared with each other.

The change of composition along the ingot in Fig. 3 is
closely related to the fact that after the initial solidifi-
cation occurs, the relative amounts of the composition change
in each phase. This change of composition could be estimated
from the phase relations as indicated in Figs. II-2 and 7. The
quasi-binary phase diagram of GaAs and GaP compounds suggests
that the relative amount of.phosphofous along the ingot de-

creases from the top to the tail. However the change in -
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composition can be reduced to some extent by putting sufficiently
large amounts of As and P to the left side of the apparatus.

It is confirmed from the experimental results that the larger

the ratio of N to N

AS+N Ga, becomes, the smaller change of com-

P
posifion along the ingot. As shown in Fig. 3, some ingots have
exhibited a high degree of homogeneity in the portion arcund
the top of ingot.

Fig. 9 shows the relation between Xgh(ingot) and Xéh which
was initially determined, where the solid line means the co-
incidence of the theofetical consideration with the experiments.
It could be seen that the experimental data are located around the
the solid line. The pseudo-equilibrium was based on the assumption

that there is no net flow of atoms in either direction between

TC and Th parts of the apparatus. Its equilibrium has been

0.5 0
‘ o
0.9
S
2 0.3 2
=
v a (o]
x
0.2 o
[o]
0.1
(o)
O & °
0 0.l 0.2 0.3 04 05
sh
XP

- , c s sh
Fig. 9 Coincidence between tne composition Xj

and the initially weighed value XP*.

(ingot)



concluded to exist TDetween the Ga-As-P ternary system and the

As-P binary system under the suitable conditions.

5. Summary

(1) A two tempefatures method has been developed for the
preparation of the erstalline solid solution of GaAsl_XPX. As
seen in Table 2, the GaAsl_XPX compounds with various composi-
~tions were obtained in the present work.
(2) Solid solutions obtained have exhibited a high degree of
homogeneity in their Ga-As-P ratio in the section perpendicular
to the growth direction. The composition along the length of
ingots remalins constant or varies gradually depend;ng upon the
condition of the preparation.
(%) The theoretical formulae were derived in order to calculate
the pseudo-equilibrium in a heterogeneous system consisting of
two parts with different temperatures. Its equilibrium was
based on the assumption that there is no net flow of atoms in
either direction between TC and Th varts. The equilibrium has
been concluded to exist between the Ga-As-P ternary system and

the As-P binary system under the suitable conditions.
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Appendix
The thermodynamic values for the enthalpy, entropy and free

energy of solution are related by the Gibbs-Helmholtz equation,
Fru = Hq —TSwm, A=1J

Assuming that all condensed phases are taken to be regular, the
value for entropy which coincides with one of ideal solution, is

given by

M = R (XealnXoa +XasnXys + XponXp) . (4-2)

The molar enthalpy of solution is calculated as follows. The
GaAs-GaP compound with a zinc-blende type structure is repre- -
sented in Fig. 10. Here the middle-points of each dumb-bell
pair consisting of either Ga-As or Ga-P have a fcc symmetry.
Representing each of Ga-As or Ga-P pair as a molQCule B or C,
respectively, the excess.molar enthélpy of the crystalline solid

solution could be calculated by Giggenheims quasi-chemical method

used in binary solutions. The total entropy of the solutions is

Hu = % ZNgHeg+%ZNeHee + Poc [Hoc- 5 (Hegt Hee D] . CA=3)

For convenignce, the value ng is defined as follows:

 Fac[Hee- L(Hes+Hee )] = XASX/?L_(ZS , (A-4)

where PBC is the total number of bonds between unlike molecules,

7 is the coordination number, and 2(NB +~NC) = N is the number

of atoms per one gr-atom where No is Avogadros number. & H

BB’ “CC
and HBC are the corresponding bonding enefgies for the individuyal

- combinations. The excess molar enthalpy of ZNB atoms in the
\ ,

!
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Fig. 10 Structure of GaAs, _P_ compound: a dumb-bell
) indicates a pair of Ga-As or Ga-P, where a “
i white ball shows the Ga atom and a grey one -

the As or P.

Ga-As binary system is equal to 1/2ZNBHBB. This may be written
as l/ZNB/NdJZGa—As where 1/4J2Ga_As‘1s the excess value per one

gr-atom. Correspondingly the enthalpy of 2N, atoms in the pure

C
Ga-P binary system is equal to l/zNé/NoJZGa—P‘ The integral

molar enthalpy of mixing is given by

Hig = Y% XasLdgaps + ¥ Xpddgap + )é;Xpﬂ,g . (A—53

" Thus the relative partial molar free energy and activities can
be obtained directly with the aid of the general thermodynamic

differential equations with the added conditions, X, = 1/2
and XAs + X

p= 1/2, one obtains
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Firen = RTLndea = RTLnts +%XasLuts + 5 XpL2mp + XpXpelds,
_ | | | | (A-b-a)
Fuggs =RTLndas =RTonkus + 1% Qoans + Ylr-2%s)20s,

' (A-8- b)

, . ' (A-8-C)
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Chapter IV

X-Ray Studies on Structure and Properties of Compound
Semiconductors ’

1. Relative integrated intensity and effectivekcharge in Gals
compounds. : ‘ . ‘

l—xPx

1-1) Introduction ' ‘

Precise measurements of X-ray intensity diffracted from
crystals seem to become more and more important for the investi-
gation of electron distributions in crystals with known structures
and for any kind of other quantitative works with X-rays.

An accuracy of 1-2% in the absolute values of the atomic
scattéring and structure factors may be considered in some cases

0

as sufficient for solving a number of quantum-chemical and
quantum-mechamical problems})v Quantitative calculation of certain
properties of crystals is already péssible from the atomic scattér-
ing or structure factor values w;th an accuracy comparable with

a direct experimental'determination% We shall enumerate some
opportunities which are now open in.terms of the experimentally
determined structure factors. They are as follows:' qualitative
classification of crystals according to the type of the chemical
bond, ipcluding a calculation of the number of Quasi—free electrons
in metals; determination of dia- and paramagnetic components
(Langevin and van Vleck part) of magnetic susceptibility in semi-
conductor crystals of elements and the simplest compounds, for
example with a sphaierite structure; definition of the effective
ionic charges in ionic and covalent crystals; semi-quantitative

estimation of the energy of the chemical bond in crystals; calcu~

lation of the zone structure in semiconductors; calculation of
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the elastic constants and phonon spectra in crystals, using maps

of the electron density distribution or directly using structure

- and atomic scattering factors.

One of the fundamental differences between the III-V compounds
- and the elemental semiconductors is the crystal binding. We are
mainly interested in establishing the charge difference between

the III atom with its surrdunding electron cloud and the V atom
with its.cloud. The simple picture we can use, say for Gals,
starts with the Ga3+ atom and its three valence electrons in

proximity to the As5+

atom and five valence electrons. If no
charge transfer took place the bonding would be neutral. The
eight valence electrons could, however, all congregate around

3+ 3-

the As atom, forming Ga”' and As ions. The crystal would be
ionic. - A third possibility is for one electron to pass from the
As atom to the Ga atom. Tetrahedral bonds could be formed as in
germanium, and we would say the cryétal binding was covalent.
It is important to realize that covalence of the bond does not
imply neutrality of the atoms. A charge transfer of one electron
is large, and such a covalent compound would behave in é number
of ways exactly like a strongly ionic crystal. We can give a
semivalence o0f a numerical scale to the charge transfer by postu-
lating that we can arbitrarily divide the crystél, with each I1I
atom and an.electron cloud in a sphere, énd the V atom and an
electron cloud in a neighboring sphere. We can then define an
effective charge e *, as the total charge within the III atom
sphére. ‘

The X~ray diffraction measurement gives*both the magnitude‘

2),3),4)

and sign of g *, and many authors have calculated it

.y;
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for III-V compounds.
The object of the present work is mainly to investigate the

variation of the effective charge in GaAs-GaP quasi-binary system.

1-2) Experimentals
(a) Samples |
Specimens of GaAs-GaP alloys for the present work were
prepared by the two temperatures method. Polycrystalline ingots
were grown frommelts with various compositions. Fine powders
were collected by sedimentation in xylene. The particie size
- was less than about 7p . The homogeneity and alloy composition
of specimens were tested by powder X-ray diffractometer. It
was assumed that the change of their lattice parameters with
composition obeys Vegard's law. ‘ )
(b) Apparatus
Relative intensities of diffraéted X-rays were measured
by a diffractometer with CuKg. The measurement was carried out
with a Geiger-Miller counter, and with a monochromator consist-
ing of a curve crystal of quartz seflin front of the counter.
(¢) Measurements |
The intensity measurements were performed by two techniques.
In the measurements of the intensities of ordinary diffraction
lines, the counter was scanned at a constant speed of 1/4 or 1/8
degree per minute, and background intensity for éach reflection
was subtracted from total counts. Intensities of the background
werenwasurmibybcounting for more than 10 minutes at positions
sufficiently apart fromthe diffraction line concerned. Intensi-

ties of the backgfound at the positions of the line were determined
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by interpolation. On the other hand, the intensities of (200),
(222), and (422) diffraction lines are relatively weak. Intensi~
ties for these weak lines were measured at the fixed angle so
long time that the statistical error woﬁld be counted out, and
the operation was performed at intervals of 8 =O.O25O around
the maximum diffraction angle., At the same time, the strong
diffraction line was: measured as a reference line and the
integrated intensity was compared with the former one ébtained

by the scanning method.

1-3) Evaluation of the scale factor
The relative values of the structure factors, Fexp(hkf),
were obtained from the relative intensities, I(hR{ ), by the

following relation,

(Fepnetr]* = -’id‘_fﬁ‘—' K*Ihke) | )
where K2 is given by

/(z Sin?6 cos G _ :
= @)
!/ + CoS%26rm Co5226 - ‘

when the monochromator was used, and by

pE Si?0 cosO _ .
] ¢
/ + Cos26 L

when it was not used, where GM is the Bragg angle for mono-
chromating crystal, j is the multiplicity factor, v is the

volume of a unit cell, fLis the linear absorption coefficient,



and k is a constant to bring FeX

i

p
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(hk€) to convenient magnitude.

The absolute values of the structure factors were obtained from

the relative-valﬁes by the procedure described in the following.

Table 1 - Atomic scattering factor and

anormalous dispersion

Atomic scattering factor, £°

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
P 15.00 14.47 13.17 11.66 10.34 9.33 8.59  8.02
Ga |31.00 30.30 28.65 26,76 24.92 23,16 21.47 19.84
As |33.00 32.27 30.47 28.29 26.20 24.34 22,69 21.15
0.40 0.50 0.60 0.70
P 7.54 6.67 5.83 5.02
Ga [18.26 15.38 12.95 11.02
‘As  |19.69 16.95 14.48 12.37 '

1 ' w
Anormalous dispersion, f and f

- for CuKg radiation

: P Ga As
' 1
f 0.27 -1.45  -=1.17
fn 0.46 0.98 1.17

The theoretical structure factors without the anomalous

dispersion were calculated from the theoretical atomic scattering

4

factors of Ga, As and P, where atoms are neutral. The correction

for the anomalous dispersion was made by using the values tabu-

lated by D. T. CromerS)

anomalous dispersion were given by

as shown in Table 1.

The theoretical structure factors taking account of the
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Fr(hkd) = exp (- B> ) Fochkl> “

(2 [(f5 +45 S5 +f5 Fethatiiy TE

fov (220), (4003, (422), and (Jgo)/»n@
0 ¢ / - n %
4 (s ~f7 +f2 <7 D% (£ -f)]
RchkD=) for (2000, (222), amol 422 Lere

[ fir o if + fF 2P

Jor (112, (311, (333), (£11), (£33, (£31)
- anol ($51) Lire

where f gII and f 3 are atomic scattering factors of the III-atom
and the V-atom respectivély, and f/’andﬁf” are real and imagingry
- part of the anomalous dispersion term, ¢ B> is the average temper-
ature factor which is determined by,the ﬁrocedure shown later.

- In the alloy system, it was assumed that both As and P atoms
substitute each other in the V-atom site. Then the atomic

scattering factors in the alloy system were given by the equation,
T
_{E = jCG’a—) ‘
:/V = xfp +(/—x)f,45/ ' o 6

where x is the mole fraction of GaP. The relation between the
theoretical and experimental structure factor was combined by

the scale factor ko as shown in the equation;

Fop RRLY s gy = Retdpl-> 5605 m)



103

The average temperature factor and the scale factor, ko, were
estimated from the gradient of log (Fexp/Fo) plotted against
sin29 /7L2vby using the square mean least method. At the same
time, in the alloy system, the alloy composition Was.checked by
using the condition that the R-factor defined by {ZyFexp(m)\z ,
- [Ppm)] 2}/ %{Fexp(lh)‘ 2 is minimum. In this estimation, the
data for (200), (222), and (422) were omitted, because FO for

these reflections might deviate from the real one due to the

partially ionicity of constituent atoms.

1-4) Temperature factors of individual atoms
‘Tha square mean least method is used for determining the
temperature factors of individual atoms of a crystal having the

zinc-blende type structure as defined by the equation.

_ SFrthit)e 72
Hs = %wdh){? ~—<-;713:7%2A(,{J —-[I%p(ﬁ)l-lﬁ//ﬁ)ﬂ},

. ' i ¢'e)
a’%%ﬁlc =0, \3 L 2

\

where the theoretical structure factor, FT(h) may be written in

the convenient form instead of the equation(4),

Frinkd) = 4 {[fneapl-Ba %)+ (fraonZthitel) - f snZthrkid ) expl-b, 51

+[ fnenl-bu £+ fvrsim Bt bl fﬂS?d?’h{’ﬁé)@?fP/'éV? Ya jé

L4
g

where :fIII or fv.is the real part of atomic scattering factor

contaihing the anomalous dispersion term for the atom of III or
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V site, respectivély, ahd IfiII or fg.is the imaginafy one for
each atom, % is sin26 /‘A? and BIII and BV are the temperature |
factors of the III- and V-atom, respectively. When the individual
temperature factor for each atom is different to a émall extent |
from the average temperature factor, < B> , thé following repre-

sentations are allowable.
51 = <F> + abxm

)

L = <LB> +4F7r . ‘ @e)

Thus, the condition described by the equation(8) is explicitly

given by the equations.

R
Ry o, Rigr=o.

Assuming that ABy /<B> € 1 and 4By /< B>< 1, the following

approximate equations were obtained.

IR 3 Fth) 2B%)
Zwm)[ afg’” 4By ;‘”"’)[B/A:“T(r) ifﬁfr ABy = & Zwﬂﬁ)[af(/h) R Sy

F
ZW(/ﬁ) %ﬁﬁ%ﬁl 2By Zwﬂé}[ S5 ] 4By =z ;Wﬁf Feplh)l-| FA I} 555

(/z)

where
Av = fx +fr cosZihshsd)- fV‘)’mz (/th) ’ 13)

A = {x + o ﬁfz—(/z+,(’+[)+fzrasz (ﬁ-fhé) (1)

y : . :
F—}(ﬁ) = Frih)+ —5%@45 + g "g:)AB /)
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iy = 4 e -<a>%) [47+ 42 T2 N (/)

IFr(h)
4By

= - S expla>§) [ falr + fa Ae ] /Fim) ’7)

Fth) - - % #op (_z<3>§){ [f7605§’(h+k+.€) —f;%&»}(/ﬂ,{’-‘rf)]/lk
4B _

+[frsnTthekrl ) + f ircosZhikr )1 Ac ) [Feh).  8)

From (11) the values of 4By and A4Bp and therefo:;'e, of By

and By would- be~determined.

1-5) Results

Table 2 shows the sample number used here and its alloy
composition, along with the lattice constant at room temperature.
The lattice constant of Gals obtainéd; 5.653010.0005 A, is in

agreement with the reported ones6) ' 7)

Also that of GaP
obtained, 5.4506+0.0005 A, ‘agrees quite well with G. Giesecke's
data6> , but disagree with S%raunwnﬁs’ one8) .

The log arithmetic plots of Fexp/Fo against 5in%@ /,k? are
shown in Fig. 1.

The absolute values of structure factors determined by the
method discussed above are listed in Tabies 3, along with the
‘theoretical strgcture factors, FT(h), and the average temperature
factor, <{B>.

The temperature factors of the two atoms, Bj[ and By , were

determined by the least mean square method. The value of FT(h)

was obtained with the above temperature factors and is listed in
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Table 2 Sample number, lattice constant
and alloy composition

v

Sample No. a (k) X Remark
GaAs 5.6530 x 0.0005 0 GalAs
X13 5.627 & 0.001 0.13 AB02P-1 :
X34 5.583 & 0.001 0.343 | RP805-2
X53 5.543 4+ 0.001 0.535 RF902—1
XT75 5.502 + 0,001 0.749 Rf808~2
GaP 5.4506 £ 0.0005 1.000 GaP

Tables 4, along with FeXP(M) and 4F(h), where AF(h) is given
by Fexp(m) - Fp(h). |
In the above analysis, the reflections of (200), (222) and
(422) lines were omitted, because these intensities are relatively
weak. Also the atomic scattering factors used werg,referred o
to neutral states, but the actual electron distribution around
each atom has no spherical symmetry'and would be expected that
negative charge is being passed from the V atom to the III atom.
Their situations will directly influence the intensities of (200),
(222), and (422) lines having the structure factor given by the
~difference of atomic scattering factors between the III and the
V atom. Values of these experimental structure facforswere put
to be the intensities multiplied by the scale factor. These
theoretical values, however, were refferred to neutral states.
Fig..2 shows the scale factdr, ko as a function 6f alloy
2 ‘7&

‘composition corresponding to the term of (kv/L in the equation.

. The linear absorption coefficient is represented by

M= “,\J:o,‘é(%)a%/i& ) y‘ )
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Table 3a The absolute values of the structure

¥

factors

a = 5.4506 + 0.0005 &

a = 5.502 £ 0.001 A

W
i

GaP X75 X53
hicl Fobs Fcal = Fobs Fpal AF Fobs : Fcal AF
111 lo4.41 | 107.31 | -2.90 110.95 | 115.73 | -4.78 116.93 | 121.70 | -4.77
200 47.16 51.08 | -3.88 32,60 34.70 | -2.10 18.85 22.60 | -3.75
220 | 116.68 | 114.48 | 2.20 138.10 | 129.07 | 9.03 143.55 | 137.52 | 6.01
311 80.79 | 78.45 | 2.34 82.47 | 84.37 | -1.90 87.88 | 88.14 | -0.26
222 37.60 | 38.66 | -1.05 25.92 | 26.04 | -0.12 - - | -
400 86.50 | 89.94 | -3.44 94.68 | 100.64 | -5.96 101.20 | 106.43 | -5.23
331 64.76 | 62.43 | 2.33 69.91 | 67.25 |  2.66 73.03 | 69.64 | 3.39
420 30.75 | 28.94 | 1.81 - - - - - -
422 76.41 73.20 3.21 86.45 81.71 4.74 87.25 85.29 1.96
: gii 48.99 50.75 -1.76 52.82 54.62 -1.80 54.74 56.01 -1.27
440 57.08 |  60.43 | -3.35 70.62 | 67.24 | 3.38 73.04 | 69.50 | 3.54
531 42,95 | 42.14 | o.81 43.59 | 45.01 | -1.42 45.75 | 45.71 | 0.04
6201 |- 48.84 | 50.40 | -1.56 55.01 | 55.90 | -0.89 5%.50 | 57.10 | -3.60
533 36.48 | 34.92 | 1.56 37.38 | 37.53 | -0.15 38.60 | 37.91 | 0.69
B =1.09 & B=1.16 & B=1.%4 &
k = 0.0229, R = Q.063 k = 0.0180,-R = 0.095 k = 0.0166, R = 0.073

5.54% + 0.001 &

80T



Table 3b The absolute values of the structure factors
X34 X13 _ Galds

hicl Fobs Fcal 4F ' Fobs Fcal 4F Fobs Fca]. aF
111 124.82 | 129.13 | -4.31 133.62 | 139.23 | -5.61 141.44 | 144.15 | -2.71
200 | 11.70| 13.83 | -2.13 6.58|  0.74 | 5.8 8.08 | 6.95 | 1.13
220 152.95 | 148.15 | 4.80 168.71 | 161.28 | 7.43 164.26 | 167.32 | -3.06
311 93.28 | 95.05 | -1.77 103.86 | 103,09 | 0.77 110.52 | 107.50 | 3.02

222 - - - - - - - - -
400 | 113.66| 115.97 | -2.31 122,65 | 127.03 | -4.38 132.23 | 132.57 | -0.34
331 79.18| 75.92 | 3.26 86.97 | 83.01L| 3.96 88.75 | 86.79 | 1.96

420 - - - - - - - - -
422 98.09 | 93.72 | 4.37 103.46 | 102.92 | 0.54 109.44 | 107.88 | 1.56
233 61.10| 61.66 | -0.56 65.75 | 67.75 | -2.00 72.05 | 171.05 | 1.00
440 73.0L| T7.44 | -4.43 85.75 | 85.54 | 0.21 88.60 | 90.12 | -1.52
531 53.38| 50.90 | 2.48 56.38 | 56.36 | 0.02 58.23 | 59.%6 | -1.13
620 62.79| 64.42 | -1.45 71.58 | 71.34 | 0.24 72.84 | 75.46 | -2.62
| 533 42.66| 42.68 | -0.02 47.21 | 47.41 | -0.20 51.96 | 50.27 | 1.69

B =1.20 & B=1.16 £ =111 K
= 0.0160, R = 0.063 k = 0.0151, R = 0.056 - 0.0154, R = 0.035
= 5.583 + 0.001 & a = 5.627 £ 0.001 & a = 5.6530 + 0.0005 k&

60T



Table 4a Experimental structure factors and calculated structure factors

GaP X75

hkl F s Fo1 AF r F s F.1 4? r
111 104.40 107.54 -3%.13 ~-0.060 110.95 115.27 -4,3%2 -0.079
200 47,16 51.06 -3.90 -0.152 - 32.60 34,75 -2.15 -0.12%
220 116.67 | 114.73 | 1.94 0.033 138.10 | 127.90 | 10.19 0.142
311 80.78 79.14 1.63 0.040 82.47 83.13 -0.66 -0.161
222 37.60 38.70 -1.10 -0.056 25.92 25.88 0.03 0.002
400 86.49 90.28 | -3.78 ~0.089 94.68 98.89 | -4.20 ~0.090
351 64.75 | 63.335 | 1.42 |  0.043 69.9L | 65.65 | 4.27 | 0.118
420 30.75 28.97 1.77 Q.122 - - - -
422 76.40 73.56 2.83 0.072 86.45 79.70 6.74 0.150
gg , 48.99 51,73 | -2.74 -0.115 52.82" | 52.88 | -0.06 ~0.002
440 57.07 60.81 | -3.73 ~0.135 70.62 65.13 5.47 0.149
531 42.95 43.09 | -0.13 -0.006 43.59 43.24 | 0.34 0.015
620 © 48.83 50.74 | -1.90 ~0.079 55.01 53.82 1.19 | 0.042
533 36.47 35.94 0.53 0.028 37.38 35.79 1.58 0.083

By, = 0.927 K By, = 1.394 &

Bp = 1.363 & Byg = 1.510 % Bp = 0.813 ¥

R = 0.06C: R = 0.093 |

01T



Table 4b Experimental structure factors and calculated structure factors

R = 0.061

X53 X34
hk1. Fobs Fcal aF r Fobs Fcal AF r
111 116.93 | 121.05 | -4.11 -0.071 124.82 | 129.00 | -4.17 -0.067
200 18.85 23.05 | -4.20 -0.355 11.70 13.85 | -2.15 -0.310
220 | 143.53 | 135.60 7.93 10.107 152.95 | 147.62 5.33 " 0.068
311 87.88 86. 40 1.48 0.033 93.28 94.72 | -1.43 ~0.030
222 - - - - - - - -
400 101.20 | 103.54 | -2.34 | . -0.046 113.66 | 115.11 | -1.45 ~0.025
331 73.03 67.34 5.69 0.149 79.18 75.42 3.75 0.092
420 - - - - - - _ -
422 | 87.25 81.96 5.28 0.117 98.09 92.68 5.41 0.107
E 54.74 | 53.49 | 1.24 0.044 61.10 | 61.07 | 0.028 | 0.001
440 73.04 65.97 7.07 0.184 73.01 76.27 | -3.26 ~0.091
531 45.75 43.13 2.62 0.111 53.38 50. 24 3.14 0.114
620 55.50 | 53.58 | -0.08 | =-0.00% 62.79 | 63.19 | -0.40 | -0.012
533 38.60 35.34 3.26 0.161 42,66 41.98 0.67 0.031
By, = 1.616 ¥ By,= 1.081 &
Byg = 1.751 K, Bp = 0.942 £ Byg = 1.502 F, By = 1.321 &
R = 0.072

TTT



Table 4c¢ Experimental structure

factors and calculated structure factors

_ X13 GaAs
nkl F_os Fio AF r F s F o1 AF r
111 133.62 | 139.27 | -5.64 ~0.086 141.44 | 144.09 | -2.64 ~0.037
200 6.58 0.74 5.84 10.987 8.08 6.94 | 1.14 0.262
220 168.71 | 161.40 7.30 0.084 164.26 | 167.08 | -2.81 ~0.034
311 103.86 | 10%.20 0.66 0.012 110.51 | 107.35 3.16 0.056
222 - - - - - - - _
400 122.65 | 127.21 | -4.56 -0.075 132,22 | 132.22 0.00 0.000
331 86.97 83.15 3.81 0.085 88.75 86.63 2.11 | 0.047
420 - - - ] - - - - -
422 105.46 | 105.15 | 0.30 0.006 109.44 | 107.49 | 1.95 0.035
233 65.75 67.90 | -2.15 ~0.066 | 72.05 | 70.91 1.13 0.031
440 85.75 85.78 | -0.03 ~0.001 88.60 89.73 | -1.13 ~0.025
531 56.38 | 56.49 | -0.11 | -0.004 58.22 | 59.29 | -1.06 | -0.0%1
620 |  71.58.| 71.57 0.01 | 0.0002 72.84 75.10 | -2.26 ~0.063
533 47.21 | 47.53 | -0.32 | -0.013 51.96 | 50.26 | 1.69 | 0.064
By, = 0.992 & By, = 1.286 & |
By, =1.342 &, B, = 0.875 I B,, = 1.006 &
R = 0.055 " R = 0.034

AN
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1
where f’ is the density, M the molecular weight per chemical

unit, and Ai’ n, and (L(/F )i is the atomic weight, the number
and the mass absorption coefficient of the i-th atom respectively.
The absorption coefficients of GaAs and GaP are reported to be

353.97) and 297.31) respectively. Assuming that the density

changes linearly with alloy composition, the term of (v2/,¢:)_>é
was calculated and shown by the dotted curve in Fig. 2, where
~the common scale factor k was estimated to be l.62x10—4 for the
best fitting between the above terms and the experimental scale
factors.

Fig. 3 illustrates the temperature factors obtained by the
two procedures described above. The average temperature factors
of GaAs and GaP are larger than the reported ones.7)’l) Also

the average values in the alloy were seemed to change system—

atically with alloy composition. However, the individual

e <B>
M = 1™
-0 Bas

o i " 1 1 o
GoAs 02 04 06 08 GaP .
Fig. 3 Temperature factors in GaAs, GaP and their alloys
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temperature factors of the III and V atom indicated the large
composition dependence. This behavior is very interesting, but
it is difficult to interpret it using the simple lattice model.
The temperature factor in the monoatomic lattice could be
calculated in the system of harmonic oscillators by the Debye

approximation. The result is represented by

mp @y < 4
where 2
—_— / q
L) = :'{]o v, cz)

et — 1.

and @%1 is the characteristic temperature, h the Planck constant,
k the Roltzman constant, and m the mass of an oscillator.

In the present case having the diatomic lattice, it was
assumed that m is referred to the reduced mass. Then, the tem-

perature factors for GaAs and GaP at 300 °K are given by‘

z2z)

{ 0.754x 10" Y2 (A% for Gads,
r6TXIOY@E (B for GaP,

8 =

Using the avarage temperature factor { B> , the characteristic
temperature were estimated from the above relation(22) as shown
in Table 5. However, the corresponding representation inter-
preting the difference between individual temperature factors
" has not been developed. |

On the other hand, the Finstein model might be applied to
the lattice vibration, at relatively high temperatufe._ The
model assumes that all atoms are vibrating at constenf frequency,

YV, Then the temperature factor is_represented'by'
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Table 5 Characteristic temperature according to
the Debye approximation

(B> On
GaAs | 1.11 X2 297 °K - 206 cm™t
GaP | 1.09 384 266
2T

B = SWUr> = (23)

mk ®@F

where C)E is the characteristic temperature of the Einstein
oscillator. Also its temperature is connected with the expres-

sion for the heat capacity of one gram atom at constant volume:

Cv = 3R(Oe/r) exp(O5plexp(Or)- 117, @

Here the characteristic temperature; 6%;could be estimated

from the equation(23) using the experimental temperature factors.
The results are shown in Table 6, where the heat capacity given
by the equation(24) is listed in the sixth column. The corre-
sponding characteristic temperatures between differenf atoms
have the same value in.the crystal. The calculated heat capaci-
ties are in agreement with the experimental ones. Therefore
the modelmay be adopted in the present analysis. Then the large‘
difference between individual temperature factors in GaP can be

deduced to rise from the mass difference.



Table 6. Analysis of temperature fgctor
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and specific heat
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. atomic 22 @ cal exp
080111ator‘ weight B (A%) (°K) Cy Cy
Ga 69.72 1.17 118 0.0815
0.0760
GaAs As 74.92 1.12 117 0.0815
pair 33.54 1.11 174 -
Ga 69.72 0.870 137 0.116
' 0.124
GaP P 30.97 1.74 145 0.116
pair 20.51 1.09 226 -

The experimental and theoretical structure factors as a

function of alloy composition were shown in Fig. 4. The experi-

mental values of (111) and (400) lines were smaller than the

theoretical ones, and oppositely the experimental (220), (422),

and (311) difraction lines had larger values than the theoretical

ones over all alloy compositionsg. Hewever, it has been not under-

stood why«fhe experimental intensity of (220) line is largely

differ with the theoretical one.

1?'\"“\\
150 3220
Do YL """" &
‘% e T~
i% & s‘\ \
gt " 2400
\\ Send . \'hg~ A
‘\h\w Al 100 ‘\\Qgi """" ol
= foned e N s SRS
e ‘--\ . .
E N»\\“ 33 | Tmeead) \'\\440 o
= P e N ——
‘ N &)
S S~
TS
N» .....
533
GaAs GaP GoP

Mole of GaP

GoAs

Mole of GoP

Fig. 4 Comparison between Fexp and'Fcai
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1-6) Discussion

(a) The difference between the squared theoretical and experi~
mental structure factor, r(h).

The parameter, r(h) may be defined by the equation

ray = [Fap@l-1Fol 1/ 1Fdn|® . (24>

Then the F-factor described before corresponds to the sum of
r(h), 2r(h). TFig. 5 shows the r(h) as a function of sin@ /x .
It is interesting that the value of r(h) means the difference
of these two structure factors on the point with the radius
sin@ /x_ in the reciprocal lattice space. The broken lines for
GaAs and GaP were similar to the results reported by other

1,7 The sign of r(200) is possitive for GaAs, but

authors.
negative for GaP. It seems that the behavior for the broken

lines of the alloys had always the same tendency with the terminal
ones, and the sign of r(200) ohangeé around the samplebof X13
with alloy composition, 0.13 mole fraction of GaP. Thus such a
broken line as a function of sin @ 4x~ would be considered to

have some physical meanings; how electric state has been referred

as the atomic scattering factor, and whether the electron distri-

busion is isotropic in the space.
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Fig. 5 The variation of r(h) factor as a function of sinée /;\- ,

- (b) Effective charge

The values of the ionic charges can be determined from
charts of electron distribution and directly from f curves.
Here the values of structure factors would be discussed. The
structure factor for the pair of atoms in the zinc blende lattice
having even indices that can be divided by four is equal to the
sum of atomic scattering factors of the component ions. On the
other hand, the structure factors are equal to the difference of
atomic scattering factors of the compopent'ions for the planes

with four indices . which cannot be divided by four. The difference
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Table 7 Observed and calculated structure factor
of (200) reflection

GaP x75 X53 X34 X12' | Gads
P ps(200) | 47.16 32.60 | 18.85 | 11.70 6.58 8.08
Foo (200) | 51.06 | 34.75 | 2305 | 13.85 0.74 | 6.94
arF -3.88 | 2,15 | -4.20 | -2.15 5.84 | 1.14
Fpe(200) | 49.33" : 5.27"
10.72"
Oorr 0.61 | 0.36 0.68 0.47 0.16

» 81'rota; ** Uno et al

of atomic scattering factors is sensitive to the variation of

ion charges. On using the apparent relation for the ratio of

exp neutral atom .
F200 /F200
neutral : '
IJCA - 7c5 IZoo — ZQ - ZB (26>
exp ;
F;oo AX R

where ZA - ZB is the difference of atomic numbers of
neutral atoms and 4 x is the difference of actual number of the
component ions in the crystal. Then the effective charge, is
defined9) as follows.

_ WZi-Zs>- ax| ‘ 27
Coff = - @7

£

The experiﬁental'and theoretical structure factors of (200)
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reflection line and the estimated effective charge are shown
in Table 7. It is seen that both the possitive and negative
value of A4TF for GaAs and GaP respectively give g Same'meaning,
that is, negative charge is being passed from the ITatom to the -
'V atom and therefore the charges of ions’AIII are positive
and those of BV are negative in conparison with the neutral
states. |

The apparent difference between the experimental and theo-
retical structure factor in the alloys seems to cha;ge from
negative value to possitive one and the structure factor arrives
to be Zero at an alloy cémposition. Fig. 6 shows the absolute
structure factor of (200) line, where the solid line means the
theoretical values and the dotted one is the connecting line of
the experimental values in the GaP-rich side. When the experi-
mental structure factor is zero at the composition, x*, the

apparent relation is obtained,

F(ZOO)Z*) = 4 {[féa -—(/~z"‘)795—1"3‘p—2A)(J2

+ [ ~(-2Ais -xMF P F =0, @

where f and f" is the real and imaginary part of each atomic
scattering factor, and 4f is the variation from the neutral
atomic scattering factor. x* being 0.15, Af was estimated to
be 0.11. The absolute values of structure factors measured in
the alloys as shown in Fig. 6 would be thought to ensure the
picture of the partial ionization of consutituent atoms in the

III-V Quasi-binary compounds.
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80 |- F(200) .

E 3

GaAs X GaP

FPig. 6 Observed and calculated structure factors
of (200) reflection

As above mentioned, the theoretical structurelfactors
were calculated from the theoretical atomic scattering factors‘
of Ga, As and P, where atoms are negtral, and on the other
"hand the observed values have been shown to deviate from the
neutral states. The actual number of electrons around the
- nucleus of each atom could be estimated as following. According
to V. Korhonen}o) the atomic scattering factors Fl,UfFZ/) of
anionl, belonging to this cr&stal, with:the position coordi-~

nates (xl, Yy zl) and‘the ionic radius R, can be represented

by the series of the structure factors F(hk{ ),

Finbey = 4;? J/,—’F(/z"(v’é’) + ,,;; Fihkt 5 (22% - ost) |

NP,

o = 2R/ duchk-k,02¢) , (i)

where d .y Kk, ¢2¢) denotes the distance of repetition of the
\
i
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 lattice planes (th,kik,éik). Here the sphere With:the center
at (xl, Yy zl) and the radius R is called the ionic sphere.
In the case of H =0, kgih and £=0, the scattering factor,
F4,(000) in (29) means the total number of electrons within

the sphere of ion 1. Assuming that Fzzz) equals to Fz%%), the

difference of number of electrons between the actual and the

nutral atom may be estimated by the equation,

47

23 1 /scnad
A7 = 7 %AF{MZ)@S,@O-@(—B—(——-—WQ() ;G0

then O =27 RVA+&* +47/a and ATF(hkl )=F_, (hk{) - F_ . (hkL).
In the present work the series (31) has been applied to
the calculation of the difference of electronic number of the
Ga ion in GaAs, GaP and their alloys. The ionic radius of Ga
haé been assumed to be.l.26 R as reported by Pauling%l) The
result is shown in Table 8. The fac¢t that the value of 47 is
nearly equal over the quasi-binary system is very interesting
and is reasonable in comparison with the result on the effective
charge discussed in the previous pafagraph. Here the minus

‘sign of A Z denotes that the charge transfer occurs from the

ITIT atom to the V one.
Table 8 Experimental value of AZ

GaAs X13 X34 © X573 X75 GaP
72 -0.0735 =0.0627 =0.0738 =~0.0624 =0.0544 -0.0695



123

1-7) Conclusion
In this work, the following contents have been performed§

(1) The precisé measurements of X-ray intensity were carried
out by the powdef method, and the crystal structure factors of
GaAs, GaP and their alloys have been determined.

(2) The temperature factors of Ga, As and P have been obtained
ineach samples, and the both Debye and Einstein model on the
lattice vibration were concerned. Temperature factors of the
III and the V atoms in GaP differ each ofher in magnitude.

The difference could be explained using the Einstein model.

(3) The assumption that the atomic scattering factor ¢f V
atom in the alloy is represented by a linear combination of
constituent V atoms might be thought to be valid in the present
accuracy on the experimental analysis. However, the apparent ‘
temperature factors of each atom in the alloy seem to be system-
atically scattered. The experiment;l fact could be thought to
be caused by the above assumption and the strain introduced'by
the alloying. |

(4) The effective charge in III-V compounds has been estimated
by three methods. Unfortunately the quantitative result could
not be obtained, but the fact that negative charge is being
bpassed from the III atom to the V atom has been concluded in

GaAs, GaP and their alloys;
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2. Crystal structures of o -~ and ﬁ?—InZSe5and‘their thermal
properties

2-1) Introduction \

This compound belongs to the group bf semiconductor with

general formula AéIIBgI, and there exist at least three different
modificationsll)‘of IHZSeB‘ Until recently, the results of some

12)

studies by X-ray powder method of Hahn et alv 13)

and Sugaike et al’
or by the electrographic method of Semiletov}4) led to the con-
clusion that the space group of - and ﬁ—modification was

02—063 and 02-061, respectively.

We prepared the single crystal by the solution method(4) in
which Se pressure was carefully controlled in 700 - 750 mmHg at
the melting point of this compound.

In the present work, the crystal structure analysis on X -
and /5’-In28e3 has been performed by “the Weissenberg method. The
transition temperature from ¢of - to /?—In28e3 was determined by

the thermal analysis and the thermal expansion coefficients were

measured.

2-2) Experimental procedure
a) Laue method
- Laue patterns are usually indexed graphiéally by transform-
ing the reflection spots to gnomonic poles, which are the inter-
sections of the normals of the reflecting planes with the plane
of projection, and plotting these poles to form a gnomonic
projection. In the case of patterns taken with the :incident

beam parallel to a crystallographic axis and perpendicular to a
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flat film, the gnomonic net corresponds to a plane net of the

reciprocal lattice and is indexed accordingly.

Photo. 1 Laue pattern of o{-In

ZSe3
Photo. 1 showed the Laue pattern with the incident beam
parallel to a c-axis of a’-In2Se3. Intensity distribution over

all spots has said that the c-axis has a three-hold symmetry.

b) Oscillation method
A crystal rotated in an x-ray beam around the normal to a
set of reciprocal lattice-net planes will generate diffraction
beams in the surface of a series of cones, corresponding to the
circles in which the nets intersect the Ewald sphere. These
cones are interceptéd as straight-line rows of spots by a film

rolled into a cylinder coaxial with the rotation axis. A typical
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pattern is shown in Photo. 2. If the rotation axis is the a-axis
of the crystal, each row of spots will represent diffractions
from the planes hkl for which the h index is constant. The
reflections on the row through the trace of the direct beam will
have a=0, the next will have a=1, then a=2, and so on. These
rows are thus commonly referred to as the zero layer (or zero
level), first layer, second layer, etc. This terminology is
carried over from the rotation method to all the other single-

crystal methods.

Photo. 2 Oscillation pattern of (X -In

ZSe3

If the perpendicular distance from the zero layer row to

an upper layer row is measured on the film as Sn’ the corresponding
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distance between layers of the reciprocal lattice, ;Ilie given

by

G2

i

7 vz + S5

where r is the radius of the cylindrical film. The correspond-

ing value of the a-axis is

a = n7\/“§n (33)

where X is the wavelength in A and n the number of the layer.
Thus the rotation photograph will give directly the dimension

of the unit cell.

c) Weissenberg method |

More widely used to resolve all the reflections of a singie
crystal is the Weissenberg camera, Yhich pfoduces patterns that
are more easily conveniently interpreted. This apparatus is an
adaptation of the rotation camefa in which all but one layer line‘
of reflections is stopped by a stationary slotted metal screen,
and the cylindrical film holder is‘arranged to travel parallel
to its axis a distance related to the degree of rotation of the
crystal. The diffraction spots correspoﬁding-to one row on the
rotation pattern thus become distributed.over the whole film.
The array of spots is actually a highly distorted image of the
reciprocal-lattice net selected by the layer-line screen. In
spite of the distortion, the fact that one whole net plane is
‘registered on a single film, rather than scattered over a series
of oscillation patterns, offers a tremendous advantage in studyé .

ing the lattice, especially where intensity distributions are
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being considered in searching for symmeﬁry. A typical Weissen-
'bérg pattern is shown in Photos. 3 and 4.

Upper layers are photographed by simply setting the layer-
line screen oppoéite the appropriate rotation row line. If the
X-ray beam is kept pefpendicular to the rotation axis ("normal-
beam" technique), the interesting circle in the Ewald sphere is
displaced from the rotation axis and diminishes in size rapidly
at higher layers, so that the range of the net plane recordéd
becomes greatly restricted. This effect ié greatly ameliorated
by tilting the X-ray beam to the rotation axis at an angle such
that the beam lies in the surface of the cone of reflections for
the layer being photographed. By this technique ("equi-incli-
nation"), the reflecting circlé always passes through thé rotation
axis and its radius is enlarged so that a much larger range of’
the reciprocal lattice may be recorded. |

The setting is given for the eéui~inclination method as
follows. The angle of inclination l/n of the X-ray collimator

to the rotation axis is. given by
. -1
Un = 3in (—2—1) ) BEREE))

where $:n=na* and a*=A/a, and A is the wavelength of X-ray and
a the lattice constant. The position of 1ayer—line’bcfeen, X,
translated from the zero-layer position opposite the X;ray beam -

i

collimator by an amount in.

2/ +- 53
Sn

o Ay - 6d)

I
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Fig. 3a Zero-layer Weissenberg photograph

of Ot'-InZSe3
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Fig. 3b First-layer Weissenberg photograph of O"-InZSe3

by the equi-inclination method
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Fig. 3¢ Second-layer Weissenberg photograph of ¢ -In,Se

2773

by the equi-inclination method
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Fig. 4 Zero-layer Weissenberg photograph
of ﬁ ~In,Se,
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where ¢ is the screen radius. The position of the beam trap,
translated in a direction opposite to the layer-line screen on
which it is mounted by the amount 2Xn‘ These bonditions for

o/~ and [3' —In28e3 are tabulated in Table 9.

Table 9 Some parameters necessary to the crystal
structure analysis '

o --InZSe3 {3’-Ir12Se3

%:’;;igier a 4.05 A 4.05 A
ﬁ;",zf, 2.1 0.380 0.380
V| 11.00° 11.00°

Xl‘ 4.41 mm 4.41 mm
Second z. 0.760 .0.760
layer v, | 22.38° 22.35°

X5 10.27 mm 10.27 mm

2-3) The measurement of diffraction intensities and indexing
a) The measurement of diffraction intensities
The structure factor is related to the intensity of dif-

fraction I by the following expression: .

jppp e et 17 1 _ KT
= Ter WMV Alp L AL oo

where € is the charge and m the mass of the electron, c is the
velocity of light, A the wavelength of the X-rays, N the

number of unit cells per unit of volume, V the volume of the
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crystal, A an absorption £actor, L the Lorentz factor, P the
polarization factor, Io the intensity of the primary beam, and.
K a scale factof.

The matter of primary interest in structure analysis is
the relative values of F, so that IO and NZV assume secondary
importance. In the Photographic method, the whole diffraction
pattern is exposed repeatedly over a relatively long time period
so ‘that variations in Io are averaged out for the feflections
on that pattern. In the present time, the experimental structure
factor will be obtained from the collected relative KZI/ALP
values.

The actual measurement of I was performed by the integrated
intensity methbd, in which the crystal is rotated through the
Bragg angle. An intensity strip of standard exposures was‘madé
and used to estimate the unknown spot intensities by direct com-

parison.

b) Intensity corrections

The measurements obtained by the Weissenberg method would
now be transformed to the data needed for crystal-structure
analysis, the structure amplitudes. Two strictly geometric
factors which modify the relative intensities must be accounted
for. The first, the polarization factor, is a fundtion of the
Bragg angle only and is the same for all methods of :measurement.
It is easily understood by considering the scattering by one
electron in an atom in thé crystal, which responds to an imping-
ing X-ray beam. Its oscillations give rise to a secondary X-ray v

.beam of two polarized components, vertical and horizontal, each
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of intensity one-half relative to the total forward-scattered
intensity., A% various angles in the horizontal plane, the
intensity of the horizontal component as a transverse wave is a
maximum at O and 1800, parallel to the primary beam, but
decreases to zero at 900, where the transverse electron oscil-
lations have no contribution. The intensity of thié wave, then,
varies according to 0082 260 . The intensity of the?vertical
componenf, on the other hand, remains unchanged at all horizontal
scattering angles.

A second important geometric factor, known as fhe Lorentz
factor, arises from the fact that the manner in whiéh the various
diffracting planes in the crystal pass through the critical
diffracting angle is different for different planes. This
variation is best.understood by considering the angle at which’

a reciprocal lattice point passes through the diffracting sphere.

If the lattice point were trul§ a geometric point, the
~idea of time opportunity that a diffracting plane has while its
reciprocal lattice point passes through the geometric surface of
the Ewald sphere would have no meaning; but as a matter of fact,
because of the spread of wavelengths in the primary:beam, the
mosaic character of the crystal, and other factors, the recipro-
cal lattice point actually has a breadth as it is applied in
the practical diffraction problem. Assuming that all the recipro-
cal lattice points have the same spread, it can be seen that a
point ﬁhich passes through the diffracting sphere at a grazing
angle will have a longer time to diffract X-rays than one which
passes through in a direction nearly normal to the surface.
Moreover, the fact is taken into account that reciprocal lattice

X
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points of a rotating cr&stal which are farther from the origin
more faster with respect to the sphere than those near the origin,
and so have less time to diffract X-rays. Then thé Lorentz
factor ié defined as a function of the projected cbﬁponent of
the velocity of a reciprocal lattice point on the hérmal to the
Ewald sphere at the point of contact. It is convenient to com-.
bine all these geometric factors into one algebric expression
which is represented by Lp, the Lorentz polarization factor.

The formulas for the Lorentz polarization correction Lp

for the equi-inclination Weissenberg method is given by

1 ax J(Yar (76 cosd

Lp / + cos?26

J (37)

where ¢ is the distance between ( Ak€) planes, l/b the Z-com~"
ponent of the (hAk{¢) vector in the reciprocal lattice space.
Finally, the trouble some factor which must be: accounted
for in converting measured intensity values to structure ampli-
tudes results from X-ray absorption'in the crystal. A cylin-
drical or spherical crystal show absorption which is greatest
at low diffraction angles and decreases monotonically with
increasing angle. In the present analysis, as described before,
the linear absorption coefficient is large and the specimen size
is relatively gross, therefore the effect from X-ray absorption
will cause much error. Assuming that the specimen shape is cylin-
drical and its radius is about 0.01 cm, the factor, Mr is
reduced to be about 9.0 and the absorption factor is simp1y>
given és a function of sin29 by the author%S) The :relative

values of A are shown in Table 10.
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Table 10 The relative value of absorption factor, A

Ur=9.0
sin% | O 0.1464 0.3290 0.5000 0.6710 0.8536 1.000

A 1.26  14.45 29.10 43.35 58.7 @ T78.1 100

c) Indexing equi-inclination Weissenberg patterns
c-i) Geometrical construction of the reciprocal lattice

The hexagonal lattice is represented by two ways; one is
referred to the hexagonal axis and then the components of the
vector are taken as (a2, b2, 02), and the another is referred
to the orthogonal axis and the components are taken as (al, bl’

cl). The relation between two axis is shown in Fig. 7.

a2 ) | 2 3 4
first second  third  forth
layer  layer layer ~ layer

Direct Lattice ‘ Reciprocal  Lattice
Fig. 7 The representation of the hexagonal lattice.

The corresponding reciprocal lattice is connected with the
direct lattice in terms of a set of the above components of
vector as shown in Fig. 7, and the magnitudes of the translations

defining the reciprocal lattice are given by
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o3 =2 v |2 A/ ]

(25| = |07 | /oos 60=2 A/ |1, (38)
~and
XD —|b Hb |cos 30=1
2 a,= |a Ila | cos 30=1 : (39)_
then
ibzlzia2|=l/|a§lcos 30=tbl|/2)\ cos 30 - (40)

where the wavelength of X-ray, A is assumed to be ﬁnity.
¢-ii) Cylindrical coordinate system and indéxing

In terms of the reciprocal lattice, thg condition for
reflection is that a point of the reciprocal lattic; must lie
on the surface of the sphere of reflection. Thus diffraction
by a rotating crystal_caﬁ be represented as the rotation of thg
reciprocal lattice about an axis or, conversely, as the rotation
of the sphere through the reciprocal lattice. The oriéin of the
reciprocal lattice is always placed at the point where the
incident beam emerges from the sphere of reflection. As each
reciprocal lattice point passes through the surface of the
reflection sphere a diffracted beam is produced. The spots on
a cylindrical film must be then identified with the:corresponding
reciprocal lattice points. To accomplish this it is convenient
to define the position of the reciprocal lattice‘pqints using‘
cylindrical coordinates, as in Fig. 8. ; is the perpendicular
distance of the reciprocal lattice point P from a plane normal
to the rotation axis through the reciprocal lattice-origin; %
is the radius of a cylinder having the rotation agisvas axis
and passing through P, i.e., the perpendicular distance from

the rotation axis of P} ﬁﬁ is the angular coordinate of P which
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v

acquires all values during a complete rotation and is indetefmi-
nate on a rotation phofograph; and @ * is the reciprocal lattice

point vector A/d .

A
Rotation (&
axis

(g %
¢

Reference
axis

Fig. 8 Cylindrical coordinate system

Since Weissenberg patterns are‘photographed one level at

a time, ail spofs on a given level have the same ? value.

The spots are spread ovér the two dimensions of the film, making
it possible to fix uniquely the other two cylindrical coordinates
? and ¢’. When x is the distance of a spot to fhe center line
of the film, it is proportional to 2r sin_l('?/Z). The distance
Z of a spot to an arbitrary zero, measured parallel to the.
center line, is propoftional to the aﬁgle the crystal has turned
¢’in going from the zero spot to the spot.. Using a camera of
57.30 mm diameter, sin™ ( %/2)=x(mm)®, $=22(mm)®

Therefore the interplanar spacing of ‘can then be computed



140

using the Bragg relation

o
d/ﬂ = zsin X

(40)

Table 9 shows the lattice parameters determined by such a way
and by the oscillatlon method. |

To illustrate the procedure of indexing, the indexed dot
copy of éhe (ohl) pattern of 0(—In28e3 was shown in Fig. 9.
The summarized results were shown in Table 11 for X - and /9— _

InszB' We have determined that the condition for‘nonextinctionv

is -h+k+l=3n for both O - and {§ -In,Se, as shown in Table 11.

k=0

c* ¢ a*

Fig. 9 The indexed dot copy of the (ohl) pattérn

of & -11128e3 : ,

o
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Table 1lla List of intensities, lattice spaéing

and index in O{-InsSes

Toteneaty | % Yog ca1 | Indexing
Zero Layer No.7505 K35
- - - 9.590 - | 000 3
694.20 0.30 5.15 4.795 6
216.01 0.458 3.36 3.196 9
98.89 0.61 2.5% 2.%97 12
377.20 0.78 1.98 1.918 15
94.17 0.945 1.63 1.598 18
596.48 1.105 1.395 1.370 21
37.99 1.27 1.21 1.198 24
189.17 1.427 1.08 1.065 27
54.95 1.591 0.970 | 0.9590 30
72.32 1.755 | 0.880 | 0.8718 33
104.65 1.927 0.800 | 0.7991 36
117.51 0.45 3.43 3.481 011 1
694.20 0.49 - | 3.14 3.152 4
221.56 0.57 .| 2.70 2.667 7
334,22 0.68 2.26 2.224 10
56.47% 0.81 1.90 ,| 1.871L 13
13.30 - - 1.600 16
18.63 -, - 1.390 19
92.68 1.24 1.24 1.225 22
394.64 1.40 1.10 1.093 25
- 23.95 - - 0.9860 28
227.46 1.70 0.908 | 0.8971 31
302.90 1.86 0.829 | 0.8225 34
89.38 0.435 | 3.54 3.407 | 011.3
28.50 - - 2.994 5
29.38 - - 2.510 38
254,29 0.73 2.11 2.096 11
121.80 0.88 1.75 1.773 14
156.88 1.00 1.54 1.524 17
74.22 1.16 1.33 1.330 20
228.90 1.29 1.19: 1.178 2%
24.41 - - 1.055 26
55.88 - - 29

0.9546
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Observed

Intensity ? dobs d‘cal Index1pg
192.43 1,75 0.880 0.8709 32
215.85 1.92 0.802 0.8003 35

60.09 0.89 1.73 1.750 022 1
540.61 0.93 1.66 1.170% 4
176.60 0.98 1.57 1.613 7
391.48 1.02 1.51 1.497 10

57.95 1.11 1.39 1.374 13
12.60 - - 1.255 16

6.30 - - 1.146 19

40.96 - - 1.048 5o
332.73 1.58 0.975 0.9621 25

28.98 - - 0.8865 28
270.38 1.87 0.825 0.8202 31

25.65 - - 1.740 022 2

4.20 - - 1.677 “5

23,11 - - 1.576 8
215.86 1.05 1.47 1.456 11
107.95 1.15 1.34 1.333 14

80.91 1.27 1.21 1.217 17

19.95 - - 1.112 20
112.06 1.50 1.02 1.018 23

13.65 - - 0.9358 - 26

38.89 - - 0.8634 29
205.84 1.92 0.802 | 0.8000 32
454.70 1.32 1.17 1.169 033.0

14.12 - - 1.160 '3
102.48 1.36 1.13 1.13%5 6

21.97 - - 1.098 9

12.44 0.525 1.01 1.050 12

66.22 1.60 0.965 0.9982 15

19.17 - - 0.9436 18
252.33 1.73 0.890 0.8893 21

. 25.04 - - 0.8369 24
209.1% 1.94 0.795 0.7875
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Table 11b List of intensities, lattice spacing

and index in (3--1102Se3
f%gizggigy ? dobs dcal Indexing
Zero Layer No.7505 K56

- - - 9.803 000 3
301.455 0.326 4.72 4.901 6
©56.19 0.486 3.17 3.267 9
60.08 0.646 2.3%9 2.450 12
259.43 0.801 1.93 1.960 15
265.25 0.961 1.61 1.633 18
101.52 1.136 1.36 1.400 21
14.21 1.301 1.18 1.225 24
89.53 1.466 1.05 1.089 27
14.21 - - | 0.9803 30
- - - 0.8169 36
46.21 0.44 3.50 3.482 011 1
24.47 - - 3.165 4
- - - 2.692 7
152.09 0.68 2.26 2.253 10
- 47.17 0.815 1.90 1.901 13
62.65 0.965 1.60 °| 1.628 16
- - - 1.416 19
70.64 1.25 1.23 1.249 22
18.19 1.39 1.11 1.115 25
30.92 1.56 0.990"| 1.006 28
- - - 0.9158 31

- - - 0.8398 34

- - - 0.7752 37
Co- - -~ 3.411 0i1 2
435.18 0.50 3.08 3.012 5
56.69 0.595 2.59 2.537 "8
111.18 0.71 2.17 2.126 11
- - - 1.802 14
27.29 0.995 1.55 1.551 17
19.10 1.14 1.35 1.356 20
33.64 1.295 1.19 1.201 23
10.00 1.45 1.06 1.076 26
4,55 - - 0.9742 29
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QObserved

Intensity 5 dops deal Indexing
25.47 1.765 0.874 0.8890 011 32
- - - 0.8171 35
- < - 1.741 022 2
251.61 0.92 1.68 1.680 5
25.05 0.99 1.56 1.582 8
78.66 1.065 1.45 1.466 11
- - - 1.346 14
- - - 1.231 17
17.48 - - 1.126 20
"58.66 1.51 1.02 1.033 23
32.30 - - .| 0.9505 26
54.92 1.775 0.870 0.8779 29
64.61 1.915 0.805 | 0.8140 32
29.13 0.895 1.72 1.750 022 1
- - - 1.705 Cg
29.13 0.92 1.67 1.618 7
283.52 1.025 1.50 1.506 1o
97.54 1.12 1.38 1.386 13
141.71 1.225 1.26 | 1.268 16
- - - 1.160 19
52.03 1.48 1.04 1.063 22
- - - - 0.976 05
126.29 1.32 1.17, | 1.169 033 0
- - - 1.160 3
- - - 1.137 "6
- - - 1.100 9
- - - 1.055 12
55.74 1.54 1.00 1.004 15
26.62 1.625 0.950 0.95071 18
29.45 1.725 0.894 0.8975 21
41.04 1.84 0.838 0.8459 24
27.83 - - 27
24.47 1.76 0.875 0.8764 044 1
- - - 0.8706 4
- - - 0.8583% 7
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2-4) Patterson function

The first step in the structure analysis is to calculate
the Patterson fuﬁction, a Fourier series whose coefficients are
the experimentally measured intensities. This function is

Plwsuw) = %%Z IF(/ikf){zwszz(ﬁd-fkv-rlw), @)

1
4 y;
where the next relation, that is Friedel's law, is used,

IF(h, k, 1)]° = [Pk, &, 1)]?

It is important to appreciate that the Patterson function is
calculated from the experimentally measured intensities and does
not require any knowledge of fhe phases of F(h, k,‘l). The peaks
contained, in P(u, v, w) correspond to the interatomic vectors

of the suructure, and the peak height is proportional to the peak -
weight only to the extent thatlthe gcattering factof of any giVen
atom j can be represented as ij where € is é factof dependent,
on the scattering angle and is,ihdependent of the atoms. In most

cases, ™~
: . .. 3.7, ‘ .
Height of a given peak i i7j
Height of origin peak  ~ § ,2 | (42)
7~ '

In the present case, the space group for « - an.d.p’--Inzse3
is expected to be R3m, R32 or R3m, accordingly the épaée group
of Patterson function is given to be R3m. The two,dimensional

Patterson function is represented by

Prowr) = 5 7 Fusthicto|costtybors St RO cosemitye by 42>
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The projection on (o by ¢) plane is shown in Fig. 10 (a) for

.O(—In28e3 and in‘Fig. 10 (b) for IBI—InZSeZ’.
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Fig. 10 Two dimensional Patterson diagrams
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i
a) Determination of number of molecules per unit Cell
The density of a crystal can be determined by the density
equation o

P = mass/volume = NM/V : ;' (44)

where M is the mass of the atomic ensemble constitﬁﬁing one unit
of the chemical formula, N is the number of such chemical units
in one unit cell of the crystal, and V is the volume of the
crystalline unit cell as determined by X-ray diffraction methods.
In the equation, the density was measured to be 5.91 (g/cm3), the
unit cell volume was determined from X-ray measurement to be
0.866a°c (cmj) and M is the 466.52 g for £n2393' Thus the number
of chemical unit, N was determined to be three, that is, the unit

cell containes three molecules, 31n2893.

b) Limitation of space group \ .

As described above, the first step for the structure analysis
is ready after maping the Paé%erson]diagram, and the obtained
knowledges are summarized asvfollows; (i) The symmetry of Laue
photographs df o(—_and‘Q—InZ‘Se3 contained the three hold axis
normal to the basal;planea (ii) the relation among intensities of
the oscillating photographs is given by I(hkl):I(hki),faccordingly
the Laue group of syﬁmetry is limited to gﬁ, 3m or 3%2. Moreover,
'thé conditiqn for nonextinction determined from indexing the
Weissenberg pattérn is -h+k+1=3n, then the space group of these

crystals belong to R%m or R3m. This alternative rémaiﬁs after

determining z—paﬁemeters and after the Wilson statiscal approach.
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c) Poséible atomic arrangements for o - and (3—In28e3

When there are six indium atoms and nine selenium atoms per

unit cell with R3m or R3m

are listed in Table 12.

symmetry, the symmetric positions

Table 12 Symmetric positions of Se and In

R3m

Number of positions,
Wyckoff notation,
and point symmetry

Coordinate of
~equivalent positions

9 e 2/m 1/2,0,0; 0,1/2,0;'1/2,1/2,0.
94 2/m 1/2,0,1/2; 0,1/2,1/2; 1/2,1/2,1/2.
Se 6 ¢ 3m 0,0,%; 0,0,%.
3 b 3m 0,0,1/2. )
3 a 3m ,0,0,
6 ¢ 3m 0,0,%; 0,0,%2.
In 3 b 3m 0,0,1/2.
- 3 ;1 3m 0,0,0.
R3m

Number of positions,
Wyckoff notation,
and point symmetry

Coordinate of
equivalent positions

9 bm XyXyZ3 Xy2X,%; 2X4X,%.
Se 3 a 3m 0,0,%.
In 3 a 3m 0,0,7%.

-

On the other hand, it was apparently understood from the

Patterson diagram that the coordinates of x and y‘take a fixed
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value as 1/3, 1/2 and 2/3.

d) Determination of z-parameter

As discribed above, the unknown coordinate of:equivalent
positions was only the z component. The value could be determined
with the aid of the Patterson diagram.

In @ —InZSe3, the space group had been expected to be R3m,
Assuming that six indium and nine selenium atoms‘occupy the
following symmétric positions, respectively, |

Se; 3a3m, 6c3m,
In; 6c¢3m, . -
then the coordinates of the maximum points in the Patterson

diagram reduced from the assumed symmetric positions were all

listed up in Table 13. As the atomic number, 7 and Z of In

In Se
“and Se is 49 and 34 respectively, the each peak height would be
ﬁroportional to the magnitude of ZIA X Do (ZIn)2 and (ZSe)2

multiplied by‘ﬁgecmerlappingfactbr for the correspgnding atoms
pair.

Peak positions on the z{axis afe given as iZl’?i2zl’ t2Z,,
i2z2, and +2,%2 , Wheregzi and Z, is the z component, of the
coordinate of Se and In, respectively, occupying the positions
with c3m symmetry. Trying that zl=13.4/6Q, the expected peak
positions were 10.7/60, 11.8/60, 13.4/60, 24.1/60 and 26.8/60.
These values agreed with the experimental ones. In:such a way,
all maximum positions in two dimensional Patterson diagram should
be satisfactorily interpreted in terms of two paraﬁéters; Zq and
B The reduced coordinates of asymmetric units oqeupied by Se

and In atoms was determined as follows.
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35e; Bagm (01 0, O)

6Se; 6¢3m (0, 0, 13.38/60)
6In; 6¢c3m (0, 0, 24.12/60)

150

(45)

Similarly, the asymmetric units for the proposed crystal

38e;
35e;
35e;
3In;
3In;

3a%m
3a3m
3a3m
3a3m
3a3%m

structure of &« -In.Se

2773

(O’
(O’
(0,
(o,
(o,

were represented by

0)

14.5/60)
48.0/60)
31.8/60)
43.0/60)

)

%
Table 13 Maxima of Patterson Function of (a, c) plane

*

Peak for Se-~Se

Peak for In-In

Peak for In-Se

Position | Multip. Position | Multip. Position Multip.
O,+Zl 3 O,+2Z2 3 O,+Z2 6
0,+2Z4 3 1/3,1/3 | - ‘6 0,+Z,+2 6
1/3,1/3 9 1/3,1/3+2Z, 3 1/3,1/3+2, 6
1/3,1/3+2, | ' 6 2/%,2/3 6 1/3,1/3+7% 542 6
1/3,1/3+22, 3 2/3,2/3+2Z, 3 2/3,2/3+2, 6
2/3,2/3 9 2/3,2/3+2,+7 6

2/3,2/3+24 6
2/3,2/3+22, 3

2-5) Crystél structure factor

The sturnture factor F(hkl) may be expressedliﬁ’exponential

form by the formula |
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Finkt) = 2\ frihkt) @™ (hzskigrrL2e) | “7)

where atomic scattering factor for is modified by therﬁal vibra-
tion to a value frzfor exp(—BsinZG‘/)\Z), The structure factor
is therefore a complex quantity,»introducing both the absolute
value and the phase of fhe scattered wave. |

The electron density f’ at any point X, Y, Z iﬁ the unit cell

can also be expressed as an exponential fuwction.

porz) = 57, 3, Fibs y@ LRI Z) @9
™

where VC is the volume of the unit cell. The coordinate X, Y,
7, which also represent fractions of the crystallographic axis,

must not be confused with x the coordinates of a scat-

r’ y;, Zpr
tering unit. The exponéntial terms ﬁh the éxpressiéhs for F

and f’ are opposite in signsbecause these quantitieé are Fourier
transforms of each othef. It would have been equaliy correct to
use the expressions F= Zfe‘ic}S and f = -—VLZ F€1'9. It simply' |
means that the scattered wave has a phase-lag relative to the
origin, instead of a phase-advance as in the equation(47).

The value of [F(hkl)|, which is the amplitude of the scat-
tered wave, can be determined experimentally, by for the purpose
of a Fourier,analysis the value of the phase angie o (hkl),

- relative to the-agreed origin, must also be known as accurately
as possible. This quantity, o (hkl), which also depends on the

nature and arrangment of the scattering material and on the

~direction of scattering, cannot be directly determined by experiment
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except in certain limited circumstance. It can, however, be
calculated for any given structure, as follows: let F(hkl)=A'+iB';
 F(bkl)=A'-iB'; 2 T (hX+kY+1%)=&. Then

pPxz) = E&;Z;{CA’+L8/J€""9+[AC{B’Je‘te}
’ .

= ZZ; (A'cosB + B5en®) - @7
(A 'h k

Hence the electron density is everywhere real; and

PEX,-Y-2) = TI/Z 2,02 (Acos@ - F5in6) “2)

which means that the electron densities at (X, Y, Z) and at

(=X, -Y, -Z) will differ unless B' ‘is zero.
rd t

We can write A'=]F(hkl)fc$sc{(hkl)
B'=|F(hkl)|sinof(hkl)
then, v v
4 | .
PXLD) = 57 Z%(le—‘(hkﬁ)!usfe-o«hkb] 1)

where |F(hk1)|%=A'%+B'2 and Of(hkl)=tan ™ (B'/A').
Summing over all the different kinds of atoms in a unit
cell, we have
A': S f. cos 2 7l‘(hxr+kyr+lzr)
_ - ‘ (52)
Bt= Zz.fr«sul 27C(khxr+kyr+lzr) _ :

the summations being taken over all the different kinds of atoms

and all the different equivalent positions of those atoms in the
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unit cell. Here fr is the atomic scattéring factor, cprrected
for thermal vibration, appropriate to the set of planes (hkl),
for any one of the scattering units in the unit cell, and X9 Yy
z,. are the coordinates of any one of the equivalentipositions at ;
which that particular scattering uhit is placed.

Now let A= Jcos 2 7t (hx+by+lz) , ’
B=J sin 27C (hx+by+1lz) {53)
’

the summation expending overall the equivalent positions in a

unit cell. Then

(FkO>) = [ 3pee T+ [ BT 1 o
X (hkd) = ‘can"{[ZﬁBr]/[Z)(,,ijj Y3

the summations in (24) and (25)(b§ing taken over all the dif-
ferent kinds of scattering units Caﬁom or ions, or submultiples
of fhese) in the unit cel]. A and B-are characteristic of the
Space group, %eing dependent entireiy on the coofdinates of
equivalent positions. ‘

Assuming that the space group for é;—modification is R%m,

the summation expending overall the equivalent positions in a

unit cell is represented as the terms,

—h.

A = 4(H2cos7 3"7‘/ g {wsn[(ﬁ-k)(x-)') +247Z Jcos T4 (1 )

+ CosTL[(k- 2 Xx-y)+242 J cos 7z/7{4/+/) + cosTLLi-Axa-y)+242] Cos2TRO%Y) )i

(£4)




Table 14 Structure factor of (3--Ir128e3

|

(hx1) | 1Rl | IR
00 3 - | 2.m
00 6 6.61] 6.33
00 9 | 1.55] 1.72
0012 .7 2.40
0015 | 5.3 | 6.07
0018 5.60 | 6465
0021 4.16 4.62
00 24 3.52 .49
0027 | 8.05| 6.36
00 0 3.64 3.97
00 33 - 0.52
00 3 - 0.14
o1 1 3.03 2.57
01 2 - 0.16
01 3 | 1.65| 0.43
01 5 |10.72 | 12.78
o1 .7 - 0.35
01 8 | 4.50| 4.62
0110 } 7.54§ 9.24
0111 | 5.85| 7.05
0113 | 5.261 6.35
01 _1_3 - 0.49
011 6,10 | 6.46
0117 | 4.74| 4.56
0119 - 1.25
012 | 414 3.62
0122 ] 8.74} 6.02
0123 | 92| 4.73
Q125 - 3.22
0126 | 2.22| 2.13
0129 | 3.46| 3.96
013 - 0.46
02 1 2.64 ] 2.11
02 32 - 0.17
02 4 - 0.25
02 5 | 8,95 12.05
02 7 - 0.32
02 B 3.17 3.84
0210 | 9,37 17.82
0211 6.30 64,01

x| (R | IR
0213 .41 5e41
0214 - 0439
0216 ] 9.00 5¢46
0217 2.93 3.99
0219 - 1.32
02720 2.65 3.26
0222 | 5¢43 | 5.43
0223 3.79 4.27
0225 1.70 2.89
0226 1.38 1.96
0228 ] 0495 2.31
0229 | 1l.22 3.66
o023 - 0.44
03 0] 8.38 7.67> 1
03 3 - 1.36
03 6 3.71 | 3.82
03 9 -t 0.88
0 3 15 4056 4-24
0 318 4.16 4.70
0321 3.88 3.48
0 3 24 2.65 2.70
04 1 1.78 1.45
04 2 - 0.16
O 4 2 bt 0054
04 5 7410 6.85
04 % - 0.25
04 8 2,04

2.56
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As the reduced coordinates of asymmetric units occupied by
Se and In atoms have been determined as shown in the equation'
of (45), the summation over all the different kinds of atoms in

a unit cell can be simplified in the following forms,

. AI=3’ . BI=O
.38
Ap=6cos 2m [13:38 , B=0 | (57)
' 24.12
A‘lT[ =6cos 27]'("‘[6’;0—'—" Bm=0

Accordingly the theoretical structure factor of F?--In2Se3 is

given by the equation,

~

ffe exP[—- S""ZQJ(3+ bcoo 2k ,_L_)_‘&.

‘f‘/fl‘m e.X/’ [" Bl'hfln ] COSZJL{_Z%LZ—- . (58

Assuming that BS BI , the struc¢ture factor without temperature
factor is written as follows;

>

= fse (0. + Cojzm(%%—g ) ~+fzm C()S'Zﬂaé—z%t"—-f , £7)

Using the least square mean method for the temperature factor,

B and the scale factor, k, the theoretical structure factor, Fg

in (59) is connected with the observed structure faétor given

by the equation of (35). TFor the determination of the z parameters
of In and Se atoms, a minimization of the R factor as.defined below

. ~
was carried out. The R factor is defined by the equation,

o= > {1 Feag ]| =[Fobs by | §
% [ Fobs (h)] | = //?)
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As a result it was estéblished that the minimum of‘R(=O.18) is
observed with zIn=O.4Ol (six In atoms located in the positioﬂ
of 6c3m), zSe=O.222 (six Se atoms in 6¢3m), ZSe=O'OOO (three Se
atoms in 3a3m). The observed and calculated crystal structure
factor are given in Table 14. '

Similarly, the crystal structure factérs have been determined
for 0(—In2Se3, in which the lattice parameters ére a=4.05 R,
c=28.77 Z and Z=3 at room temperature. When each atomé were located
as z; =0.385 (three In atoms in 3a3m), z1,=0.908 (three In atoms in
3a3m), zg,=0.192 (three Se atoms.in 3a3m), zg=0.475 (three Se

atoms in 3a3m), and zSe=O.667 (three Se atoms in 3a3m). R factor
i .

was calculated to be 0.18.
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Fig. 11 Structure of In,Ses (present work)
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Double sandwich layers are found, in fg—form, consisting
of rhombohedral alternate of five sheets Sé—In-Se—In—Se, and
they are again packed rhombohedrally forming a repetition of
of AbCaB-CaBcA:BcAbC stacking along the ¢ ~axis. (Fig. 11) Here
the capital letters represent sellenium layers and small ones
indium layers. In the & -form a different type double sand-
wich is found, and the repetition of layers is given as AaCbAs
CcBaC+BbAcB. The basic difference betweenxx—*and(e -modifications
is, in the fact, that the indium atoms of @ -form are situated in
octahedral hbles~formed by selenium packing'while'indium atoms
6f former are situated in tetrahedral holeé due, péfhaps, to the
predominance of the covalent bond nature at lower témperature.
The interatoﬁic distances in the of - and‘/?—forms turn out
to be as follows: In-Se: 2.87 K (In-situated in octahedral hoies
at 250 °C), and 2.69 & (In-situated in tetrahedral holes at

room temperature), and Se-Se: 4.01 & (Se-between each layer).

.2-6) Thermal properties
| In this section, results of the differential thermal analysis
and thermal expansion would be briefly described.

The thermogram of In28e3 on the heating curve is indicated
in Fig. 12. The transition tempefature from « - tofﬁ -modification
is recognized to\be 205 °C. However the_trénsitionrcould not be
measured on the cooling: curve. |

The measuremehts‘of thermal expansion‘coefficient‘were‘f
performed using the strain gauge. The results are shown in Fig.

13, where the éxpansion:indicated by CL and C/# means the

uniaxial expansion perpendicular and parallel to ¢ axis respectively.
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The fact that O (CL) is layer than of (Cy ) seems to be closely
related to the crystal structure with double sandwich layers
-towards ¢ axis. 'The/e ~form has been observed to be greatly

supercooled.

. 2=T7) Conclusion |
The following éontents would be now concluded;

(1) The single crystal was prepared by a solution method in
which vapour pressureslof‘selenium wére carefully controlled in
the range of 700 - 750 mmHg just aboﬁe the melting point of the
compound. The crystal obtained shows remarkable cleavagé parallel
to the (001) plane. |

(2) Since the (3 -phase is stable above 200 °C¢, the small sPeciﬁen
was sealed in a capillary and heated at about 250 °¢ to obtain‘

X-ray photographs of the‘é -phase. The ¢ axis Laue photographs

show no six-hold symmetry as expected from the literatures but
three-hold symmetry. High temperature photographs were taken
with Ni filtered CuKy radiation around the a axis. The a axis
OSillation photographs show that the layer lines are symmetrical
with respect to the equatoriai line. On the Weissenberg photo-
graphs the reflections are observed as ~h+k+l=3n, the indices
being based on the hexagonal system. The intensity‘:statistics

of the reflections indicate that the crystal should ‘be of cectro-
symmetric., Thus the space groﬁp of ﬁ -phasé has been concluded to
be rhombohedral ngLRgm. The unit cell hgs the dimensions, :a=4.0%,
c=29.41 K at 250 OC, and Z=3. Observed intensities were corrected
by ordinary way. Thére-are sex indium and nine selenium atoms}iﬁ

a unit cell. Considering the equivalent poéitions of the space

{
1
!
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§

group K3m and the coordination of the atoms, it may be reason-
able to locate the selenium atoms in 3(a) and 6(c), and the indium
atoms in 6(c). There is no parameters in 3(a) and only z para=- - .
meters in 6(c). The parameters were obtained from Patterson :
diagram, P(vw), and refined to minimize the discrepéncy factor

R. When the values are z,=0.401, and zg =0.222, both in 6(c),
the R factor is 0.18.

(3) The lattice parameters of o -phase were determined to be
a=4.05, ¢=28.77 ﬁ, ahd Z=3 at room temperature. The reflections
are observed as —h+k+1%3n like(@ -phase. The & -phase crystal,
however, seems to be of noncentro-symmetric from cbmparison of
observed structure factors to those calculated. The X ~phase

space group is thus concluded to be 05 -R3m. Some of intensities

By
at low angles were corrected for the secondary extinction effeot.
All atoms are situated in the spacigl position 3(a) of R3m. Thef
final atomic parameters for indium are 0,0,0.242; 0,0,0.718, and
for selenium atoms, 0,0,0,; 0,0,0.525; 0,0,0.818, respectively.
The R factor is calculated to be 0.18. |

(4) The transition temperature from & - to (G -In,Se; was
determined to be 205 °C. L

(5) It was obifrved ﬁhat the thermal expansion tqwérd‘c axis is =

than that perpendicular to c axis.

{3
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Chapter V

Optical Properties in the Infrared Region of III-V Compounds

Recently, studies on the optical properties of semiconductors
have been developed, mainly in the region from visible rays to
infrared ones, where it is possible to obtain much information
about details of electronic.energy band structure, impurity
levels in the forbidden band, conduction electrons and lattice
vibration of crystal. We shall deal mostly with gallium arsenide,
‘gallium phosphide and their alloys to illustrate some optical
properties of semiconductors.

The absorption of radiation by any medium occurs through
the excitation of electrons and phonons, and phonbn electron
interactions. For semiconductors it is convenient to consider
five separate types of absorption arising from: (1) electronic
transitions between different energy bands, (2) lattice Vibrations,
(3) electronic transitions within an energy band, (4) electronic
transitions to localized states of impurity atoms, and (5) vi-
brations of impurity atoms. In this chapter, the first absorp-
tion will be briefly described with our experimental results,
and two main absorptions due to the interband and intraband
transitions wiil be reported in the sections, 2 and 3 , and also
the electronic transitions to localized states of impurity atoms
will be mentioned in the section, 2 . The lattice vibration

and vibrations of impurity atoms will be discussed in the section

4 .
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1. Experimental ﬁethods

In the present work, both transmisivity and reflectivity
have been studied by means of conventiohal spectrometers. Infra-
red transmission measurements have been made between 400 - 4,000
cm-l with Hitachi EP1-G2 spectrometer. The data were obtained
for three temperatures of 90, 297 and 423 g, A% low temperature
the sample was mounted on a cold finger in vacuum. A cryostat
vacyum lower than 10_4 mmHg was necessary to prevent a build up
of ice on the surface of specimen. KXBr crystals were used as
the material for windows. The experimental arrangement is showh

in Fig. 1.

100 % ADJ.

INFRARED
SOURCE

MIRROR

Fig. 1 Experimental arrangement

In the region of 2,000 to 20,000 cm—l, the infrared transmission
measurements have been qualitatively performed with other spectro-

meters. The absorption coefficient ¢ was derived‘from

(1- RYZ e~ ad
! - IQZe—ZQd (1)

T =

where R is the bulk reflectance and d is the thickness of a

specimen.
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Fig. 2 shows the change of transmisivity as a function
of sample thickness. However the transmisivity is greatly

influenced by the flatness of the surface. The change of trans-

mission st

100 y — T — T
sol ;
sol A3 GoAs
70} T=i%§$%;h

3 sof-

-

40

Trasmission

Wave Number (cm™)

Fig. 2 Room temperature transmission as a function
of sample thickness

constant wave number is shown as a function of grain size of
fine powder in Fig. 3. We have usually get the surface of speci-
men finished using fine powder with diameters less than 1 micron.

Reflectivity is related to the refractive index, n, and

extinction coefficient, X , by

- 2 2
R - (71-1)2+ K >
(70 + 1 )%+ x?

is represented by

A = 4Tk >



165

60
505‘
t4o 2
5 \\ N TvV—— |P=600cn
121 o
E 30
[72]
N
10 \\\4\#\\ 2000
"\0——\*
- N |
0 B— 4000 4
0 I0 20 30 40 50

Grain  Size (micron)

Fig. 3 Influence of the roughness of the surface
for the transmisivity.

where ¥ = L /c is the wave number in cm—l. Infrared reflectivity
spectra for unpolarized light at normal incidence have been
measured over the frequency range from 200 to 5,000 cm_} by means
of a conventional spectrometer.

Light of frequency v < EG/h’ where EG is the thermal energy
gap, suffers a reflection loss dependent on the refractive index
of a semiconducting medium and is not absorbed by the pure mate-
rial until the frequency nears values characteristic of the
lattice vibrations. 1In the region where photon energies are
approximately equal to EG there is a rapid increase in the absorp-
tion coefficient.. Fig. 4 shows the absorption spectra of
GaASl—XPX compounds at room temperature in the region of the

absorption adge. The absorption edge of the compound changes

continiously with composition,
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Transmission

1000

Wave Length (millimicron)

Fig. 4 The absorption spectra of GaASl—XPX compounds

at room temperature in the region of the ab-
sorption edge.

Finally, the transmission interference fringes wolud be
reported. When a ray of light is incident of a thin parallel
sheet of transpafent material, multiple reflections takes place
ingide the sheet, and at selected wavelengths éonsfructive or
distructive interference will occur in the reflected and trans-
mitted beams. If a spectral measurement of transmission is
carried out, a series of fringes will be obtained. Such a
measurement is potentially the most accurate way of determining

the refractive index.

The amplitude of the reflected beam relative to the incident

beam of unit amplitude will be given by

ro= v+ hc-n?e - pzre-2ly! (3)
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Similarly for transmission

t = (- n%e"fr(/—-ﬂze“"'f)" 4)

where ry is the amplitude of the directly reflected ray, and d
is the phase change on one traversal of the film as given by

Jd = (2 /a )nd. Maximum transmission occurs when the phase
change is an integral number of half wavelengths per traversal,
i.e. O = nm and EfaJ; 1. The energy transmission is given by

the product of t and its complex conjugate, and hence

' —¥Z )=
7_= tt* — ¢ / ) >
/= 2K3coo2d + K4

Therefore the contrast between fringe maxima and minima is re-

presented by, when there is absorption in the film,

(1+ T2R)?
(1— 2R >*%

Tmz’/ﬁ/’fn = (6>

where T is the parameter, suppose the transmission is T for
each traversal of the film.

For example, the data of the very thin specimen of Gals
was shown in Fig. 5. Thé relation between order number n‘and‘
position of transmission interference fringe was plotted in
Fig. 6. The dielectric constant of Gals was shown in Fig. 7
as a function of wave number, where points were deduced from
interference fringes and solid lines were calculated using the
equation,

€v — Eoo

= £ — D~2 (7)
€ > T e, )P /
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and, e-o and €, are the low and the high frequency dielectric

constant, )70/0 is the oscillator resonant frequency, and D/g-2

is the term related to the free carrier absorption.

100 -
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5 GaAs
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Fig. 5 Transmission interference fringes
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Fig.6 Relation between Order Number and Position of
Transmision Interterenc  Fringes

Fig. 6 Relation between order number and position of
transmission interference fringes
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Fig. 7 Dielectric constant as a function of wave

‘ number for n type GaAs. DPoints show the
experimental data and solid lines are theo-
retical values.

2. Transition from shallow donor to upper conduction band minimum
and inter-conduction band transition

2-1) Introduction

In several III-V semiconductors, there is present such a band
that has a subsidary minimum above a few tenth of eV from the
bottom of the lowest conduction bandl). The exploration of
secondary conduction-band minima has attrécted considerable
interest for two‘reasons. Fifstly such minima can be important
for high-field transport properties, and secondly, an experimental

b
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- determination of their position in energy and k space is valuable
in comparison. with band calculations,. .. For example, the
conduction bénd structures of GaAs and GaP are illustrated in
Fig. 8. The conduction band in GaAs is characterized by a lowest
minimum at k = 0 and by sets of equivalent minimum at X and L of
the zone‘boundary. Such a material is called as a direct type
of semiconductors. Different types of band calculationsz)'4)
indicate that these secondary minima occur at 0.2 - 0.6 eV above

the primary minimum. A separation of 0.36 to 0.38 eV between

Ls
L 8 .
W s |
Il‘l 035 x
2 : 2t t
€ £ a7
3 137 > ' )
s :
th w
L r X L r X
GaAs GaP

Fig. 8 Energy band structures of Gads and GaP

primary and lowest secondary minimum has been drived from trans-
port measurements§)_7) whereas infrared measurements by Spitzer
and Whelan8) were interpreted by Haga and Kimurag) to give a

separation of 0.44 eV, and also Balslevlz) reported that the
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secondary minimum is located at the Brillouin-zone edge along
(001> direction, 0.43 eV above the k = O minimum at 80 °K. The

,10)

influence of uniaxial stress on Gunn effect and some proper-

ties of GaAs-GaP alloys, e.g., Gunn effect and optical absorption

edge}l)

have established that the lowest secondary minimum is
located at X, the optical studies indicating a separation of 0.4
eV. It is further known that a set of valleys with symmetry X3
have extremum energies of 0.33 eV above the lower Xl minima?)

On the other hand, the conduction band in GaP is characterized
by a lowest'minimum at X and by sets of equivalent minimum at T’
and L as shown in figure 1, where its material is called

indirect type of semiconductor. The energy differences befween
Vl and X, points are experimentally determined to be 0.35 - 0.4
eV. A set of valleys with symmetry X3 have extremum energies of
0.3 eV above the lowest minimum Xl%B) Optical transitions.between
these bands afe allowed, and an additional absorption band has
been experimenta}ly observed in a short wavelength side of the
curves of the intré-band free carrier absorptiqn. It is reported
that the bands observed in GaAés) and GaSbl4) are due to the
inter-conduction band transition.

On the other hand, in such a range of photon energy, an
additional absorption arises from the transitions of a donor-
electron to the upper conduction band, in which the position of
the minimum is same as that of the minimum of the‘lcwest band.
Allen and Hodby have proposed a model to interpret the tempera-
ture dependence of the additional absorption in n-GaP and n-GaAs-

GaP alloys%S)

The purpose of the present paper is to investigate
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guantitatively the shape, the temperature dependence and carrier
concentration dependence of the absorption coefficient in h—type
GaAs, GaP and GaAs-GaP alloys. A number of explanations have
been proposed for this additional absorption. In the following
section, some experimental results will be described which give
a remsonably clear indication of the difference between the
additional absorptions in n-GaAs-rich side alloys and ones in

n-GaP-rich alloys.

2. Experimental

Specimens of n-GaAs-GaP alloys for the present work were
prepared by the two temperatures mehtod. Polycrystalline ingots
were grown from melts with various compositions. A slice of
specimen was cut from the top portion of the ingot, where com-
position was found to be fairly uniform. As to GadAs, the large
single crystals were obtained by the present method and, Cr, Se
and Te doping in;the melt was used for some ingots to have various
electron concentrations. The homogeneity of specimens was
tested by powder X-ray diffractometer and also by Hall measurements
for the determination of conductivityAtype, The alloy composi-
tions of the samples used in the infrared measurement are givén
in Table 1, where Al is a nondoped GaAs crystal with carrier
concentration of 1.8 x lO17 cm-3, and A2, A3 are Te doped crystals, .
and A4 is Se doped one, whose carrier concentrations are 3.0
b 1017, 7.4 x 1077 and 1.0 x 1078 cm_3, respectively, and also
P2 is the Cr doped one with high resistivity.

Infrared transmission measurements have been performed

between 400 - 4,000 em™t. The data obtained was for three



temperatures of 90, 297 and 423 k.

Table 1 Alloy composition of the samples

{—Sample Number Al A2 A3 Al M1 M2
Mol% GaF 0 0 0] o 4.0 5.0
Sample Number M3 MY M5 M6 M?
Mol% GaP 12.0 12.8 14.7 18.7 22.0
Sample Number M10 M1 Mi2 Mi5 Pi P2
Mol¥% GaP 39.0 48.0 50.0 71.0 {00 100
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The reflectance for GaAs and GaP is taken from the table of

optical constants by Serphin and Bennettl7)

as shown in Table 2,
where the values for GalAs measured in the present work are in
good agreement with their value. The reflectance for the alloy
of GaAs-GaP is détermined by the interpolation from the values
of GaAs and GaP, assuming the linear relation of the dielectric

18)

constant? The difference in values 'is not large, for example,

at 2,500 em™! the refractive index of Gads is 3,30 and that of
GaP is 2.95, and so this interpolation does not introduce much

error.

The curves in Fig. 9 give the wave number-dependence of the
room temperature absorption coefficient for n-type materials.

The absorption at wave numbers < 2,500 cm'l increases with wave

number and with the free-carrier concentration. The absorption

at smaller wave numbers is typical of normal free carrier absorp-

21)

tion observed in many semiconductors) and the absorption is
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represented by a symbol d_f, in the present paper. ' The detail
of free-carrier absorption will be discussed in our next section.
The 2,000 - 4,000 absorption band also increases with the electron

concentration.

Table 2 Reflectance R of gallium phosphide and gallium

arsenide as a function of wave number k

GaP™ GaAs* GaAs™™
k(em™!) R k(em™1) R k(cn™1) R
4840 0.244 5000  0.289 5000 0.285
3227  0.2u4 3333 0,289 4000  0.285
1613 0.243 2500 0.289 3000 0.285
C 759 v.228 2000 0.249 2000 0,285
714 0.226 1666 0.288 1800  0.285
625 0.220 1428 0.288 1600 0.285
555  0.207 1250  0.287 1400 0.284
500 0.188 | 1111  0.288 1200 0.284
431 0,107 1000 © 0.287 1000 0.283
909  0.287 900 0.278
833 0,286 80O: 0.274 T
714 0.2485 700 0.274
' 600 0.283 00  0.264
; 500 0.278 5000 0.257
400  0.266 400 0.2%0

# Seraphin and Bennettl5)
##4 present work

This phenomenon does not occur in p-type material, but in all
n-type-GaAs, -GaP and -GaAs-GaP alloys. The latter absorption
band is called as an additional absorption, which is represented

as AW , in this paper. Then the additional absorption is defined

by the following equation,

A = Olops. — ¢ &)
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When the absorption coefficient is plotted logarithmically as a
function of wave number, the free carrier absorption in the
smaller wave number region can be well represented by é straight
line. The additional absorption could be obtained by extra-
polation of the absorption coefficient to the large wave numbers.
As to this point, the authors have paid much attention to the
derivation of the additional absorption, although the previous
workers derived ones from a simple background absorption. _@he
free carrier absorption is proportional to the minus xth power
of wave number k. It has been preciéely determined that x is
3.0 in n-GaAs with high carrier concentration and is 2.5 in

n-GaAs with low carrier concentration. In GaP, x is experimentally
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determined to be 1.5.
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Fig. 10 Additional absorption as a function of wave
number in n-GaAs ‘

The measured additional absorption spectra between 1,000
and 4,000 cm—l for n-GalAs samples with various carrier concen-
trations are shown in figure 10. It has been observed that-the
absorption increases with the carrier concentration, but the
threshold energy remains unchanged. The spectra for n-GadAs rich
alloys are shown in figure 11. Remarkable changes of the
threshold energy have been observed to occur for the specimens

with different compositions.
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Fig, 11 Additional absorption as a function of wave,
number in n-GaAs rich alloys

On the other han&, a typical spectrum for n-GaP sample and the
spectra for n-GaP-rich alloys are shown respectively in figures
13 and 12, where these spectra are found to have relatively
sharp peaks and not to haveva composition dependence of the
threshold energy. Moreover, the temperature dependence of the
additional absorption bands afe shown for some typical specimens
in figures 14 - 17. The features in these alloys could be
divided into the following two different groups. The one is

the group of n-GaP and n-GaP-rich alloys, whose additional bands
have the relatively sharp peak and :similar shapes to Allen

and Hodby's results. According to their model, the additional
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Flg 14 Additional absorptlon coefficient at three
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absorption arises from the transition of a donor electron to the

upper conduction band in n-GaP and n-GaP-rich alloys.

However,

the other group of absorption bands of n-GaAs and n-GaAs-rich

alloys shows the rather broad band, which does not seem to have

any remarkable peak.

Recently, the additional absorption band

in n-GaAs has been observed on the short wavelength side of the

curves of the intra-band free carrier absorption by several

workers 12), 9), 8).
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Fig. 18 Empirical threshold energy as a function

of alloy composition

The absorption threshold energy was found by fitting the

functions discussed below to the experimental curves. The vari-

ation with composition is shown in figure 18.

The result for

the composition dependence of the absorption threshold seems to

give more definite evidence to the difference between the
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3

additional absorptions in GaAs-rich side and ones in GaP-fich

side.

2-3) Results and Discussion

a) A transition from a shallow donor level to the upper con-
duction band minimum

As shown in Fig. 1, the lowest conduction band minimum of
GaP is in the <001) direction of k space and is split, there is
a subsidiary minimum at k = O, and the material contains a va-
riety of impurities of which the important ones for this discus-
sion are hydrogen-like donors near the conduction band minimum
and a deep level.

It is reasonable to consider the origin of the absorption
for n-GaP and GaP-rich alloys as follows ;  the wave
function of a donor level can, to a good approximation, be
expanded in terms of wave functions of the conduction band with
k values near the conduction band minimum, the spread of k
values being indépendent for temperature. A direct transition
from such a level to an upper conduction band will therefore
give an absorption whose width is independent of temperature
and whose magnitude is not greatly influenced by temperature.

A simplified treatment of this transition is illustrated by
Allen and Hodby%S) According to their treatment, the additibnal

absorption coefficient due to this process is

]

y ~
A Bn: _ 4~ ()
hy ot yrt



186

/ E: s oo

B is a constant, ny is the concentration of electrons in donor
levels, mi and m§ are scalar effective masses of two conduction
band minima, Eo is the extremum energy from the lowest conduction
band minima to the upper band minima, EI is the donor ionization
energy, and hy is the photon energy.

The following method is very convenient for fitting the
theoretical equation(9) to the experimental curve. The variable
z, which is the additional absorption coefficient multiplied by
photon energy, is a function of y as shown by the following

equation

/%
Ad-hy = B?’II—E——Z‘ -
(r+ )

N
tl

j

The maximum values of photon energy hle and Zm arefrepresented

as follows,

m¥  hum -E» — Ex Yy

p— EI ’z)

Zn = 0.2216 Bn; '3
\
where subscript m refers to the maximum point. A plot of z/zmvs. y
shown in figure 19 is used in the present analysis. From a
plot z vs. hy for the expefimental data, the values of hL/m,

hz)t and 2, are computed easily by using the above relation.
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max
Here, hu,G is the threshold energy. Thereafter, a reasonable

fit is obtained with equation(9), mainly in the large wave

number region, wﬁere there is an exponential tail as shown by

the solid curves in figures 12 and 13. Some paramefers obtained
from the curve fitting are also shown in Table 3. There appears
to be a good agreement between experimental values and the calcu~
lated ones from the assumption that the additional absorption ,
band in GaP and GaP-rich alloy is due to transitions from shallow
donors to the upper <001l minima at room temperature and below.
The composition dependence of the threshold energy hllt is shown
in figure 18, where there is some uncertainty as to the exact

position of the donor level involved. The results obtained in

the present study may have some uncertainty to this extent,
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Table 3 Experimentally determined parameters of the
‘ additional absorption bands in n-~GaP and
n-GaP-rich side alloys

::::t: co:ﬁ:ition k° k'“x ¢ znax BnI‘ ke * ]
P1 100 2900 @' | 3500 87| 2,38 X1074 o x10*| 5 2107} 53008 | 1,30
P2 100 2900 5000 0.68 0.82 0,37 2400 1.26
M15 71.0 | 2830 3840 1.41 6.3 | 2.8 2200 {1.30
M12 50.0 2720 3500 1.62 1041 4.6 | 2100 1.30
Mt 48.0 2700 3700 1.42 6.5 3.0 1800 |1.30

that E, corresponds to E_ + E; in equation(9). The threshold

t 1
energy depends to a small extent on the composition. In general,
it seems to be caused by the linear dependency on the energy
difference between Xl and X3 points with the specimen composition.
The other possibility, however, is proposed as follows. When
assumed that the energy E(Xl - X3) is the constant value of 0.30
eV in spite of the change in alloy compositions, a slight com-
position dependence of the threshold energy hPt should be caused
by a change of donor ionization energy EI? From figure 18,'the
composition depéndence of Et may be represented by a straight 1ine.-
When the donor ionization energy in n-GaP is taken to be 0.06 eV,

the change of EI with compositions is experimentally obtained

to be 0.060 - 0.041(1 - x), where x is the mole fraction of GaP

]
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in specimens. The donor ionization energy according to a simple

hydrogen-like approximation is given by

m* _/
Er = -8 PPt : i)

where € 1is the dielectric constant. Then & is to be 10.9 and
8.457 for GaAs and GaP, respectively. Therefore, the magnitude
of the ionization energy for GaAs is deduced to be 0.036 eV.

A slight dependence of Et on composition could be practically
explained ih terms of an assumption of the linear relation of
the dielectric constant with the composgition of specimens.

The experimental data diverge at two points from the curve
calculated from equation(9). First , the experimental absorp-
tion threshold, which is rebresented by hwt in Table 3, differs
from the calculated one hl/t. Secondly , a reasonable fit for
the higher temperature's data is difficult tcbe obtained with. equatio:
(9). It seems that at temperatures well above room temperature
most of the dono;s are ionized so that transitions from the lower
to thé upper <001> minima predominate with a cdnsequent change
in the magnitude and shape of the absorption.

One serious divergence between 4he experiment and the simple
theory outlined above isvthat the threshold at low energies. is

not as sharp as expected. Near the absorption threshold the

experimental results can be fitted by the empirical equation

Ad o< (hw-EDT, 5>

where E% and x are empirical constants. A typical value obtained

for x is 1.3. Several explanations for this absorpﬁlon are
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possible: (1) In the group IV elements, the conduction,baqd is
degenerate at the zone boundary in the <001> direction, i.e. at
the point X, while in III-V compounds the degeneracy is removed
and two bands wi%h symmetries Xl and X3 occur. Opfical trans-
itions between bands are allowed%g) The absorption from such

a transition should have a tail of exponential shape and vary
exponentially with temperature. Experimentally it is found that
at room temperature an exponential function is a poor apprbxi—
mation of the shape of the tail, but its transition may be
possible at higher temperature. (2) Phonon-assisted transitions
will occur at lower energies than direct ones and cause a
smearing-out of the sharp threshold. Thé phonon energies in

GaP seem to be about a few hundredth of eV, which is less than

the divergent energy. (3) As to impurities, overlap between
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impurity atom wave functions is appreciable in our materiél and
gives a spread of impurity ionization energies. Excited states
of the impurity atoms are appreciably populated at the tempera-
tures considered, and transitions from them will have a lower
energy than transitions from the ground séate. In this case,

the absorption will be dependent on the impurity concentration

Ny and vary exponentially with temperature. If the constant B

in the 7th column of Table 3 does not. change with composition, the
term of Bn is only a function of Oy The values of 1/a and

h'Vma are plotted as a function of Bn as shown in figure 20,

X
where 1/a is proportional to the donor ionization energy EI and
increases with decreasing of the impurity concentration. The
result may be interpreted from the existence of excited states

of the impurity atoms.

b) Inter-conduction band transitions

The absorpt?on band of n-GaAs or GaAs-rich alloy is rather
broad and does not seem to have any remarkable peak as shown in
figures 10 - 11. In the first step of the analysis, the wave
number dependence of z has been surveyed as similarly:as that
in the previous section. Some results are shown in figures 21
and 22 for n-GaAs and GaAs-rich specimens, respectively. Near
the absorption threshold the experimental results can be fitted

by the.empirical equation
Z = A-hv = A cho—- EeDT, /)

where Et and x are empirical constants. Altypical value found

for x is 1.0 in n-GaAs and GaAs-rich specimens. The threshold
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energy for each specimen is reduced from a plot of z vs. hv,

The threshold energy for n-GaAs with different carrier is the
nearly same value at room temperature, but the lower carrier
concentration specimens have a silightly higher energy than the
higher one. The experimental absorption for the specimen A4
diverges from the equation(lé) near the absorption threshold.

The threshold energy for GaAs-rich specimens in observed to decrease
to lower energy side with increasing of the concentrafion of GaP
component. These empirical threshold energies are shown in

Table 4 and figure 18,

Table 4 Empirical threshold energy due to inter-conduction
band transition in n-GaAs and n-GaAs-rich alloys

Sample number Alloy comrosition Empirical threshold energy (eV)
at 90°Kk at 297%
Al 0 0.407 0.298
AL 0 0.310 0.288
M1 ; 4.0 0.270
M2 5.0 ‘ 0.240
M3 12.0 0.248 0.210 -
My 2.8 0.198
M5 14.7 ' 0.181
M6 18.7 0.166
M7 22.0 0.148

In the case that an electron with wave vector k, which is

present near the lowest minimum of conduction band makes.a
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transition, by the interaction with photons and crystal imper-
fections, into a state with wave vector k' in the conduction
band of the subsidiary minimum which is present at the position
different from the [7 -minimum, the transition probability should
be calculated by use of the second order perturbation method.

9)

Haga and Kimura~®’ proposed that the absorption band calculated
for the indirect type agrees well with the experimental one in
n-GalAs at the points of the ghape, the carrier concentration
dependence and the temperature dependence reported by Spitzer
and Whelan. According to their model, the absorption is charac-
terized as following properties: (a) Acoustical phonon as the
crystal imperfectiohs contribute mainly for the absorption.
Therefore, as the temperature decreases, the additional absorption
band should change equally fapidly. (b) The absorption is
proportional to carrier concentration. (c) The theoretica}
absorption coefficient contains an important ajustable parameter
as AB, = E(Xl - 7 l). The additional absorption coefficient

is represented by the integral equation

o0 .
Ad = —g—[u Z& /x——(A-tS’)}/z adx, 7
x=%r, A=AFdr, 0="kT,

4

and hy is the photon energy, AElO is the energy difference
between Xl and [’l points in k space. The integral values as

a function of AElO are shown in figure 23. AElO is reported to
be 0.44 eV for GaAs?)
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The empirical threshold energy obtained previously from the
equation(16) soes not represent the true energy difference‘between
71 and Xl points as understood from the theoretical consider-
ation. The chanée of the threshold energy with composition is
shown in figure 10, where the dotted curves express the difference
between <000> and (001> minima and the cross-over point occurs at
53% GaP according to Ehrenreich?o) Then, according to the present
experimental result, the threshold energy in GaAs-rich alloys has
the dependence on composition x as Et = 0.29 - 0.67 x (eV)., The
empirical cross-over point occurs at 43% GaP.

The other experimental interest in the treatment carried by
Haga and Kimura is discussed as follows; at a constant photon
energy well above acousfical phonon energies, the additional

absorption coefficient may be given'by the equation,
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3

. !
Ad Ne(D—-A){ﬁ;;/j , 78

assuming that the distribution function for conduction electrons
is approximated by a Boltzman function, where Ne is the free
carrier concentration, nq is the acoustical phonon density and

D is a constant. The absbrption coefficients for n-GalAs samples
at 3,500 cm_l are shown in figure 41 as a function of free carrier
concentration, where the absorption: gan be observed to change
linearly with carrier concentration. The cross section due to

8

this process is deduced to be 3.57 x 10—l cm2. Then, the cross

sections were similarly determined for n-GaAs-rich specimens.

The specimens of M5 and M6 compute to the values of 9.9 x 10"18

18 18

and 14.0 x 10~ and 14.0 x 10~ cm2, respectively. These cross

sections for alloys are three or four times larger than for n-GaAs

as expected.
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2-4) Conclusion

The present experimental results of the infrared absorption
in the region from 1,000 to 4,000 cm_l have given the following
conclusions.
(a) The absorption bands in n-GaP and GaP-rich alloys have been
illustrated to occur mainly by a transition from a shallow donor
level to the upper conduction band minimum. The reasonable fit
for the absorption profile have been obtained with the equation
(9), especially in the large wave number region. Near the absorp-
tion threshold the experimental values diverge from the equation
(9). The fact might be interpreted in terms of the existence of
excited states of the impurity atoms. The threshold energy- - -
depends to a small extent on the composition. The dependence
could be illustrated in terﬁs of the composition dependence of
the donor ionization energy.
(b) The absorption in n-GaAs and GaAs-rich alloys arises from the
bottom of the loyest conduction band to a subsidiary minimum.
The absorption is represented with the equation(16). The depend-
ence of threshold energy on composition x is found to be expressed
as B, = 0.29 - 0.67x (eV). The empirical cross over point occurs
at 43 mol% GaP. At a constant photon energy well above acous-
tical phonon energies, it is concluded that the experimental
absorption coefficient is proportional to thé carrier concentration.
and the cross section for alloys are three or four times‘larger

than for GaAs as expected from the theory.
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3. Free carrier absorption in n-Gals

3-1) Introduction

The main object of this work was to investigate the infrared
absorption in gallium arsenide with relative low carrier densi-
ties. Absorption spectra for n-type samples with carrier

16 8 -3

concentration of 1.0 x 10 to 3 x 10 cm

were measured in the
free carrier absorption region, 400 - 4,000 cm-l, where its
spectra include the contributions arising from the inter-conduc-
tion band transitions in the wave number range o> 2,000 cm_l
and from the multiphonon process in the range Vv £ 800 cm-l.

The study of the free carrier absorption is a powerful mean
to understand the scattering mechanism of current carriers in
semiconductors. The quantuﬁ mechanical theory of the infrared
absorption by free carriers in nondegenerate semiconductors has

been initially developed by Fan and Frohlich?z)

and compared with
the experiment on n-type Ge by Fan, Spitzer and Collins?B)
Thereafter the more complete theories based on the band structufe
of Ge have been developed by some authors%4) They have taken
into account the inducéd photon emission, which has been origi-
nally recognized by Smidt?S)

The infrared absorption due to the infrared transition of free
carriers, which is treated here, arises only in the presence of
crystal imperfections, because both the energy and the momentum
must be conserved in the process of the absorption of a photon.
Therefore the mechanism is closely related to the scattering

mechanism in the conduction phenomena. Now, in such a partially

polar semiconductor as GaAs, the electron scattering is caused
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by several sorts of imperfections, and hence to investigafe the
contribution of each sort of imperfections is an important subject
on the line of the conduction phenomena. Here the following

three scattering sources are considered to be very important,

i.e. (i) acoustic phonons, (ii) optital phonons, and (iii) ionized
impurities.

The free carrier absorptions in n-type gallium arsenide were

investigated by W. G. Spitzer and J. M. Whelan2®) and E. P.
Rashevskaya and V. I. Fistul?7)’28) It is an interesting fact

that the absorption coefficient is dependent on the type of

additive for large carrier concentration, Ne 2 1018 cm-3: it

is largest for samples doped with sulfur and smallest for samples

29)

doped with tellurium. Haga and Kimura developed the quantum

mechanical theory of free carrier absorption in III-V semi-

conductors and compared with the experiment on n-Gals by W. G.

Spitzer et a1?6) They concluded that the free carrier absorption

is mainly caused by the ionized impurity scattering for samples

with high carrier concentration, Ne 2 1018, and the absorption -

due to the optical phonon scattering prevails in the region of
relative lower carrier concentration.

In the present work, we have investigated the carrier de-
pendence and the temperature dependence of free carrier absorp-

tion in the wide range of carrier concentration from 1 x 1016

18 -3

to 3 x 10 cm The degree of conpensation of impurity for

each samples will be estimated by the adjusting parameter
o =(Nimp/Ne). The relation between the photon capture cross
section (Q’/Ne) and ionized impurities (Nimp) is obtained and

CX/Ne vs Nimp chart is given at a constant photon energy, which
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seems to be very useful for the estimation of carrier concen-
tration and for the correct calculation of the absorption due to
other mechanisms, that is, inter-conduction band transition, and

lattice absorption, in the corresponding region.

3-2) Experimental

A number of specimens of n-type GaAs doped with group IV
elements, giving shallow donor levels, or nondoped, were used.
Table 5 presents a list of the samples used with the data obtained
from electrical measurements. The room temperature carrier
concentrations (Ne) were determined from the measured values of
Hall coefficient in which the Hall factor was taken to be unity.
In n-type GaAs, there exist at least two type donor levels;36)
one is the shallow donor of which the.activation energy is 0.003
eV, ahd the another is the deep level. In each sample, the con-
centration is the same at three temperatures: 450 oK, 293 °x
and 90 k. At 4?0 OK, the intrinsic electron concentration
(A4J‘X/0”’cm_3) is considerably smaller than the lowest value
of Ne at room temperature as given in Table 5. At 90 %k, all
samples are degenerate or nearly degenerate, and Hall coéfficients
give essentially the same values of N, (within 10%) as obtained
at room temperature.

Infrared transmission measurements have been made in the
range from 400 to 4,000 cm_l. The data were obtained for three
temperatures of 90, 293 and 450 °k.

In Fig. 24 are shown the results of the room temperature

optical measurements. For wave numbers, 2 < 2,000 em™T the

—

absorption curves rise smoothly with decreasing wave number,
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Table 5 A list of samples used in the optical measurements
' at room temperature ‘

Sample No, Ne *LH
(cm™3) (cmz/volt.sec)

170 0.1 x 107 3700

Nllc 0.45 4500 + 500
N16B 1.0 4500 + 500
Sa802 1.85

SA23 2.7

A7 7.4

A80LTe 10.0

AT 300°H
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[

Fig. 24 TFree carrier absorption as a function of wave number in
n-GalAs, where the symbols of 1 to 6 represent the sample
numbers, A804Te, A7, SA23, N16B, N11C and H170, respec-
tively. The solid lines are theoretical ones.
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which is characteristic of free carrier absorption. The eands
observed in Fig. 24 for Y £ 600 cm—l are due to absorption by
the lattice vibration of which absolute absorption coefficient

is lower than 60 cm—le In a fairly pure sample, relative weak
absorptions are observed for v 4 800 cm—l, which may be inter-
preted to be caused by the three phonon processes. The magnitude

of the absorption is lower than 6 em™t. Between 2,000 and 4,000

cm-l, the curve is obtained as a result of the superposition of
the normal free-carrier absorption at smaller wave numbers and
some additional absorptien due to another mechaniem.

Thus, the normal free carrier absorption is © observed only
in the region from 800 to 2,000 cm—l. The wave number dependence
of the absorption coefficient is represented using some parameters
as shown in Table 3. The ffee-carrier absorption is proportional
to, the minus ¥ -th power of wave number, (7). The magnitude
of the power is experimentally obtained to be 3.4 for the specimens
with high carrie? concentration and to be about 2.5 for the
fairly pure specimens.

At 450 OK, the spectral dependence is illustrated in Fig. 25
where the measured points are shown for three samples of widely
different carrier concentrations. Due to the increasing absorp-
tion for lattice scattering with increasing temperature, this
absorption mechanism should prevail at elevated temperatures.
Indeed, the experimental results at 450 %K are consistent with
the expected behavior of absorption; that is; the magnitude of
the power of wave number decreases to 2.5 and the absolute

absorption increases according to a function of phonon density.

At 90 °K, the dependence of ¢ on [ is again the same for
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¢oec



204

all samples measured at room temperature as indicated in Fig. 26.
However, ¢/ decreases more rapidly with P than at the room temper-
ature, approximately proportional to (57)_3'5. The absorption
for impurity scattering would be expected to be important begause
of the reduced absorption for lattice scattering. We would then
expect the absorption coefficient to vary among the samples
depending upon the impurity concentration. The experimental

results obtained at 90 °x actually show such variations.

3-3) Results and Discussion

With n =\ﬁ§, the carriers contribute an absorption coefficient
that is additive to the absorption coefficient in the absence of
carriers. Also we can consider separately free carrier and
interband carrier absorptioh coefficients. It is convenient to
express the free carrier absorption in terms of the ratio ;d/N,
wvhere N is the carrier concentration. The ratio is often referred
to as the photon;capture cross section of carriers.

Perfectly free carriers do not produce absorption. Absorp-
tion arises from the fact that there is scattering of carriers
in motion. The treatment of the effect of acoustic mode scat-
tering by the method of second-order perturbation, due originally

to Fréhlich, was reported by Fan?B)’BO) For spherical energy

bands, the photon capture cross section can be writtenBO)

v/ J Vi
dac/N _ 4 e 1 hl/)z 1 %)

ch 9772 m*? L2 | kbT) Ma

where n is the refractive index, m* is the effective mass, hy

is the photon energy, and ﬁLa is the mobility corresponding to
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acoustic~mode scattering.

The effect of ionized impurity scattering can also be treated
by the second-order perturbation method, using the Born approxi=-
mation for the electron interaction with a Coulomb or screened
Coulomb center?B)’Bl) A preferable approach is to treat the
absorption as the inverse process of bremsstrahlung, giving the

23)

result

2@ p2f2 1 1
Aimpll - = 247715 Nomp 3;75 (/ ie) enf* (2Em*RT )% (he)? (-€€" Ko 00,
(20)
in the case of classical distribution of carriers, where K0 is
the modified Bessel function of order zero. Nimp is the impurity
concentration, and Ze is the charge of an impurity center, and
X = hy /2R T. The expressibn is an approximation valid32)’33)’34)

when

Eo»EC
where E;o is the thremal energy of the carriers and E; is the

impurity ionization energy.

The effect of polar mode scattering has been treated by

35)

Visvanathan. For classical distribution of carriers, the

expression obtained in the form of an integral can be written

Aop)f) = 2L VZ eXex-€3) fup €771 1 4 4. 5
:”/\/ - cn 3 m* (hu)z-; €22_1 (/ 78 ﬁx— ) <

under thé limiting condition

2(X-Z) = (hw=te) kT > 1.
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The theoretical expression for the photon capture cross
section (hereafter is called the cross section), (19), (20) and

(21), can be written as

Oﬁqﬁv = fm%h*)zlacﬂz'T)) (22)
Aop /N = (Mom* )% Lop 2, T) @)
Aimp/ N = Nimp (M Son* )% I55T)s (24)

where Lac(‘:’ ), Lop(j7, T) and I( 7, T) are functions of tem-
perature and wav%humber. Fig. 27 shows the theoretical cross
sections as a function of wave number at three different temper-
atures as calculated from eduations(22) - (24). The parameter
values given in Table 6 were used. The solid curves show gXOp/N
for three temperatures used in the absorption measurements. The
dotted curve shoys (Xac/N at 300 Ok as a function of wave number..
The factor 4 is assumed o be 2 x 10° cm® Volt™" sec™. Also
the dashed curve is a similar graph for CYimp/N. The values
calculated for 450 % and 90 °k fall approximately on a common
curve, showing the absorption to be insensitive to the temperature.
It is seen that the cross section for both lattice scatterings
decreases and has a less steep spectral dependence as the temper-
ature is decreased. The cross.section for the absorption due to
acoustic phonon is smaller than the other cross sections, and
therefore we neglected the contribution from the acoustic phonon-

photon interaction.
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Table 6 Values for parameters for n=type gallium arsenide

m* /m € Eoo ha)l(°K) e*/e E, (eV)
0.078 12.5 10.9 L10 0.17 -6.3
P(g/cma) Va(cms) M (g) s (cm/sec)

5.31 b.52 x 10723 5.99 x 10”23 5,22 x 107
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Fig. 28 is a graph of the experimental values of cross

m—l

section at V = lO3 c as a function of carrier concentration,

Ne' The solid curve shows the following relation.

i

e = ("t L@ T) + COW)* TBTINe 25

The term independent of Ne may be identified with the effect of
lattice scattering while the term proportional to Ne should
correspond to the effect of impurity scattering, where C is- the

degree of compensation, (N /Ne). The experimental points are

imp
largely scattered, this indicates that the plotting as a function
of carrier absorption is inadequate. Accordingly, the degree of
compensation may be calculated from the equation(25) using the

experimental total cross section. The.results are shown in the

fifth column of Table 7. The values of the degree of compensation



indicate a lack of proportionality between o and_Ne for different

samples.

Table 7 Values of r, C and Nimp
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obtained in the present work

[o] [o] (o]
Sample No. L50°K 300°K 90°k c Ny
Texp Tcal| Texp Tcal | Fexp Teal
H170 2.45 | 2.01  2.50 2.52 | 1.0 0.1 x 107
Nllc 2.52 2,,L84} 2,58 2.53 | 2.95 2,58 1.0 0,15
N16B 2.52 2.631{ 2.61 2.72 | 2.9, 2,82 2.75 2.75
SA23 2.90 | 3.17 13,00 3.13 | 3.50 9.kl
A80LTe 3.21| 3.36 3.28 3.30 3.36 33.6
/’
L
! /
i //Q’
°
2 f(///)y"/i/
) l
n 0.1H ’,'_%4‘ A
‘ L’m o 4/°u
a 8,04 jas :"/
o “eg §o
&)
0.01
4 3 2 15 | 08 =xi0*
Wave Number (cm™
Fig. 29 Theoretical and experimental cross sections

at room temperature
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Fig. 30 O/N_ vs. N_ chart at k =10 cm™t

Now, the curve fitting of theoretical cross section can be
made for the experimental data. Fig. 29 shows the cross sections
at room temperature as a function of wave number. It is seen that
the experimental curves are in agreements with the expected

behavior of theoretical cross section.

3-4) Conclusion

1. The normal free carrier absorptions have been observed only
in the region from 800 to 2,000 em™. The absorption coefficient
is proportional to the minus 3.5th of wave number for the speci-
mens with high carrier concentration and to the minus 2.5th for

the fairly pure specimens. The impurity scattering prevails at

lower temperature. The contribution of various scattering
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mechanisms for the free carrier absorption has been consistent -
with the theoretical behavior in the wide range of carrier con-
centration and at three temperatures as shown in Fig. 29.

2. The degree of compensation of impurity has been determined
for all specimens using the theoretical equation (25). The values
of the degree of compensation determined in the present method are
reasonable because of the'consideration for the electrical
properties. In the present analysis, the effective mass ratio
(m*/m) has been assumed to be 0.078.

3. The C’(/Ne vs. N and ( vs N, chart are obtained at constant

imp
wave number as shown in Figs. 29 and 30, where the data investi-

26),27),28)

gated by other authors are added in the present result.

4. Lattice absorption and anharmonic crystal interactions.

4-1) Introduction

In recent years there has been considerable activity concerned
with the measurements of the infrared properties of crystals.
Some of this effort has been directed towards utilizing the
measurements of optical absorption by the lattice to gain infdr4
mation concerning the phonon spectrum of the material. Mainly,
the infrared methods are an integral part of an.over-all study in
phonon spectroscopy. The semiconductors, including the III-V
compounds, have proved to be very fruitful materials in many of
these investigations, and it may be anticipated that optical
studies will continue to provide basic information.

GaAsl_XPX alloys are interesting for several reasons, one
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being their electronic band structure. GalAs is a direct gap
material while GaP has an indirect gap. For the alloy, as x is
decreased from unity, the band structure near the gap appears to
change continuously, the central k = O conduction band minimum
falling relative to the other valleys until near x = 0.4 the k = O
minimum becomes the lowest valley changing the material from
indirect to direct gap and drastically affecting the threshold

for laser action and the luminescence properties;

The other interesting points are their phonon structure and
infrared properties. Because these compounds are constituted
from the unit cell with two kinds of atoms, the reflectivity
shows the well-known residual ray behavior. Also the strong
absorption bands due to the two phonon processes are observed in
the region from 12 to 25 micron. These twoiphonon bands in the
alloys are classified in two types; one is called the persistence
type and the other called the amalgamation one.

Measurement§ have been made of the lattice absorption spectrum
of GalAs, GaP and their alloys. The object of this work is to
obtain as much information as possible about the vibrational
spectrum of their materials and in part of a general study of the
lattice spectrum of III-V semiconductors. Especially the investi-
gation with.the availability of the anharmonic force model’!) is

of primary interest in this paper.

4-2) Review of the basic theory
a) Phonon branch and selection rule
Firstly, consider a diatomic lattice in one dimension as

given by two species of atoms, A and B, where the distance between
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nearest neighbours will be -denoted by a. Then, assuming nearest

neighbour interaction only, the equation of motion can be easily

solved, and consequentially the following relation is reduced for

the allowed vibrational modes in this system.

wheve

W

K
— — — 4M - '
’ I x V’/ ,Tmtswm=;413 (24)

M= Ms+Msg , and Mr= MaMa/(Ma +Ms)

and K is the force constant, and q is the wave vector of a par-

ticular mode of vibration.

xl0 - ' " '
' 3 6k ' ) A
e =2° |
Optical 10 ig 5 |: i i
. ’ .
S 18 5 4p : )
2 > ! i i
= ' = H ! 1
g Acoustic T© ,'Cs g3 ' ; 5
2 / ® 5 i
g 1+4 ’ A o ' ! !
u 2 ! i 1
5 3 AN
12 @ ; P\ |
! " i
0 1 P i) { H : :
~-n/20 o) /20 (0] 2 4 6 8 o 12 14
Wave vector, q — Frequency, »(c/s)
{a) (b)

Fig. 31 Vibration frequencies (a) and relative density
‘ of states (b) of diatomic chain constituted

from Ga and P atonms

Since w should be positive, each value of uuz leads to a

single value forw .

Thus in contrast to the monoatomic lattice,
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there are two angular frequencies a)+ and ()_ corresponding to a
single  value of the wave vector q. In a plot of « versus g (Fig.
31. (a) ) this leads totwo branches; the one corresponding to |
w_ is called the acoustical branch, the one associated with.a)+
is the optical branch. These two branches will now be discussed

on the assumption that MA)> Mg. For g = O we obtain

%
w, = [(2K/m 7, amd w-=0  for g=

From the form of (26) it is observed that the frequency is a
periodic function of the wave vector. The first zone thus limits
the values of q to the range between - 7Z/2a and + Z/2a. For

q = +7T/2a, the two angular frequencies are evidently

Wp = [26/4aT%, anat wr =Lk T for g-27%a

The larger the mass ratio MA/MB’ the wider the frequency gap
between the two branches.

The density of states as a foundation of the square of the

frequency is given by

C 1

GC- [ - e ypr -1z 1) T

g(ﬂ)’) = K (27)

where w, = [ZWJ&, wz—-—[ZK/Me]z and ws = [2KM, ]é.

The result is shown in Fig., 31 (b), where it is found that the

density of states diverges to be infinite at the critical points
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of the frequencies w = W o02 and aJB. These critical
points satisfy the condition of o&W/3q = 0.

The diamond and zinc blende structures have two atoms per
primitive cell, and therefore there are six branches in the
vibrational spectrum. When the wave vector q + O, the acoustical
modes reduce to rigid translations of the lattice, and hence
the frequencies W(q) » 0. Also the degeneracy of optical modes
between the I0 and the TO modes is lifted for the zinc blende
crystal. If the longitudinal and transverse optical frequencies
near q = 0 are W, and a)t, respectively, they are related by the

Lyddane-Sachs~Teller expression38)

Yy
aﬂV&)t = (.67@;,)2 (28)

where €4 and €, are the limiting values of the dielectric constant
on the high- and low-frequency sides of the residual-ray band,
respectively.

The relation that has been fouhd to be valid for the materi-
als studied here is the Brout sum rule?g) which states that the

sum of the a)i(qi) for all b branches at a given q; is a constant

independent of g -

U)Z(ﬁc) = A4

l
- Vo 7
| g M

3 M-

where ﬁ the compressibility, r, the interatomic distance and

M is the reduced mass. This relation was originally derived for
an ionic model employing Coulomb attractive forces and nearest-
neighbour repulsion. More recently it has been shown4o) that

this relation should also hold for more generalized force models.
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It is reasonable to inquire as to the origin of the peaks
in the absorption spectrum. The two-phonon absorption is usually
written as the product of a matrix element term, which is a
function of q. times the density of states of phonons. For two
phonon processes, this product must be summed over all states in
the two branches. If the matrix element is not a strong function
of q, then we might expect the absorption to be large at sum-
mation energies where the branches have large numbers of states
within a small energy range. The density of states of g space
is constant, and hence the number of states in a volume of g
space of radius q is proportional to q3, The states that will
be most influential will be near the zone edges unless the dis-
persion is large in this region. Aléo the branches tend to become
flat near the zone edges, giving rise to strong peaks in a curve
of density of states glw) ve.w . At the zone edge in certain
symmetry directions - i.e., (100}, [111], and [11/20] - the slope
of w vs. q is Zero for some branches. At these points of zero
slope, which are called critical points and hereafter referred
to as the X,‘L, and W points, respectively, it is anticipated
that there will be critical points in the two-phonon densities
of states and hence, at the corresponding'summation energies,'
structure in the absorption.

41)

Birman has recently deduced the selection rules for
electric dipole-allowed two- and three-phonon processes for the
diamond and zinc blende structures at the X, L, and W critical
points and at the critical point g = 0. These rules modify the

density of states discussion somewhat, then the two-phonon se-

lection rules listed in Table 8 were determined from a space-group



217

analysis for the zinc blende structures. The symbols TO(X),
L0(X), etc., represent the frequency of energy of the branch at
the indicated point in the zone, Therefore, TO(]") and LO() are
what we have previously called a)t and Wy, . Thus it is found

that except 2LO(X) and 2LA(X) in two phonon processes are infrared
inactive, all overtones and combinations of two-phonons are

infrared active and are active for Raman scattering.

Table 8 Infrared allowed processes in the zinc blende
structure

Two-phonon processes

21o(r ), Lo(r )+T0o(T ), 210(T )

2T0(X), TO(X)+LO(X), TO(X)+LA(X), TO(X)+TA(X)
LO(X)+LA(X), LO(X)+TA(X)

LA(X)+TA(X)

2TA(X)

2T0(L), TO(L)+LO(L), TO(L)+LA(L), TO(L)+TA(L)
2w0(L), Lo(L)+LA(L), LO(L)+TA(L)

2LA(L), LA(L)+TA(L)

2TA(L)

b) Phonon-photon interaction

As discussed above, lattice absdrption is a process in
which there is absorption of energy from the radiation field
by the lattice. If two phonons are involved the net probability

of photon absorption is proportional to
(14 nall i+ gl - ngoneg.)

or (14 g)ING) ~ Negrl1+ncg23 (30)
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where Nq) = [exp (hwo@r/brr) - 177,

In addition to the above factors, the absorption will be propor-
tional to a matrix element expressing the transition probability.
If this term is assumed to be nearly temperature independent,
then the dependence of the absorption of temperature will be
controlled by the n(q) terms. As will be seen, this assumption

appears to be in reasonabhly good agreement with experiment.

Table 9 Conservation law and temperature dependence

Energy dependence v Vave vector dependence Teuperature dependence

Single phonon interactions

fug, = WV 9 =0 n(q')-o

Two phonon interactions
Ty + o, = hv 9 09 =0 (1 + n(a))(1 + nlqy)) - nla,) nlq,)

fuy + fw, = h 9, -9, =0 (1 + nla,)) nlg,) - nla,)(1 + nla,))
Three phonon interactinns

A q, +3, + a5 = 0y 2K (1 + nlq)) (1 + n(qz))(' + n(q,)) - n(q,) n(q.‘,) n(q5)

o, + o, - fiuy = by 4y v Gy =y m 0k (14 n@( ¢ nlay)) mlag) - nlay) nla,)(1 + nigy))
fiv, - By -Buy =W 4y -9, - Oy =0, ¢k U1+ nlg,)) nla,) nlay) - alg, )11 + m(e 01 + alay))

H

shere W = photon energys fw,, Bw,, sy = phonon energies) q,y Qyy 95 * phonon wave vectors; K = reciproocal

-1
iattice vectors nlq,) = (oxp(’ﬁw‘/ﬂ) -1)

Regardless of the coupling mechanism between the radiation
field and the phonons, the absorption process is subject to the
conservation laws of energy and wave vector. Therefore, if the

photon has energy hy and wave vector k, then

Ar = Z(:ti)ﬁa)(%) 5 a0

[

and ‘ K = 2;(1)75 +AK (32)
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where K is a reciprocal lattice vector, and A is a positive or
negative integer or zero., Ifn=1o0r 2, A=0; ifn=3, A =1
or O, The plus signs ai'e uged for phonon emission é,nd the minus
signs for absorption. These conditions for various phonon
processes are concretely shown in Table 9.

For III-V compounds with mixed-covalent character, the part
of Hamiltonian which is first order in the interaction of the

crystal with the electromagnetic field is

;Qthmwvﬁmﬂw = 2; (e$4ﬁrc)/§aﬁaﬂDﬂﬁd . |(.:?.3)

Where €, an effective charge so defined that the electric
moment produced in the crystal by displacement of an ion is
€e( Iy ), me the mass of afﬁm of typeo- , ¢ the light velocity,
A(W:) the vector potential and fﬂlﬁ) is the momentum conjuygate
to the displacements of atoms.

Firstly congider the absorption due to one phonon process.
The frequency dependence of the optical constants may be explained
simply on the basis of the classical treatment which considers
the solid as an assembly of oscillators which are set in forced

vibration by the radiation. The results are

fie;_z a)(;z - w* ‘
7, (WE-w?)2 4 (rw)y

Re €* = n?-k* = & + Z/ (34)

fcef YW
e (WE—w?)? + (yw )2 (35)

Tn€* = 2nk = 2
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where € * the complex dielectric constant, f¢ the oscillator
strength, €; the effective change of i~th atom, 7 the damping
factor, and w; is the resonant frequency. Then the absorption

coefficient which equals to 2nkw/c is given by

aQ = 7 frer 2 ij 2 (36)
T MmMiC (WE=e?)* + (rew)

- The more detailed quantum-mechanical treatment?z)’43) of dis-
persion gives results very similar in form to equation(34), and
(35). This theory shows that the interaction of the field and
absorbing atom may be represented by a set of linear osoillators
each of which has a resonance frequency corresponding to an allowed
transition. The magnitude of the contribution of éach oscil-
lator to the optical constants is determined by the oscillator
strength fL of each transition. For a material whose optical
properties are represented by a single oscillator, the parameters
in the above equations may be determined as follows: (a) &b is
w at maximum 2nkew, (b) 1/27 is (avo -w )/(l+606/a)) at 2nkew
= l/2(2nkw)max, (c) l\Tez/me—O =2/(2nkc())maX and (d) when w + O,
ng _ k° -€ = jiei/(moa)g). For III-V compounds with mixed
ionic-covalent character the absorption constant becomes s0
high in the lattice absorption band that the reflectivity ap-
proaches 100 per cent. This selective reflection may be used to
isolate narrow bands of long wavelength radiation -- the so-called
"Reststrahlen bands", or "residual ray".

However the more important bands from our point of view are

those that arise from the interaction of a photon with a pair

of phonons. Two mechanisms are available for this type of
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coupling; one through anharmonic forces and the other thrdugh
second order electric moments.
(1) The anharmonic mechanisms.

In the zinc blende crystals the mechanism of interaction
for the phonons with the radiation field can be the anharmonic
part of the crystal potential. The role of this mechanism in
gallium phosphide has been considered in detail by Kleinman?7)
The interaction is via the dipole moment of the fﬁndamental
resonance —- i.e., the transverse optical mode near g = 0. The
absorption is a process in which a photon is absorbed and two |
phonons are created with fundamental as an intermediate state.
(2) Second-order electric moment mechanism

It has been pointed out by Born?4) Burnstein et a145), Lax

46) that combination bands can also be caused by

and Burnstein
second order and higher order terms in the electric dipole moment
of the crystal as a function of the ionic displacements. Because
of symmetry the fundamental resonance in the group IV semi-
conductors has no dipole moment and is infrared inactive.
Therefore, the anharmonic mechanism will be inoperative in these
cases. They have pointed out a mechanism that explains multi-
phonon absorption in these materials and may also havevsome im-
portance in-the zinc blende crystals. In this case the phonons
interact directly with the radiation field through terms in
the electric moment of second order in the atomic displacement.
In either case, energy and wave vector must be conserved
between the initial photon and the two resulting phonons.

Furthermore, both mechanisms predict the same temperature

dependence for the absorption, and essentially the same shape
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for the absorption; which is determined primarily by the frequency
distribution of the lattice vibrations. The equations for the
conservation of energy and wave vector along with the expressions
for the temperature dependence of the lattice bands are set out

in Table 9. The temperature depehdence is given by Bose-Einstein
statistics, and is shown as the difference between the forward
process in which a photon is absorbed and the reverse process

in which the photon is emitted.

¢) Localized modes of vibration

The presence of a point defect in an otherwise perfect
crystal destroys the translational symmetry of the lattice and
at the same time modifies its normal modes of vibration. There
are two possibilities: (l)'all the modified modes lie within
the bands of perfect lattice frequencies (band modes) and any
disturbance of the system involving the defect can be transmitted
throughout the c;ystal, or (2) certain new modes occur at frequen-
cies greater than the maximum perfect lattice (localized modes)
or between bands of allowed frequencies (gap modes); disturbances
at either of these two latter frequencies cannot be propagated and
are highly localized spatially around the defect. Localized
modes of vibration occur when the defect consists of an impurity
'atom which is somewhat lighter than the atoms of the host crystal,
provided the force constants between this atom and its neigh-
bours have a similar strength to those between pairs of host

147)’48) (monoatomic with s = 1,

crystal atoms. In a cubic crysta
or diamond structure with s = 2) where each atom in the unit cell

has the same mass, the eigenfrequency associated with the defect
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becomes:

7 w? 1
35N g, Wi — w?

[/ -+ = 0 27

where ¢, the wavevector for the unperturbed lattice, has N valueg,
j specifies the 3s branches and the mass defect is defined by

7 =(M - M')/M. As discussed above, it is shown that the presence
in a crystal of a light impurity atom occupying a site of cubic
symmetry leads to the formation of a localized mode of’vibration
which is triply degenerate because of the equivalence of dis-
placements along the x, y, and z axed respectively. The energy
levels of localized vibration can be firstly calculated by the
approximation of the harmonic isotropic oscillator. The anhar-
monic terms, which must als§ reflect the local site symmetry,
lead to energy shifts of the various states of a harmonic oscil-
lator and admixing of wave functions; as a consequence of the
latter effect, tyansitions’are allowed between the ground state
and various higher excited states. Here results for third har-
monic transitions are discussed for the cubic symmetries.

A harmonic oscillator consists of a particle bound to the
origin by a force whose component along the x, y, and z axes
equals to K, where K is the force constant in the three dimen-
sions and x, y, and z are the components of the displacement

along the three axes. The potential energy is thus
7 =/sz(Xz+y"v“Z")- P>
The expression in terms of the classical frequency ¢ becomes

V = g maws® (X*+y+22) , 3P)
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since K = mcoi.

The three dimensional Hamiltonian assumes the form
P4
K - Ev e gy,

and the complete wave function by the expression

1/17,,;;]7,2 % y,2) =Nwnyn, € e (AeX 4Oy VT o Z7) Hiny (V00 XOHny Woky Y) Hn (e, )

(41)
The normalizing factor has the value
(ol Oty Ofz )% %
Nﬂx")’ﬁz [ Yoo Mx+Ny +NM2 4y /1y ] “ (42)
L~2 4 ! 1y Nz /
The total energy is thus giﬁen by the equation
E=/77x+ﬁjfﬂz+3/2)ﬁwo = {77'/'3/2)751'600, " (43)

and n = n, + ny + n, may be called the total guantum number,
where Hni(ﬂﬂfx) is the Hermite polynomials and X equals to
27(mwuo/h. Since the energy for this system depends only on the
sum of the quantum numbers, all the energy levels for the

isotropic oscillator, expect lowest one, are degenerate, with

the quantum weight
(M+1)X(N+2)/2 44)

Figure 32 shows the first few energy levels, together with their

quantum weights and quantum numbers.
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Fig. 32 Eﬁergy levels, degrées of degeneracy, and gquantum
) numbers for the three dimensional isotropic har-
monic oscillator

+ For a site of tetrahedral symmetry such that of the P im-
puritj with 4 nearest Ga neighbours, the potential to terms of

fourth order in displacement isg

V = Ay y:+2z%) + Bxyz +C, x4y z¢) + ¢ (Y% 22520 .
- (45D
When B = 0 and C; = C,, V is the potential for a spherical

harmonic oscillator (R3 symmetry). Also, being C, # C,, and
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B=0or B+ 0, V corresponds to the potential for the cubic

oscillator with Oh or Td symmetry, respectively. If B, C, and C

1
_are small, we may treat these terms as perturbations, writing

2

H' = Bxyz + CX*+y*+2%) 4 Co 0™+ yZ+20%)  a)

we need then to evaluate the integrals, as to n = O,

P 47)
EL = (4120 1%.) ‘

= 4 Bryzto dT + [UFCatyt 294d+ [4G0Y T e

Sincevxyz is an odd function and ylo an even function, the first
of these integrals is zero, so that the first-order perturbation
due to Bxyz is zero. To calculate the second and third integralé,
on substituting for yLO from above equation, we obtain the

integral

Is = [4*Bryzt dT = o
IC, '-‘]‘/-D*G(X"-ﬁ)/“»*z‘)% dT = 22-&-/4 )

* _-_3_ C '
. Le = / Yo Czor‘)"+)'zzﬂz’xz)§(pa/2' =4F
Thus the first-order perturbation energy for this system is

therefore

A - R
© = Fwar T I mrwr

so that the total energy becomes

2 .

34 |
417176 (36, -+ Cz) . ' (48)

e |
L =E"+EL = Zhw +
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[
For the higher energy state in which n is the integer larger

than zero, we need to use the treatment for degenerate systems.
When-n = 1, the three degenerate wave functions cor;espond to

the states of ney 0 nz=lOO, 010 and 001. The result for the

y9
first order perturbed system shows that the degeneracy is un-

removed and its perturbed energy is given by

2

(0> o 7
E) = E + E = $hw + Sz (36, +¢:0) @?)
Similarly, when n=2, the degree of degeneracy for the unperturbed
system is six and their six linearly independent wave functions

are Y1100 Yorrr Yot %eo0r $o20 @4 Pogpe  Then the

secular equation has the form -

H-E> 0 0 0 0
0 BB 0 0 0
0

0

0 0 Hzg-EY © | no-
‘,,, =0 (50)
0 0 0 Hy-Ef
= 0 0 0 0 HyE®
O 0 0 0 0 H-EPl
wheye Hy = Hzz = /—/J}A = —4-%(-2 (‘// Cr+ £C2) ,
ana /‘7/41! = ,L/fﬁ = //J/ = -—'/—' (4_(‘6', + /1 C ).

Ttz

The degenerate state with the quantum number n=2 is split into

two triplets by the first order perturbation. The first state
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is the three-hold degenerate one represented by the zero-order

wave function 1/y3( l%1l0+ Yot 4-011) and its energy is

347

_ te) <) 7
EZ - Z -+ Ez = ;;W + 4_}77%

e (NG +$C2 ),

The other state is the three-hold degenerate one corresponding

to 1//3( L’LéOO+ % 500" 5&002) and its energy is

. 2
Ez = E” + E° = Z#w +2 T G +11C) e

Thus the perturbed potential Bxyz does not influenced to the
system in the first order perturbation theory and the second
excited state is split by the perturbation in two levels. The
complete representation for an anharmonic local oscillator with

Td( or Oh)symmetry49)’50)

is given in Fig. 33.

In the region with the lower iﬁpurity concentration where
the interaction among impurities is negligible small, the above
mentioned treatment is thought to bé valid to consider the
locérized vibration on an impurity.

However, at large impurity concentrations, the interaction
among impurities should be considered to be sufficiently large
for the local mode model for isolated impurities to be difficult
to apply. ‘

The investigation of the optical properties of mixed crystals
has attracted many workers in the past several years. The most
remarkable fact observed in optical measurements is ;that there:

exist two types of mixed crystal systems. To the first type,

which will be called the persistence type, belong phondns in
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Fig. 33 Energy levels, degrees of degeneracy, and symmetries

' for the three dimensional anharmonic local oscillator
with Ty ( or Oh) symmetry, where energies show the
values for the localized vibrations of P in Galds at
80 oK; energies in branckets are calculated?g) and

vertical arrows show the allowed electricudipole
transitions.

halogen-substituted alkali halides, e.g., KBr-KCl?l) In this
case, two phonon peaks which are due to the KBr-like! vibration
and KCl-like one respectively are observed. Their peak positions
remain almost uﬁchanged against the change in combosition,

Thus although the mixed crystal itself is homogeneous, two peaks
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corresponding to the consistuent substances persist.

To the second, which will be cailed the amalgamation type,
belong a number of systems; phonons in alkali-substituted alkali
halides?z) and interband transitions in alloys aof semiponductors,
say in Ge-Si.. In these cases, only one structure is observed in
the spectra. It shifts almost linearly as a function of the
concentration between the absorptions of the two pure substances,
with downward bending in some cases. It looks as though thevtwo'
substance were completely amalgamated to yield another new crystal
with perfect periodicity. The mixed crystal can theh virtually

be regarded as a perfect crystal.

Table 10 Classification of various alloys by a parameter r

System r | type
KC1-NaCl 0.635 . amalgamation

GaAs-Gasb ~ 0.363 "
InAs-InSb 0.596

GaAs-GaP 1.414¢ | persistence
InAs-InP?)  2.170 "
GaSb-GaP  1.68k |

InSb-InP 4.651

The classification for the above two types is given in
Table 10, where the‘semiempirical parameﬁer r is défined by
r=lM11—Mgl\/MEl in AX,-AX, binary systems. The binary systems
with r larger than unity belong to the persistence gype. The

quasi-binary compound of GaAs-GaP is this typical case. The
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other ones with r smaller than unity belong to the amalgamation

type.

4-3) Experimental results and discussion

Specimens of GaAs-GaP alloys for the present work were
prepared by the two temperature method. Ploycrystalline ingots
were grown from melts with various compositions. A slice of
specimen was cut from the top portion of the ingot, where compo-
sition was found to be fairly uniform. Cr doping in the melt
was used for all ingots to have no influence for the free carrier
absorption. The homogeneity of specimens were tested by a powder
X-ray diffractometer. The alloy compositions of the samples

used in the infrared measurement are given in Table: 11.

Table 11 Alloy compositions us€d in the present work

Sample Number Gals Al6P A1T7P SA6PA
Alloy Composition 0 0.03 0.06 0.10
Sample Number SA6PO  RF4 GaP
Alloy Composition 0.20 ~ 0.70 1.0

Infrared reflectivity spectra for unpolarized light at -

normal incidence have been measured over the frequency range
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Fig. 34 Reststrahlen bands in GaAs, P alloys

1

from 200 to 5,000 cm ~ by means of a conventional spectrometer.

The results are shown in Fig. 34 and Table 2. Also the reflectance
for GaAs and GaP is taken from the table ofloptical;constants

by Serphin and Bennettl7) as shown in Table 2, wheré the values

for GaAs measured in the present work are in good aéreement

with theiy value. The reflectance for the alloy ofiGaAs—GaP is
determined by the interpolation from the values of éaAs and GaP,
assuming the linear relation of the dielectric cons%ant?3) The
difference in values is not large, for example, at é,SOO cm"l

the refractive index of’GaAs is 3.30 and thét of Gaf is 2.95,

and so this interpolation does not introduce much error. The
major feature of these data is that two reflectivity maxima were
observed to occur in the GaAsl_XPX alloys: one closesto the

reststrahlien band of pure GaP?4) and the other closesto that
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of pure GaAs. The values of these two resonant ffeduencies iﬁ

the GaAs-rich side alloys are given in Table 12. As the mole
fraction of P decreases, the GaP band shifts slightly fowards
smaller wave number and decreases in strength. Thévshift with -

| composition of the GaAs-like band is considerably smalier. In
addition, the strehgth decreases much more rapidly with decreasing:

concentration.

Table 12 Measured reststrahlen energies and maximum
reflectivities of GaAsl-xPx alloys

GaAs-like . GaP-like Sum of Wnag
Composition UJTO | R OJTO . R
(%GaP) - - ”(cm’l) arb. unit (Cm—l)‘ arb. unit (cm-l)
0 - - 268 0.90 -
0.043 342 0.28 269 0.81 61
0.13 344.5 0.32 268 0.73 .| 612.5
0.24 346 0.37 269 0.71 615

i
I3

Infrared transmission measurements have been made in the
range from 400 to 4,000 cm_l. The data were obtained for three
temperatures of 90, 297 ‘and 423 K. Absorption spectra of Gals),

- .

GaP and GaAsl_XPX were obtained and are given in Figs. 35 to 37.

The data for pure GaAs and GaP are in good agreement with

55)

- the results of Cochran et al? on GaAs and Kleinman and Spifzer54)

on GaP respectively. These authors have given phonén—assignment

i
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schemes to the spectra with five phonon energies in each case.

Johnson56)

gave alternative assignment schemes to- these spectra
from a critical point analysis based én the space group symmetry.
The assignment schemes of GaAs and GaP in the present work are
indicated in Table 13, where TA and LA are thé:fransverse- and
longitu&inal—acousti¢al phonons, TO and LO aré the transverse-~
and longitudinal-optical phonons, and [7 , X, and L are the
(0,0,0), (1,0,0), and (1/2,1/2,1/2) points in the Brillouin
zone of zinc blende crystals. As can be seen, it should be i
believed that Johnson's assignments are sounder because of taking
the physical properties of crystal symmetry into account.

The absorption coefficient for GalAs as a function of photon.
energy is given in Fig. 35, where twelve peaks observed were

interpreted‘in terms ofsten‘characteristic phonon energies

indicated in Table 13. On the other hand, the absorption
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Table 13-a Phonon assignments in Gads

{ Peak energy

cen™! eV

Phonon assignment

Assignuent energy

cm™! oV

765  0.0948
il 707 0.0876
696 0.0863

591  0.0732
570  0.0706
521 0.0645
505  0.0626
i 497 0.0616

484  0.0600
450  0.0557
437 0.0541
408  0.0505

2 T0 + Lo (L)
TO + LO + LA (X)
70 + LO + LA (1)
2 TO + TA (X)
TO + LO + TA (L)
2 70 (L)

2 T0 (X)

T0 + LO (L)

70 + LO (X)

Lo + LA (X)

L0 + LA (L)

2 LA (L)

759 0.0940

704 0.0872
701 0.0869
590 . 0.0731%
%69 0.0710

522 0.0647
508 0.0629
498 '0.0617
484 0.0600
451 0.0559
440 0.0545
406 0.0503

Table l4-a Characteristic phonon energies in GaAs (cm

here, cutoff energies are 583 cm™

TO

| 10

TA

TA

L I
,261 | 268
237 | 291.5
71 -
203 | -

252.
231.

85
220

5
5

239.

(0 0722 eV) for two phonon process,
and 874.5 cn’? (0.1084 eV) for three phonon process. #

_]_)

coefficient for GaP is shown in Fig. 36, where 2lgk.two—phonon

bands were explalned in terms of -10 characterlstlo phonon eher-~

gies. Because of the large energy difference between the. four

higher- and the sevenelower energy phonons, it was assumed that

#,
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the four characteristic phonon energies were optical and the two

acoustical.
Table 13-b Phonon assignments in GaP

Phonon‘asaignmonta in GaP 2

Peak energy Phonon assignment Assignment energy %.
cn”! eV n~! éVV i
1135 0.1407 [ 2 T0 + LO (") 1132 0.1403 1
1097 0.1360 | 370 () . 1096.5 0.1359 f

1065  0.1320 2 T0.+ L0 (L) 1068  0.1324 %,
1020  0.1264 2 70 + LO (X) | 1019 0.1263 - i
885 0.1097 2 L0 + LA (X) | 873 0.1082 E
. 793 0.0963 B :
778  0.0964 TO + LO + TA (X) 777 0.0963 %
746  0.0925 2 10 (L) 746 0.0925 |
731 0.0906 2 70 () 731 0.0906 é
716  0.0887 2 70 (X) : 716 0.0887 %
695  0.0861 70 + 10 (L) 695 0.0861 f
686  0.0850 LO + LA + TA (X) 686 0.0850 %
598 0.0741 - LO +LAa (1) t 597 0.0740 é
570  0.0706 L0 + LA (X) o 570 o.o;gs é
550 0.0682 2 LA (L) 550 0.0682 %
534  0.0662 | 2 LA (X), LO + 2 TA (X)] 535 o.oé%3 %
490  0.0607 2 L0 - TA (X) 490 0.0;97 é
474 0.0587 TO + TA (X) 474 o.o;§7 ;
456 0.0565 LO + 2 TA (L) 460 o.os?o ;
442 0.0548 70 + TA (L) ‘ 442 o.osza ;
421  0.0522 " L0 + TA (x) ] 419 00519 f

Here, cutoff energies are 802 on”! (0.0994 eV) for two phoﬁon proceuag
and 1203 on~! (0.1491 V) for three phonon process. ) »

o W v e b
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Table 14-b Characteristic phonon energies in GaP (cﬁ"l)

P

TO 373 365.5 358

LO 322 401 303
TA 69 | -~ 116
LA 275 - 267

Table 14 shows.the single phonon energies dedu;ed from the
frequencies of two phonon processed, and LO(]7 ) caleulated using
ythe Lyddane-Sachs-Teller relation. Although LO(T’)”is larger
than TO(T’); it éppears from the photon systematicé that TO is.
larger than LO near zone edge. Also the results of the appli-
cation of the Brout sum are summarized in Table 14.5 The data
of compressibility obtained from the above felation‘are reasonable

in comparison.with that the values.of Si and Ge are 1 x 10712

and 1.3 x 10712 cgs, respectively. One band, located at 793 cm,

1
did not fit into the assignment scheme and was assumed to be an
impurity band. Attempts to identify the impurity as oxygen were '
unsuccessful.

The major feature of the absorption spectra of:GaAsl_XPx
is that it is possible to trace the energies of théﬁﬁwo phohon,
bandé of both‘GaAs and‘GaP in the alloy as a fupction of com-
position. Two—phonon bands of GaAs and GaP are shown as a

function of compositions in Fig. 38. Some of the two-phonon

bands cannot be traced from the spectra of the alloy; this is
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particularly true for the bands of Galls since the intensity of
the GaP bands is inherently stronger than that of the Gals bands.‘
On the other hand, a number of the GaP bands appearVin a spectral
region in which GaAs is completely transparent and therefore are
easily traced.

It is important, in this context, to note that the labels
used fo designate specific points in the Brillouin zone lose
their meaning for the disordered alloy which lacks periodicity.
Nevertheless, they remain a convenient meaﬁs for characterizing

the spectra and are retained in this paper.

2 TO(L)
2 TOir)
2 T0IX)
700 - TO*LOW) -
] .
i
£ 600- LO+LAIL)
(8]
- : LO+LALL)
- 2LA(X)
O
c 2LAX)
® 2TO(L) ¢
= 2T0(X)
g 5004 4
@ TOHLOWLN
* TO+HLAIX) TO+TAIX)
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L"?,,LL:{:‘_,: TO+ TAILY,
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- Fig. 38 TIwo-phonon bands of GalAs-GaP as a function of

‘composition. Johnson's assignment schemes for
GaAs and GaP are given. o
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a) Integrated absorption

It has been pointed out by D. A.'Kleinman that combination
bands can be caused by anharmonic forces. TFor cubic crystals
with two klnds of atoms, the wave vecfor of the radiatien is
very small so that the acoustical branches do not contrlbute to
the interaction of photon-phonon, and on the other nand there
are three optical branches which for very small wave vectors
may be considered ﬁo be one longitudinal and two mutually per-
pendicular transvefsevbranches. The iongitudinal branch cannot
interact with the transverse radiafion field, and ohe of the
transverse branches may be chosen perpendlcular to the field.

Then it is apparent that the 1nteractlon of the crystal with

the electromagnetic field is caused through the transverse optical
vibration of zero wave vector as the fundamental vibration desig;
nated by f.

For a crystal of the zinc blende structure the anharmonic
 forces can be introduced into an ideal harmonic model by con-
necting purely .anharmonic springs between each atomyand its four
nearest neighbours of the opposite type. The potential energy
of the purely anharmonic spring is —GXB, where x isithe extension
and G is a parameter whose value may be determined from a com-
parison of theory and experiment. It is copcluded by Kleinman
that the third order anharmonic potential produces only two-
phonon processes in which the fundamental phonon is: an inter-
mediate state.

‘Under the approximation that the six possible optical—Optical
processes have equal integrated absorption, the quantiﬁy is of
experimental interest in the present work, because the twoeopfical

L
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phonon combination bands of GaP-type are well separated from the
optical-acoustical combination bands permitting their integrated
- absorption to be measured directly. According to Kleinman, the

integrated absorption is given by
3,2 B2 foa? g% Y+ 2P
F%F ~ 247’ G (Not €/ Wy €% ) ﬂﬂ) (4

where N_ is the number of unit cells per unit volume, & the
effective charge, m is the reduced mass, (Uf is the fundamental
phonon frequency, ;6 o is the high frequency‘dielectric constant .
and n is the phonon density. By equating the expefimental value
of Pop as given in Table 9 to the expressioh(54) we obtain the

estimate i .

G ~ 3zx/w0’% (9om~sec™?) " ‘

for the anharmonic parameter.
For the GaAsl_XPX alloys, it may be considered that the

~As and P ions are randomly distributed on the anioh'sublattice

and that anions of like species vibrate in phase and with identi=

cal amplitudes against the cations which also vibrate together

as a rigid unit. Moreover, it could be thought that the alloy

consists of two kinds of unit cell; one is a tetrahedron with

the As ion at its center and four nearest neighbours of Ga iona

and the another with the P ion at its center and four Ga ions

at corners. The fundamental assumption for lattice has been’

called a random-element-isodisplacement model. The reststrahlen-

like band spectra of these alloys have been explained'well by

the lattice model?7) On the other hand, the two phonon absorption
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bands due to the anharmonic mechanism have a process of the exci-
tation of the fundamental phonon as an iﬁtermediatg stétew and
then the probability of the interaction of phonons with the
radiation may be: proportional to the number of GaP-like unit
cells pef unit volume. Accordingly, the integrated absorption
involving all optical-optical processes in the alloy with compo-

sition x correspbnds to the quantity similar to the above

12

63| —o-— 300°K (Pe938 1 i07%x) )
—-d—- 423°K (P=10.68%107%) pd
o 6e32x210" (gom' sect) 7 |
d
//
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MOLE FRACTION OF GaP

1

Fig. 39 Integrated absorption of 700 cm” band due to

GaP-like two phonon process

expression(54) multiplied by x. As shown in Fig. 39, the observed
values of 700 cm"l bands have apparently a linear dependence with
composition.

The same discussion may be applied %o the optical-optical
combination bands of GaAs crystal, unfortunately which overlép
the optical-acoustical combination bands. Making a reasonable
interporation in the region from 270(L) to TO+LO(L) bands, the

integrated absorption Pop is (2.2:#:0.4)1:1()":5 and the anharmonic
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parameter G for GaAs has been obtained to be (3.1£O.3)x1012 g em™L
sec"'2 by use of some parameters as given in Table 15.

Table 15 Some values of 700 cm + band due to GaP-like

two phonon process

Sample n'equency(cm']‘) Absorp, Coeff. (cm']') Integrated Intest, § Half width
o, X W {pealk) 1 A ok {Peak) P : ¥Tiem)
300°k_100°K_| 2T ["300%% _ 100°K 300°K____ 1400°Kk 300°K
1 | 0.03] 698 692 5.5 | 6.3 7.0 0.20"" 0.1 | 3%
' 2 0.10{ 700 692 - 16.3 17.5 0.76 1.04 6.3
a 0.23| 702 698 - al.1 32.0 AT 2.un 2.61 7.9
4 0.65] 720 - - - - - - -
5 0,70] 721 714 62.7 9L.2 5.66 657 9.0
6 | 1,000 731 728 L4 | 77.0 85.0 9.49 -10.87 12.2

here naxisua frequency and integrated intennity as a function of alloy composition are,
b .
at 3007k, (W (peak) = 696 » 35X, P w 9.4 x 103
(]
st 427K, () (peak) = 689 + 38X, P = 10.7X x 103

b) Temperature and composition dependence N

In the present treatment, both the temperature and the
composition dependence of the combination bands should be
explained in terms of_the anharmonic potential. The Hamiltonian
of the linear chain ié useful of analyzing these dependences.
If we now displace the équilibrium poéitions by adding J~ to
the interparticle spacing, the frequency shift resulting‘the

modified spring constant is

AW/ =-3 GS/k f P)
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To relate é~ to thermal expansion, the spring constant K
may be eliminated by the relationédmaxz2(K/M))é and ‘w___

identified with a)LA’ which gives the result

Law _ _,, GaX ($6)
W aT M
where a denotes the lattice constant and the coefficient of

linear thermal expansion. Using some parameters given in Table
15, - Y AW/ 4T is calculated to be 1.4 for GaP, and 1.5x10“5(°K'l)

for Gals XPX with 0.03 mole fraction of GaP. These values are

-
in agreement with the experimental values as shown in figure 40.
Therefore the anharmonic mechanism for the infrared absorption

seems t0 be in agreement with the temperature shift. of the

GaAse.sr— GaPoos
[ ]
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Fig; 40 Temperature dependence of multiphonon process



248-

L]

combination bands in the GaAsl_XPX alloys over all composition.
However, it should be understood that the linear chéin model is
applicable to well behaved cases in which the thermal expansion
is positive, that is, nérmal in magnitude, and the Gruneisen
parameter 72, is approximately constant.

The relevance of 'Z;.to the composition dependence of
frequency shift is that the Gruneisen theory is based on the
approximation that with change in lattice constant all phonon

frequencies depend on lattice constant as
AWS, = 374%a ., | 7

Here, the Gruneisen's relations is represented by

y - 3AV o 9)
Gr chy

where ﬁ is ‘the isothermal compressibility, and Cv is the specific
heat of the crystal at constant volume. Using the values deter-
mined above for parameters represented in the equation(58), the
Gruneisen constantsiof GaAs and GaP are obtained tOrbe‘O.97 and

1.15, respectively.

¢) Half width of 700 cm—} combination bands

In crystals of the III-V compounds which have zinc blende
structure there ig:first order electric moment, and the trans-
verse optical phonon branches near zero wave vector are infrared
active in absorption. The two TOQ” )Lbranches are degenerate

and a single reststrahlen band is observed. This phonon frequencj

]
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in wave number is 366 for GaP54) and 268 cm T for GaAsS7)’58)
at room temperature.

A number57)”6l)

of theoretical and expérimenta; studies
have emphasized the role played by an isolated substitutional
impurity in the lattice dynamics and infrared absorption of
crystals. The general conclusion is that the impurity can
result in absorption bands not present in the pure crystal.
In a monoatomic crystal, if the impurity is lighter than the
host atom and the force constants are assumed to be unchanged,
a locarized vibrational mode is obtained. The localization is
spatial in the sensebthat the amplitude of vibration:of the mode
is exponentially attenuated with disténce from the defect site.
The attenuation length decreases and the fréquency of the mode
increases with decreasing impurity maés. »Theory also indicates
that the impurity slightly perturbed the lattice fregquencies.
Line broadening of the absorpt{on is céused by‘various
processes. The line width theories usually assume one of two
processes. The first is the decay of the local mode through

the anharmonic potential into two or more lattice phonons?g)’62)’63)

The second is the process due to an elasfic scattering of band
phonons. In addition to these processes which predict temperature
dependent line widths, there are the :inhomogeneous broadening

" processes. Isotopic line broadening is discussed By Dawber

and Elliott?o) The presence of varying internal strain fieids

can split the triply degenerate P local mode and give theiappear-
ance of line broadening. If the internal strain is:related to

the presence of other P atoms in the crystal, we would expect

this broadening to be concentration dependent. “Also at large
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P concentrations, P-P interactions could giVe line broadening
particularly if the local mode extends out several lattice
spacings. Once again this broadening would be expected to be
concentration dependent if the P distribution is ra;dom in the
host lattice. The x~0.03 indicates that the attengation length
for the P local mode is of the order of the lattice:constanﬁ

and hence the mode frequency and the line width wil} be most
_sensitivg to the influence of the immediate environﬁeht of the
P. Therefore, the lowest P concentrations used in. the present
work are already sﬁfficiently’so large that the%local mode model
for isolated impurities might be difficult to apply. Several

. interesting effects were observed. A band was observed near

706 om~t

for small x. As x increases the absorption shifts to
higher frequency -and shows structure at very large x and becomés
indentifiable as GaP multiphonon bands involving combinations

L d

of optical mode frequencies.

d) Thermal expansion

Linear thermal expansion coefficients for some specimens
of GaAsl_XPX alloys have been measured by the.method using a
strain gauge from room temperature to 150 °C. These results
are showﬁ in Table 16. .The observed coefficient for GaP agrees
with Welkgr's data,,but not with Straumahis data.

The thermal expansion calculated on the basis of the three
dimensibnal GaP anhérmcnic model is y J

ad = 7/3 Ga’fk PO ~(ﬁ) .
.14 MZ C$4- .
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where CS is the effective ;elocity of sound, and in order to
obtain the linear thermal expansion the optical branches were
entirely neglected and’the acoustic branches put in the high-
temperature approximation n tnfkT/hco £* Uéing the values |
C_=5.22x10° 64) ana 6.2x10° ©%) for Gahs and GaP, respectively,
we obtain 0’:6.O6x10°6 6

and 5.60x10 ~ from the equation(59).

Table 16 Experimental and theoretical expansion coefficient,

(O'K—l) .
1" Gass 0.2 0.4 0.6 0,65 0.8 Gap
present work | 6.30 x 10-6 5.70 5,45 5,40
(a) 6-07 i
(b) - 5.30
(c) 6.L0 5.53 5.12 .88 L.76  4.70 .
calculated 6.06 . 5.60

(a):L.Bernstein et al, (b):H.Welker et al, (c):M.E.Sﬁrauménis et al»

-

4-4) Conclusion

The two phononfabsorption in the partially polar materials
is approximately anzorder of magnitudg lgrger than ;hat of
silicon, germanium énd diamond. It was shown that the integrated
absorption for the optical-optical mode combination bands is
Jotdr =2x107% for §iC, and 6x107% for Si. The present work
 obtained for the integrated absorption to be 9;5X10i3 for GaP,
and (2.240.4)x1077 for GaAs. The value for Si already includes

a fadtor of 2 to take into account thé difference in selection
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rules between theydiamond and zinc blende cases. This difference
in integrated absorption is taken as evidince fdr the importance
of the anharmonic mechanism in the cases for compounds with
partially ionic character. Also the anharmonic parameter, G

2 and (3.1£0.3)x10'? for GaP and

were obtained to be 3.2x10l
GaAs, respectively.
The composition dependence of the integrated absorption
is seems to support the random-element-isodisplacement model.
Various physical quantities could be estiﬁated in termé of
the anharmonicity‘considered by Kleinman. These theoretical
values for GaAs, GaP and their alloys are reasonable in com-
pafison with the experiments. The thermal expansion coefficients

observed in the present work are in good agreements with the

calculated ones.
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Chapter VI

Summary

In this thesis, the study has been fulfilled on the prepa-
ration and properties of the compounds of gallium with the group
V elements and an indium-selenide compound. The results are
briefly reviewed as follows:

In the chapter II, the quasi-binary phase. diagrams of GaAs-
GaP and GaAs-GaSb system have been determined. The thermodynamic
" properties for III-V quasi-binary systems have been concerned
and the molecular like model could be established to be applicable-
to these systems. The applicability of the MLP model to some
quasi~binary systems could be tested by comparing the availablé
experimental phase diagram data Wit§ the calculated results.

The computations of the binary phase diagram have been ex-
amined using the ideal, regular and athermal solutions.

In the chapter IIT, the methods of preparing the III-V
compounds have been considered. The method of preparing GaASl-xPx
solid solutions frbm the melt by contrblling'two volatile elements 
khas been developed and the concept of pseudo-equilibrium in a
: heterogéneous system containing two different temperatures has
been described.

In the chapter IV, the precise measurements of X-ray intensi-
ty were carried out by the powder method, and the crystal struc--
ture factors of GaAs, GaP and their alloys have been determined.

The temperature factors of Ga, As and P have been obtained

in each samples, and the both Debye and Einstein model on the
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lattice vibration were coﬁcerned. Temperature factors of the
ITI and the V atoms in GaP differ each other in magnitude. The
difference could be explained using the Einstein model.

The assumption that the atomic scattering factor of V atom
in the allby is represented by a linear combination of constitu-
ent V atoms might be thought to be valid in the present accuracy
of the experimental analysis. However, the apparent temperature
factors of each atom in the alloy seem to be systimatically
scattered. The experimental fact could be thought to be caused
by the above assumption an& the strain introduced by the alloying.

The effective charge in ITII-V compounds has been estimated
by three methods. Unfortunately the quantitative result could
not be obtained, but the fact that negative charge is being passed
from the III atom to the V atom has been concluded in GaAs, GaP
and their alloys.

The crystal structure factors of ol- and ﬁ-In28e3 have been
established as follows; Since the S -phase is stable above 200 OC,
the small specimen was sealed in a capillary and heated at about

250 °C to obtain X-ray photographs of the g -phase. The c¢ axis
| Laue photographs show no six-hold symmetry as expected from the
literatures but three-hold symmetry. High temperature photographs'
were taken with Ni filtered CuKe radiation around the a axis.
The a axis oscillation photographs show that the layer lines are
symmetrical with respect to the equatorial line. On the Weiésen—
berg photographs the reflections are ovserved as -h+k+l=3n, the
indices bfing based on the hexagonal system. The intensity
statistics of the reflections indicate that the crystal should

be of cectro-symmetric. Thus the space group of,B ~phase has
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been concluded to be rhombohedral ng-Rﬁm. The unit cell has

the dimensions, a=4.05, c=29.41 A at 250 °C, and Z=3. Observed
intensities werevcorrected by ordinary way. ’Theré aré six indium
and nine selenium atoms in a ﬁnit cell, Considering the equi-
valent positions of the space group R3m and the coordination of
the atoms, it may be reasonabie to locate the selenium atoms in
3(a) and 6(c), and the indium atoms in 6(c). 'There is no parame-
ters in 3(a) and only z-parameters in 6(c). The parameters were
obtained from Patterson diagram, P(vw), and refined to minimigze
the discrepancy factor R. When the values are ZIn=O'4Ol’ and
ZSe=O‘222’ both in 6(c), the R factor is 0.18.

The lattice parameters of Ol-phase were determined to be
a=4.05, c=28.77vﬁ, and Z=3 at room temperature. The reflections
are observed as ~h+k+1=3n like [3-phase. The & -pliase crystal;
however, seems to be of noncentro-sxmmetric from comparison of -
observed structure factors td those calculated. The O -phase
space group is thus concluded to be‘Cgv—RBm. All atoms are
situated in the spacial position 3(a) of R3m. The final atomic
parameters for indium are 0,0,0.242;.0,0,0.718, and, for selenium
atoms, 0,0,0; 0,0,0.525;'0,0,0.818, respectively. The R factor
is calculated to be 0.18.

’In the chapter V, the present experimental results of the
infrared absorptidn in: the region from 1,000 to 4,000 cm"l have
given the following conclusions,

(a) The absorption bands in n-GaP and GaP-rich alloys have been
illustrated to occur mainly by a transition from a shallow donor
level to the upper conduction band minimum. The reésonable fits

for the absorption profile have been obtained with the equation(9),
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of the chapter V, especially in the large wave number region.
Near the absorpiton threshold the experimental values diverge
from the equation(9). The fact might be interpreted in terms of
the existence of excited staﬁes of the impurity atoms. The
threshold energy depends to a small extent on the composition.
The dependence could be illustrated in terms of the’composition
dependence of the donor ionization energy.
(b) The absorption in n-GaAs and GaAs-rich alloys arises from the
bottom of the lowest conduction band to a subsidiary minimum.
The absorption is represented with the equation(16) of the chapter
V. The dependence of threshold energy on composition x is found
to be expressed as Et=0.29—0.67x (eV). The empirical cross
over point occurs at 43 mol% GaP. At a constant photon energy
well above acoustidal phonon energies, it is concluded that the
experimental absorption coefficient is proportional to the
carrier éoncentration and the cross section for alloys are three
or four times larger than for GaAs as expected from the theory.

The normal free carrier absorpﬁions have been observed only
in the region from 800 to 2,000 cm_l. The absorption coefficient
is proportional to the minus 3.5th of wave number for the speci-
mens with high carrier concentration and to the minus 2.5th for
the fairly pure specimens. The impurity scattering prevails at
lower temperature. The contribution of various scattering -
mechanisms for the free carrier absorption has been consistent
with the theoretical behavior in the wide range of carrier
concentration and at three temperatures as'shownvin Fig. 29 of
the chapter V. The degree of compensation of impurity has been

determined for all specimens using the theoretical equation(25)
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-0f the chapter V. The values of the degree of compensation
determined in the present method are reasonable because of the
‘consideration fof the electrical‘properties. ‘In the present
analysis, the effective mass ratio (m*/m) has been assumed to
be 0.078. |

The two phonon absorption in the partially polar materials
is approximately an order of magnitude larger than that of silicon;
germanium and diamond. It was shown that the integrated absorp—<:"v
tion for the optical-optical mode combination bands is fO(dl

=2x10™%

for SiC, and 63@:10"4 for Si. The present work provided
for the integrated absorption to be 9.5){10-3 for GaP, and (2.2
;1;0.4))(10"3 for GaAs. The value for Si already includes a factor
of 2 to take into account the difference in selection rules
between the diamond and zinc blende cases. This difference in.
integrated absorption is taken as eYidence for the importance -of
| the anharmonic mechanism in the cases for compounds with partial-
ly ionig character. Also the anharmonic parameter, G were

12 and (3.1£0.3)x10%2 for GaP and Gass,

obtained to be 3.2x10
respectively.

The composition dependence of the integrated absorption}
seems to support the random-element-isodisplacement model.

Various physical quantities could be estimated in terms of
the anharmonicity considered by Kleinman. These theoretical
values for GaAs, GaP and their alloys are reasonable in comparison
with the experiments. The thermal expansion coefficients observed

in the present work are in gobd agreements with the calculated

ones. -
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