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CHAPTER I GENERAL INTRODUCTION

One of the interesting areas of semiconductor physics is formed by
the study of narrow gap semiconductors {1,2}. Both, fundamental inter-
‘est and technical applications, are a strong stimulus for many groups
to study these materials extensively. The best known example of a typi-

cal narrow gap material is the system ngCé xTe (0 < x < 1). This

system shows the interesting fundamental ph;nomenon of band structure
inversion and is widely used in applications, especially as infrared
detectors {3}.

Among the narrow gap semiconductors the II-V compounds form a spe-
cial class. These materials exhibit in many aspects a typical narrow gap
behaviour (e.g. band structure inversion) and on the contrary they
show interesting and specific deviations from the standard pattern.
-Various properties of II-V compounds are reviewed in the literature
{4,5,6} while some recent developments are presented in the proceedings
of an international symposium {7}.

Typical representatives of the II-V family are formed by the com-
pounds Cd3P2 and Cd3A82' which have been the subject of an extensive
research program of our laboratory during the last two decades. After
a preliminary étudy of the thermomagnetic properties of polycrystalline
Cd3As2 {8} Blom succeeded to grow single crystals of both Cd_ P, and

32
Cd, As,. These crystals were highly degenerate n~type materials with

372
high electron mobilities and showed interesting analogies with
ngxcal_xwe, mentioned above, e.g. a non-parabolic conduction band and
very high values of the electron mobility. There were also indications

that the system of mixed crystals of Cd3(AsxP showed band struc~

1—x)2
ture inversion (see section 3,1.). Unfortunately, no conclusive evidence
for this phenomenon was available because the details of the band struc-
ture were not known, Moreover, a large variety of experimental results
was not understobd at that time, ThereforéAit was decided to start a
comprehensive research program aimed at the experimental study of the
details of the band structure of the end compounds C§3P2 and cd3Asz.

To achieve this goal two important tools were used: optical and
electricai transport measurements. The electrical transport measure-
ments are reviewed in {9}, {10} and {11} while this thesis describes

P, and Cd_ As,.

mainly the results of the optical measurements on Cd 5 3RS,

3



The organisation of this thesis is as follows: In chapter 2 some
relevant instrumental information is given. Chapter 3 deals with the
results of interband absorption measurements on Cd3P2 and Cd3Asz. The
experimental proof of band structure inversion is given in this chap-
ter. In chapter 4 the far infrared optical properties of Cd3P2 and
CdBAsz are described, yielding a bette{ understanding of the plasma
edge behaviour in these materials., Finally, in chapter 5 we present
some considerations about recent developments concerning the band
structure of our materials.

It will be seen that most sections of the various chapterskconsist
of papers that have been published pieviously in different journals.
All papers are presented in a chronological order linked by some
elucidating text. This leads to some inconsistencies that could
not be avoided. In this respect we would like to make the following
remarks: ’

-~ Literature references in the papers are given at the end of each pa-
per. The references in the linking texts are given in braces (like
{1}) and listed in the section General References at the end of this
tﬁesis.

- Energies are expressed in eV as well as in cm-l,

- In section 4.3. the symbql Y is used for the phonon damping parameter
instead of r and in section 4.5. the symbol Ac is used for the oscil-
lator strength instead of f.



CHAPTER 2 EXPERIMENTAL TECHNIQUES

2.1. Introduction

For the optical experiments we used several experimental arrangements

with the following characteristic features:

1.

2.

A high resolution single beam transmission set up for the near in-
frared wavelength region (1 < A < 3 um).

A medium resolution single beam transmission set up for the near
and middle infrared wavelength region (2 < A < 15 um).

A standard double beam spectrometer for the infrared wavelength
region (2.5 < A < 50 um).

A slow scan fourier transform spectrometer for the far infrared
wavelength region (20 < A < 200 ym).

A rapid scan fourier transform spectrometer with superconducting

magnet for the far infrared wavelength region (15 < A < 100 um)..

In the next chapters the various sections give some details on the experi-

mental techniques used in that particular part. There ére,thowever,

some experimental details we would like to treat separately in this

chapter.‘The first topic concerns the modification of the standard

double beam spectrometer for reflectivity measurements at room tempera-

ture. This system is described in section 2.2. The second topic, de-

scribed in section2.3., deals with the construction of a gas filled

sample holder for infrared transmission measurements at cryogenic tem-

peratures. Finally, in section 2.4. we give some details about the sam-

ple preparation.
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RESEARCH NOTE

2.2 A SPECULAR REFLECTANCE ACCESSORY FOR
INFRARED SPECTROMETERS

M. J. GELTEN, A. vaN OosTtEroM and C. vaN Es
Department of Physics, Eindhoven University of Technology, Eindhoven, Netherlands

(Received 4 March 1976)

A new trend in the development of w.v.-vis and ir. spectrometers is the design of a large sample compartment
with foci of sample and reference beams in its centre instead of at the entrance slit. Consequently standard
accessories like beam condensors, ATR units are not adaptable to these new optical systems and when
specular reflectance measurements at small angles of incidence (less than 20°) are needed and only small
samples (diameter less than 10 mm) are available no suitable accessories exist. Therefore, we have designed
a device for measuring the near normal incidence reflectivity of small samples on a Beckman IR 4250
spectrometer.

The principle of the device is shown in Fig. 1. The average angle of incidence on the sample 8 is given
by a prism angle o = n/2 + . We chose « = 100° for § = 10°. All components are mounied on a base
plate which is rigidly fixed to the base of the spectrometer. The prism is made of a single block of aluminum,
the two reflecting surfaces being made on a special milling machine with hydrodynamic bearings and supports

detail A

felt

sample plate

[ ] .
=S

diaphragm

sample holder

i base plate

Fig. 1. Sketch of the principle of the specular reflectance accessory.
661
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giving extremely low vibration levels and perfectly flat surfaces. The prism can be rotated about the Z-axis
and moved linearly in the y-direction. Sample holders with different diaphragms for various sample diameters
fit accurately in the sample plate by means of a dovetail construction. The sample plate in turn is mounted
rigidly on a standard x-y-z micrometer translation stage. A complementary version of the device fitted with
a calibration mirror directly behind the sample diaphragms is placed in the reference beam.

In using the device one must take care to align all components in such a way that the 100% reflectance
line of the instrument remains flat within the specification. The most crucial point appears to be to avoid
a step in the 100% R line at the grating change (650cm™"). The best way to achieve this
is to look at the focus points of both reference and sample beam at the entrance slit of the monochromator
and to adjust the prisms and sample holders so that the spots coincide. It was found that once adjusted
all reflectance curves reproduced very well even when the diaphragms in the sample and reference holders
are changed and only slight readjustments with the 100%, T knob of the spectrometer were needed. to get
an exact 100%; R line. Care should also be taken that the slit width never exceeds the sample diameter,

" because this results in an incorrect 1009 R line.

As a calibration mirror we tried optically flat machined silver and aluminum and evaporated gold, silver
and aluminum on glass substrates. The best results were obtained with thick evaporated gold films giving
a constant reflectivity of 98 & 1% in the wavelength range 2.5-50 gm0~

Special attention must be given to the blackening of the sample holders and sample plate. Since black
surfaces absorb all incident energy, their temperature is raised and they emit radiation which causes errors.
With a diaphragm diameter of 4mm we detected more than 159 deviation from the 0% R line in the
range 20-50 um. This problem was overcome by blowing dry air through a nozzle against the blackened
surface around the diaphragms, using part of the output of the pneumatic air dryer of the purging system
of the spectrometer. The best material was found to be black felt which reflected less than 0.2% in the
whole wavelength range except for a small increase up to 1.5, in the range 40-50 um.

After correct adjustments it is possible to measure the near normal incidence reflectivity of samples as
small as 4mm in diameter. The deviations from linearity and 100% R line are no larger than those for
the un-modified instrument. No polarisation effects were observed.

REFERENCES

1. Bennerr, H. L, J. M. BennerT & E. J. ASHLEY, J. Opt. Soc. Am. 82, 1245 (1962).

2. Dickson, P. F. & M. C. Jonges, Cryogenics 8, 24 (1968).
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2.3. A gas filled eryogenic sample holder for infrared transmission
measurements

In solid state spectroscopy it is often desirable to perform measure-
ments at low temperatures. In the present study of optical properties
of Cd3P2 and Cd3A52 it appeared even necessary to do transmission mea-
surements at cryogenic temperatures down to liguid helium because the
materials are highly degenerate. Only at low temperatures the shape
of the optical absorption edge is dominated by the band structure in-
stead of by the broadened free carrier distribution function.

At low temperatures it is very important to pay special attention
to strain free mountihg of the samples. A suitable way to achieve
this is to mount a sample free standing in a sample holder which
is cooled by some cryogenic liquid. For a good thermal con-
tact bétween sample and sample holder it is necessary to use contact
gas (e.g. helium). This implies, however, that for optical transmis-
sion measurements the sample holder should be closed by two vacuum
tight windows transmitting radiation in the desired wavelength region.
For our purpose the most interesting wavelength region ranges from
several microns to several tens of microns. It is kpown from litera-
ture {12} that silver chloride is a suitable material for such cryogenic
vacuum tight infrared transmitting windows (1 < A < 25 um). Using this
result we equipped a standard continuous flow ¢ryostat {(Oxford Instru-
ments type CF 100) with a special sample holder. A schematic drawing
of this sample holder is given in fig. 2.1. The outer wall of the cryo-
stat contains KBr windows (diameter 38 mm, thickness 7 mm) heated slight-
ly above room temperature because of their hygroscopic nature. The AgCl

'windows are standard commercially available windows for room temperature
gas cells in infrared spectrometers (diameter 16 mm, thickness 0.3 mm).
They can be mounted directly between two flat flanges because AgCl it~
self is sufficiently ductile. The flanges should be bolted together
with at least 12 screws to achieve a homogeneous distribution of the
applied forxce. It should be noted that AgCl is strongly corroded by all
metals which are less noble than silver. Therefore the vacuum flanges
should be heavily electroplated with gold and great care should be
taken that not one single part of the window makes contact with other
metals than gold. To our experience pure copper is a suitable flange
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5. Sample 11. KBr window

6. Sample diaphragm

Fig. 2.1. Schematic drawing of the gas filled sample holder.

material to be gold plated to form a chemically stable system in
contact with AgCl. We found for instance that AgCl reacted strongly
with gold plated brass. We believe that this may be explained by the
Kirkendall effect {13}. In our case the zinc from the brass diffuses
more rapidly through the gold than the copper and reacts more strong-
ly. It is our experience that infrared transmitting AgCl windows
mounted between gold plated copper flanges remain vacuum tight after
several temperature cycles between 4.2 K and 300 K. Even after a sam-

ple change a demounted window can be used again.



2.4. Sample preparation

Polycrystalline Cd3As2 is prepared by weighting stoichiometxic
quantities of high purity cadmium and arsenic in a silica ampoule
which has been carbon coated by pyrolysis of benzene vapour. The
ampoule is evacuated, sealed off and placed intc a vertical furnace.
The ampoule is slowly heated (in 24 hours from room temperature to
775 OC) in order to prevent a violate chemical reaction. The melt is
kept at 775 oC during 8 hours and cooled down to room temperature in
2 hours. After this procedure an ingot of polycrystalline Cdes2 is
formed which can be powdered to serve as starting material for crystal
growth.

As starting material for the growth of single crystals of Cd3P2
we used commercially available high purity polycrystalline Tumps
(CERACVPURE, Milwaukee, Wisconsin, 53233, USA). All starting materials
were reqularly checked for composition and purity by both wet
chemical analysis and Debije-Scherrer X-ray powder diffraction

measurements.
20
x
1. Furnace 4, starting material

2. Motor drive 5. Single crystal
3. Aluminium blocks

Fig. 2.2. Experimental set up for crystal growth



Single crystals of Cd3A52 are grown by a modified vapour transport
method {14}. Approximately 6 grams of starting material are put into
a specialiy shaped silica ampoule with a very sharp point and a total
;ength of 15 cm (see fig. 2.2).
The starting material is kept at a constant temperature Th of 560 °C
and the point of the ampoule is pulled slowly through a small tempera-
ture gradient. Typical values are a velocity v = 1 mm/day and a
temperature gradient 4T/dx = 1 oC/cm. After 3 weeks a single crystal-
line ingot is formed with a diameter in the order of 6 mm and a
length of approximately 30 mm.

Cd3P2 single crystals are grown in a similar way. The crystallinity
of all samples is checked by von Laue X-ray diffraction measurements.
The further preparation of samples for optical measurements is

described in the relevant papers.



CHAPTER 3. INTERBAND ABSORPTION OF CdBP? AND CG3AS?

3.1. Band structure inversion

In the early days of interest in the study df 11~V compounds some
fifteen years ago, it became clear that the electronic properties of
cd (AsxP1 x)2 showed strong resemblande to those of the famous system
Hg Cd1 Te (0 £ x < 1). Preliminary (magneto) optical measurements
suggested that the system Cd (As P1 )2 would show the intergsting
phenomenon of band structure inversion {15,16} in analogy with Hg Cd, Te.
A schematic illustration of this phenomenon is given in fig. 3.1.

CdTe has a band structure similar to the one of InSb {17}. A Kane
like conduction band c of F6 symmetry is separated from two valence
bands v1 and v2 of PS symmetry. The valence band v2 is of the Kane type
and vy is parabolic, degenerate with v, at the I'-point, The:bands show
a normal open bandgap Eg = E(PG) _'E(PS)' A third valence band v, of’P7
symmetry is located below vi and v2 with a separation energy equal téa

the spin orbit splditting energy A. Because of relativistic interactions '
in HgTe the symmetries of bands c and vzkare interchanged: the conduc~ -

CdTe : Hg,Cdy_,Te ... HgTe

i“E'D

Fzg 3.1. E-k pZots zllusr‘;mi:wg the pmnczple of the band structure
inversion in the system Hg C’d ’I’e.
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tion band has FS symmetry whereas the valence band v2 now has F6
symmetry. Both these bands remain of the Kane type. The parabolic band
vl is not affected by these interactions and remaigs parabolic with FS
.symmetry. The degeneracy now occurs with the F8 conduction band. The
split off band vy is not affected by the interaction either. The band-
gap Eg = E(F6) - E(FB) is now a negative parameter because of the band
inversion. If mixed crystals of CdTe and HgTe are considered we get a
continuocus change from the normal to the inverted situation with in-
creasing mercury content (see fig. 3.1.). It should be noted that the
thermal bandgap in the ngCdl_xTe system is zero above a certain value
of x corresponding to Eg = 0.

The preliminary measurements mentioned earlier indicated that Cd3P

2

had a normal band structure and Cd3As2 an inverted one. Because more

details were needed for conclusive evidence the main purposes of our
research were to prove the band structure inversion of the system

l-x)2
of the electronic properties.

CdB(AsxP and to determine more qualitative and guantitative details

3.2. Band models of C&SPz and Cd3432

A suitable description of the band models of both the normal and
inverted structure is given by Kane {17}, Zawadzki {18} and Szymanska
{19} using k.p approximation. The E(k) relations for the four bands
in the region near k = 0 can be determined from the following set of
secular equations.

For the bands ¢, v, and v.:

2 3
B'(E' + (B - E) - Kp?e + 20 =0 < (3.1)
For the band Vlz
E' = ( (3.2}

where E' = E =~ hzszzmo. Here Eé = E(P6} - E(Ts), A is the spin or-
bit splitting energy, P is the Kane matrix element and m is the free

11



electron mass. In this siﬁple k.p model the band vy is formallyt given
by E' = 0 but it is well established {17} that due to higher order
corrections this simple solution should be replaced by a parabolic
heavy hole band with effective mass mv1 given by
B, =-h%%/m (3.3)
1 1

It should be emphasized that this band model is valid only for
cubic crystals with isotropic band properties. Because of the tetrago-
nal crystal structure of Cd3P2 and Cd3Asz, this band model should be
modified in principle. However, the deviations from a cobic struc-
ture are so small that in a first approximation the band structure
may be considered to be isotropic {20,21}. It appears that tetragonal
corrections near the bandgap in the centre of the Brillouin zone
only give rise to slight modification {22-25} especially in the case
of Cd3P2. Besides it was known from transporﬁ measurements ﬁhat
anisotropy effects only play a minor role in Cd,P, {11} and there-
fore it seems a reasonable assumption that the band structure of
Cd392 can be described by the relations given in egs. (3.1) and
{3.3). A detailed analysis of the band»structgre of CA, P, is presented

32

in section 3.3.

The situation in Cd3A52 is slightly different. Like Cd3P2,
Cd3A52 showed no pronounced anisotropy effects but there were strong
indications from transport measurements (see e.g. Appendix) that the
valence band vy of this material could not be described correctly by
eq. (3.3). Moreover, Aubin {26} and Caron et al. {27} found from a
number of transport data taken from the literature a strong indication
that the valence band vy could not be parabolic with its magimum at
k = 0. They proposed an isotropic valence band with its maximum shifted
from the P-point. In analogy with Harman {28} Qe introduced for the
B(k) relaiion of the heavy hole band in Cd3A52 on a phendomenclogical

basis the following expression:

x \? x )
e, - (i-l) (Eg - Ep) - 2(;1) (B, - B + By (3.4)

Here k1 is the wave vector of the maximum energy ET and E, is the

residual gap at k = 0 (I'-point). The other bands are still supposed to

i2



be described adequately by eq. (3.1},

All considerations mentioned above give rise to band structure mo-
dels of Cd3P2 and 063332 as indicated in fig. 3.2. Notice from this
figure that the thermal energy gap ET is no longer necessarily equal
to zero. Also indicated in this figure is the approximate position
of the fermi level which indicates that the interband absorption curves
will show a large Burstein-Moss shift {29)}. More details on the band
structure of Cd3A52 are presented in section 3.4,

After completion of this work new information about the anisotropy
effects became available. Some comments on these recent developments are

given in chapter 5.

0 k 0

a. Cd3P2 b. Cd3A82

Fig. 3.2. Band structure models of CdSPg and Cd3432
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3.3
Optical properties of Cd,P,

M J Gelten, A van Lieshout, C van Esand F A P Blom
‘Department of Physics, Eindhoven University of Technology, Eindhoven, Netherlands

Received 18 July 1977, in final form 25 August 1977

Abstract. Absorption measurements at room temperature and 90K on single crystals
of Cd,P, are given. Free carrier absorption can be interpreted in the simple classical model
while the interband absorption is interpreted in the Kane band model using exact solutions
of the secular equation and without neglecting the free electron term. The best fit of the theory
to experimental points is found for E, (300K) = 0-53 ¢V, E,(90K) = 0-56¢V, P = 67
x 107'%eVm, A = 01¢V and m,, = 0-5m, Some results of thermomagnetic transport
properties are discussed in the same model.

1. Introduction

In the past few years some progress has been made in the determination of the shape
of the conduction band of Cd,P, from measurements of thermomagnetic transport
properties (Blom and Burg 1977, Radautsan et al 1974). These measurements indicate
a non-parabolic conduction band which can be described in a simplified Kane model
with approximate values of the band parameters of 0-5¢V for the band gap and
7 x 107 *®eVm for the Kane matrix element P. Concerning optical properties Haacke
and Castellion (1964) did some preliminary measurements of interband absorption
followed by more extensive measurements by Radoff and Bishop (1972 and 1973).
Also from photoconductivity and photoluminescense measurements (Bishop et al 1969)
and interband magneto absorption data (Wagner et al 1970) a value of the band gap
could bederived. All these optical measurements show that the band gapisapproximately
0-5¢V, but in general a satisfactory interpretation in terms of a particular band model
could not be given. In this paper we present absorption measurements on single crystals
of Cd;P, at room temperature and low temperatures which are interpreted in the exact
non-parabolic Kane model. Moreover, it appears that earlier reports as well as some
new results on thermomagnetic transport properties can be explained in the same
model.

2. Sample preparation

Single crystals of degenerate n-type Cd;P, were grown by a sublimation technique
described by Blom and Burg (1977). For optical experiments the large single crystals
were cut with a multi-wire saw into many platelets with a thickness of about 800 pm
and a diameter of approximately 5 mm. These platelets were ground on both sides and
the electron concentration N and the mobility 4 were measured at room temperature

227
14



228 M J Gelten, A van Lieshout, C van Esand F A P Blom

by means of the four point Van der Pauw method (Van der Pauw 1958). Contacts
were soldered on small electrolytically deposited copper spots as described by Zdanowicz
and Wojakowski (1965). Afterwards the samples were ground to the desired thickness
and polished flat and plane-parallel with 1 pm and 4 um diamond paste. The flatness
of the sample surfaces was determined by an xnterference method with an optically
flat glass plate. Very thin samples (thickness less than 50 um) were glued on a sapphire
substrate before polishing. As a glue we used cellulose caprate {celiulose tridecanoate,
manufactured by Kodak Ltd) or Loctite adhesive 312 because these materials which
could be produced in a very thin layer, of only a few microns thick, had a good infrared
transmission and could be cycled to cryogenic temperatures. In order to get samples
with lower electron concentration some crystals were compensated by doping with
copper which acts as an acceptor in Cd,P, (Radoff and Bishop 1973). For this purpose
one of the end faces of a cylindrical bar was electrolytically covered with an amount of
copper equal to N,V where N, is the desired concentration if this copper were homo-
geneously distributed into the sample with volume ¥. The copper was diffused into the
sample by heating it in an evacuated ampoule to 550°C during 96 h. To determine
the penetration depth the bar was cut into slices and for every slice the electron con-
centration and mobility were measured. The results are given in figure 1 as a function
of distance from the copper covered end face of the crystal. From this figure it can be
seen that the Cu atoms diffuse into the sample to a depth of 5-10 mm. Therefore we may
assume the platelets of 800 pm thickness to be homogeneously doped. For the actual
measurements we mostly took one platelet of as-grown material, covered it completely
with copper and applied the heat treatment. :

3. Experimental methods

The optical interband absorption measurements were performed on a standard single
beam system consisting of a quartz halogenlamp as a light source, a 400 Hz chopper

= - :

A ‘
=
D”T J |
nz‘(}) g ] 5
Distance (mm)

Figure 1. Electron concentration N as a function of distance from end face for various copper
concentrations N,: 1 x 10**m~3 (A); 2 x 10**m~? (O} § x 10¥ m™3(x).

15



Optical properties of Cd,P, 229

andanInSb(77 K) photovoltaicdetector with phase sensitive amplifier. Asthe absorption
coefficient of Cd,;P, rises very steeply at the band edge (Haacke and Castellion 1964)
we used a grating monochromator (Hilger and Watts monospek 1000) equipped with a
2 pm blazed grating resulting in a spectral resolution of 0-003 um for 1 mm slit width.
The samples (or substrates) were mounted on the cold finger of a liquid helium cryostat.
The temperature of the samples was measured with thin thermocouples. The free carrier
absorption beyond the near infrared was measured on a Beckman 1R 4250 double
beam spectrometer. For measurements of the reflectivity of thick samples this instrument
was fitted with a specular reflectance accessory described elsewhere (Gelten et al 1976).
The absorption coefficient X of freely mounted samples was determined from the trans-
mission T using (as Kd always >1):

Ifly =T = (1 — R?exp(—Kd) m

where R is the reflectivity of the sample and d its thickness. For samples on a substrate,
K was determined by assuming that the refractive indices of sapphire and glue are equal,
30 that we may use:

T ={1 — Ro){1 — R){(1 — R)exp(—Kd). @

Here R, is the reflectivity of sapphire calculated from its refractive index n, and R
is the reflectivity of the glue-sample interface given by R’ = (n — ng)%/(n + ng)? where
n is the refractive index of Cd,P,.

4. Theory

Cd,P, has a tetragonal crystal structure which differs only slightly from a cubic one
(Lin-Chung 1971). The conduction band is Kane-like and therefore we assume that the
band structure of Cd,P, is similar to that of InSb. Neglecting the influence of higher
bands we have the following set of secular equations (Kane 1957)

E =0, (3a)
E(E ~ EQ){(E + A) — K*PXE' + 3A) = 0, (3b)
where E = E — B*k*2mg. (30

Here A is the spin—orbit splitting energy, Eg the band gap, P the Kane matrix element
and m, the free electron mass. For Cd,P, we may not make the assumption A » Eg
like in the case of InSb. For a binary compound Braunstein and Kane (1962) give the
relation:

A= A[xA, + (1 — 0A,]. ' C))

where A, and A, are the atomic spin—orbit splittings of the atom 1 and 2 and x is a para-
meter related to the ionicity of the compound. 4 is a constant which may be taken as
1-45, being the exact value of 4 for germanium. Braunstein and Kane (1962) find a
value of x = 0-35 for III-V compounds. Cardona (1969) uses equation (4) with x = 0-2
for II-VI compounds and x = 0 for I-VII compounds. For Cd,P, Radautsan et al
(1974) use x = 0-35 and obtain A = 0-15eV while Zivitz and Stevenson (1974) obtain
A = 0067 eV. Using (4) Sobolev and Syrbu (1974) obtain A = 0-15¢eV starting from
atomic Cd and P and 0-2 eV (0-52 eV} starting from singly (doubly) ionised Cd and P
respectively. The above arguments indicate that a reasonable value of A is 0-1 eV which
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means that for Cd;P, A ~ Eg oreven A < Eg.This makes it necessary to solve equation
(3b) exactly. In that case it appears that for small values of A the bands are much less
curved than in the Kane approximation so that the free electron term #%k?/2m, can
no longer be neglected.

According to Kane (1957) equation (3a) gives rise to the parabolic heavy hole band
v, with effective mass m, ,. Equation (3b) can be solved numerically. A handy way to do
this with a pocket calculator is given in the Handbook of Chemistry and Physics (1962).

Energy {eV)

02

6% 2 0 2 4 &xi0f

Wavevector k (m™1)

Figure 2. Energy bands of Cd,P, for E; = 053¢V, A = 0-1¢V, P = 67 x 10™°¢Vm and
m,, = 0-5m,.

In figure 2 the band structure of Cd,P, is given for a set of relevant parameters. It can
be seen from this figure that there are three pessible direct interband transitions called
A, B and C. The absorption coefficient K;; for each transition from band i to band j is
given by:

K;; = (mne’*/egnemw) M., f;. &)
Here o is the photon frequency and €; = 8-85 x 107! ASV™"'m~'. M;; and p;; are
the momentum matrix element and the joint density of states between band i and j
respectively. Because Cd;P, is an n-type degenerate material with a large Burstein—-Moss
shift the factor f;;has been introduced taking into account the distribution of unoccupied
states in band j and the occupied states in band i. As all energies involved in the absorp-
tion processes are much larger than kT we may assume that the lowest band i is com-
pletely occupied and we need only take into account the unoccupancy of the highest
band j.

In this case f;; is simply related to the Fermi-Dirac distribution of band j:

fy=1-f;

with
fi= {1 4+ exp [(E_, - El-')/koT]}_l ©
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For our isotropic bands p; is given by

dE, dE, )
- |2 2 F A |
piy =k / (?R dk  dk jg-Ei=mm, ?
dE/dk can be determined by differentiating the secular equation (3b) and using (3¢):
dE  R% 2kPHE + 3A
ac ( 3 ) (8)

dk — m, + (E— E)(E + A) + E(E' + A) + E{E' — Eg) — k*P¥
According to Kane(1957) the interband matrix element M,; is given by

M = 2mZP?/31%) [(ac, + ca)® + (ab, — bua)?] 9
where the coefficients g, b and ¢ are given by:

a; = kP(E; + 2A/3)/N;

b, = (V2A/3)(E; - Eg)/N, (10)

¢; = (E; — Eg)(E} + 2A/3)/N; fori = ¢, v, 05,
N, is a normalising factor so that a? + b? + ¢ = 1. For the heavy hole band v, we
use a,, = ¢,, =0, b,, = 1. Now for a given value of k the band energies E or E’ can
be calculated and substituted into equation (6), {7) and (9). The next step is to determine

for this particular k value the three (different) photon energies involved in the transitions
A, B and C using the relation

hay = Efk) — E£R). .an

By stepping the value of k, three curves of K;(hw,) can be calculated in this way. The
total interband absorption coefficient K can be determined graphically using :

K=K, +Kg+Kc (12)

As the temperature and the refractive index are known, we have as parameters in the
calculation : the matrix element P, the band gap Eg. the spin—orbit splitting A, the heavy
hole effective mass m,, and the Fermi energy E;. Only for large electron concentrations
in the high-degeneracy limit we may calculate the wavevector kg at the Fermi level from

ke = (3n*N)'. (13)

In this case the Fermi energy can be simply calculated from the secular equation.
However, for arbitrary degeneracy the Fermi energy must be calculated from the electron
concentration using

N = (1/37%) (koT/P)* °%75? (19
where °24'3/? is an integral of the type ""7". These integrals are generalised "7 integrals
{Zawadski 1974) by fully taking into account the exact solutions of the secular equation

as well as the free electron term A%k%/2m,. The above X integral is in fact the same as
the one introduced by Ermolovich and Kravchuk (1976).
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L 1 ' '
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Klemel)

200~
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Figure 3. Total absorption coefficient K at room temperature of as-grown (®) and copper-
doped (0) Cd,P, as a function of wavelength A .

5. Results and discussion

A typical example of a complete absorption curve of as-grown and Cu-doped Cd,P,
is given in figure 3. In this figure we notice a very steep band edge for both samples.
The as-grown sample with high electron concentration gives rise to marked free carrier
absorption at larger wavelengths which is completely absent in the Cu-doped samples,
because of their low electron concentration. However, the Cu-doped samples show
always a very broad shoulder in the absorption coefficient at wavelengths just longer
than the edge. A similar effect was observed by Radoff and Bishop (1973) and its origin
is not quite clear yet. Some of the samples showed interference maxima and minima
in the transmission due to multiple reflection. Using the relation 2nd = m4 the average
value of the refractive index could be determined and appeared to be n = 36 + 0-2
in the wavelengthrange from 2-10 um. This result is in good agreement with the measured
reflectivity having a constant value of 33 4+ 2% in this wavelength range. Furthermore
n appeared independent of the concentration of the copper dope.

The long wavelength absorption coefficient can always be described by the empirical
formula:

K = al? + b. (19

The factor a can be interpreted in the well-known Drude theory neglecting collision
effects (wr » 1) and is given by (Zawadzki 1974) a = (*N/4n2c3ney) (1/m**). The
constant b which has usually a small value is probably caused by small errors in the
determination of the light intensities I and I; or a small light scattering factor of the
sample. An example of the free carrier absorption plotted against A is given in figure 4.
If we make the simplifying assumption {1/m*2uy = 1/{m*»*/{uy we determine for
this sample a value of m* = 0-06 m; at 300K and m* = 0-05m, at 90 K which is in
good agreement with values found in the literature for the same electron concentration.
A more detailed analysis of the effective mass against electron concentration
could not be done due to lack of samples with a sufficiently wide range of carrier
concentration. The results of interband absorption measurements on as-grown
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Figure 4. Free carrier absorption of Cd,P, against 42 for two different temperatures (®).
300K (O)90K. (N = 12 x 10%m™%).

and Cu-doped samples are shown in figures 5 and 6 respectively, The absorption curves
have been determined up to high values of K and free carrier contribution can be
neglected in this wavelength range. Also shown in figures 5 and 6 are thecretical curves,
obtained in the following way. We started to fit the absorption curve of an as-grown
sample at room temperature because these samples are strain free and their electron
concentration is known. From N the Fermi energy can be calculated using equation (14).
A typical result is shown in figure 7 where the Fermi energy €, above the bottom of the
conduction band is plotted against the electron concentration for a relevant set of band
parameters {E,, P, A) and for various temperatures. With the same set of parameters

T=300K }"-'gdK
x10?
3—
T 2 I
2
x
1| kT 1300K i
0 i L K-
055 080 065
hwfeV)

Figure 5. Interband absorption coefficient of as-

grown Cd,P, for two different samples with the

same electron concentration (N = 1.3 x 10>*m~%), Figure 6. Interband absorption coefficient of copper
Full curves are theoretical results. (O) P3-9, (@) doped Cd,P, Full curves are theoretical results,
Px-1. (®) P9-29.
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Figure 7. Calculated Fermi energy e above the bottom of the conduction band against
electron concentration for different temperatures: full curve, 42 K; dashed curve, 90K;
chain curve, J00K. (E, ;o0 = 053¢V, E, 4o = E, ., =056V, A=0leV, P =67
x 1071%eVm).

and an additional value of m,, an absorption curve can be calculated. The best fit at
room temperature is obtained for E, = 0-53eV, A= 01eV, P=67 x 107'%e¢Vm
and m,, = 0-5 mg. The nextstepis tofit the results at low temperature (90 K). Weassumed
P, A, m, and n independent of temperature. As the curves of figure 7 change negligibly
with small changes in E,, and the electron concentration is constant as a function
of temperature, the fermi energy at 90 K can be read directly from figure 7. By changing
only E_ a best fit at 90 K can be obtained for E, = 0-56 eV. The electron concentration
measurements on Cu-doped samples might be somewhat in error because we do not
know the influence of the Cu-dope on the conduction mechanism. Therefore we have
taken the parameter set (E,, P, A, m, ) of the as-grown sample at 300 K and used ¢
as a fitting parameter for the room temperature absorption curve of Cu-doped Cd,P,.
The best fit is shown in figure 6. Once €, at 300 K is known, the electron concentration
can be read from figure 7, which in turn gives directly €; at 90 K. Now all parameters
for the Cu-doped Cd,P, are fixed and the absorption curve calculated without any
fitting is given in figure 6. In an earlier paper (Blom and Burg 1977) some thermomagnetic
transport properties of Cd,P, were reported. The results, .ie., the dependence of the
zero-field Seebeck coefficient on electron concentration and the reversal of sign of the
transverse Nernst effect at a certain electron concentration, could be quantitatively well
described by a two-band Kane-model with E, = 0-50 eV, m?} = 0-040 m,, and a scattering
parameterr = — 1.Inthemeantimewesucceeded in growingsamples with higherelectron
concentration than those considered in that study. Of these new samples we studied
particularly the transverse Nernst effect in order to confirm experimentally the ‘satura-
tion' of the normalised zero-field transverse Nernst coefficient for high concentrations,
as predicted by theory. See figure 8 in the paper by Blom and Burg (1977). We also calcu-
lated the transport coefficients given by equations (8){11) of that paper for the three-
band model by replacing the £ by the X integrals with the appropriate indices. Adopting
the values of the band gap and of its temperature dependence obtained from the optical
measurements, we found an even better fit to both the older and newer experimental
results for temperature independent value of P and A of 67 x 107 °¢V m and 0-10¢V,
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Figure 8. Calculated absorption curves including transitions A and B for both the exact
(A = 0-1¢V) and simplified (A = o) band models. Full curves are for T = 42 K, dashed
curves for T =90K. (E; 90 = E, ., = 056eV, P =67 x 10"%eVm, m,, = 05m,,
N = 1-3 x 102* m~3). Dots are measured points of a very thin sample, measured at liquid
helium temperature.

respectively. The scattering parameter was again taken asr = — 1. The resulting bottom-
of-the-band masses at 90 K and 300 K are 0-047 m, and 0-045 m,, respectively.

In order to get insight into the accuracy of the values of the determined parameters
we generated a large number of theoretical curves for wide ranges of all parameters.
Roughly spoken it turned out that changes in E, and € shift the curves along the energy
axis while changes in P and m, influence mainly the steepness of the curves. It is obvious
that deviations due to changes of one parameter can be partly compensated by changing
another parameter. Moreover, we have experimental errors in the determined values
of the refractive index (n = 3-6 + 0-2) and in the electron concentration of approxi-
mately 10%, determined by the finite area of the electrical contacts (van der Pauw
1958). Note for instance that an error of 109 in N gives rise to an error of 0-005 eV in
€r. Considering all these data we arive at the set of band parameters given in table 1
for 300K and 90 K.

Table 1. Values of the best fit band parameters of Cd;P, at 300K and 90 K.

v

300K 90K
E, (V) 053 + 0-025 056 + 0025
AeV) 01 01

PEeVm) 67 £ 05 x 10710 67+ 05 x 10730
m,, (mo) 05101 05101

m* (mq) 0045 + 0:005 0047 + 0:005
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From figures 5 and 6 we notice some deviation of the experimental points from the
theoretical curves at the tail. For the measurements at 90 K this might be due to strain in
the samples which is an inevitable consequence of making a good thermal contact, while
for the Cu-doped samples the broad absorption shoulder mentioned earlier might be
of influence bere.

Up to now we only needed transition A {figure 2) in the calculations because transi-
tion B has its onset at higher energies and the values of K due to transition C can be
neglected in the whole range of energies. If we consider the absorption curve up to very
high values of K we might see the influence of transition B analogous to the measure-
ments on InSb by Gobeli and Fan (1960). In figure 8 some theoretical absorption curves
are given for different temperatures including transitions A and B. In this figure are also
given the curves calculated from the simplified quadratic Kane equation for bands
cand v,(A = w):

..., = $E, £ HE} + P2 16)

For low temperatures we see a marked step in K(#w) at the energy where transition B
sets in. The width of the step is noticeable in the model with the simplified solution
but drops by more than factor of two in the model using the exact solution. This can be
explained easily by remembering that the valence bands in the exact model are much
flatter than in the simple Kane model. We have prepared very thin samples of approxi~
mately 10 pm thickness and measured the absorption curve up to very high values of K.
The results are shown in figure 8. It should be emphasised that the quality of these
samples was poor which made it impossible to measure N. The samples were not plane-
parallel and only an average value of d could be determined, leading to inaccurate
values of K and no exact fitting was possible. However, the shape of the curves is correct
and indicates no detectable steps. This leads to an additional argument for the use
of the model with the exact solutions of the secular equation.

6. Conclusions

In conclusion we can say that both optical and thermomagnetic transport measurements
on Cd;P, can be explained very well in the exact Kane band model including the free
electron term. At 300 K and 90 K we find values of E, of 0-53 eV and 0-56 eV respectively.
For the other band parameters we find A=01eV, P=67 x 107'%eVm and
m,, = 0-5 m,, independent of temperature. Additional measurements of the free electron
absorption and interpretation in terms of the effective mass might give additional in-
formation to support these values.
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3.4 OPTICAL VERIFICATION OF THE VALENCE BAND STRUCTURE OF CADMIUM ARSENIDE

M.J. Gelten, (.M. van Bs, F.A.P. Blom and J.W.F. Jongeneelen

Department of Physics, Eindhoven University of Technology, Eindhoven, The Netherlands
{Received 30 November 1979 by A. R. Miedema)

Optical absorption measurements were performed om thin
single crystalline samples of (djAsy at temperatures of
300 K and 10 K, At low temperature the interband absorp~-
tion coefficient shows clearly two steps due to direct
transitions from the heavy hole and light hole valence
bands to the conduction band., The absorption coefficient
can be interpreted quantitatively in an isotropic inverted
Kane band model with a modified heavy hole band with its
maximum shifted from the T-point.

Cadmium arsenide {Cd3Asz) is a degenerate
n-type semiconducting 1I3-V; compound which
properties are similar to those of the well
known narrow-gap semiconductors HgTe and HgSe.
In contrast with these cubic compounds, Cd3Asy
has an anisotropic band structure due to the
tetragonal crystal field interaction, as has
been shown by Bodnar?, Particular in low con-
centration samples this band structure leads to
very interesting anisotropy effects, such as the
energy dependent anisotropy of the cyclotron
mass and the effective g-factor of the conduc-
tion electrons®. However, for electron concen~
trations around the characteristic value of
2 % 10'® cn™® the anisotropy is only weak and
most of the electronic transport effects can be
satisfactorily described by an isotropic Kane-
type conduction band®,

Although it ia generally accepted now that
CdyAs) has an inverted band structurel» 228212,
the problems regarding the heavy-hole band are
aot clearly solved yet. Wagner et al.’ first
assumed a heavy-hole band at the ' point, de~
generate with the conduction band. Aubin et al.®
proposed a parabolic heavy-hole band with its
maximum away from k = 0 and showing a small
overlap with the conduction band. The shape of
this band is smoothed out towards T and reveals
2 residual gap with the conduction band at T.
Recently Blom and Gelten® found from transport
measurements that the heavy-hole band can be
assumed to be parabolic with a slightly open
gap with respect to the bottom of the conduc=
tion band. Up to now no direct experimental
data exist on the position of the light hole
valence band whose maximum can be expected
at an ‘energy E, below the bottom of the con-
duction band. In this paper we present inter-
band absorption measurements showing clearly
the valence band structure of Cdjds,.

The measurements were performed on a
standard single beam oprical transmission set
up in the wavelength range from 3 - 15 ym, The
reflectivity was measured with a modified
Beckman IR 4250 spectrophotometer’. Thin sam-
ples were prepared by polishing, lapping and
etching techniques. After the final stage the
electron concentration and Hall mobility were
measured by means of the four point van der Pauw

method. Then the samples were removed from the
substrate and annealed for 40 hours in an evac-
uated ampoule at a temperature of 150°C. By
handling them very carefully the samples were
mounted strainfree in a closely
fitting sample holder and covered with a suit=~
able diaphragm. The sample holder was mounted
inside a hollow cooling finger of 2 continucus
flow cryostat. The cocling finger was closed
with cryogenic vacuum tight AgCl windows per—
witting the sample to be cobled by means of
helium contact gas, without introducing any
strain,

Both transmission and reflection measure-
ments on thin samples showed large interfer-
ences due to multiple reflection. From these
interferences the thickness of the samples
could be determined very accurately by fitting
the interferences pattern to the calculated
dielectric constant using the set of band para~
meters as given below in an iterative way. An
example of such a fit is given in figure I.

The absorption coefficient of sample As-
18=11 at 300 K and 10 K is given in figure 2.
We clearly see at low temperature two distinct
steps in the absorption edge which disappear at
room temperature due to broadening of the Fermi-
Dirac distribution function, The same effect
has been observed by Szuskiewicz on HgSe®. Also
the free carrier contribution to the absorption
coefficient becomes very small at low tempera-
ture because of a decrease in the electron con—
centration and a strong increase in themobility.
It should be emphasized that a very important
condition for the ohservation of the steps
appeared to be the strain free mounting of the
samples. If annealing was omitted, or if the
sample was glued only at ome point to the
ecooling finpger, the steps in the absorption
curves at 10 K completely disappeared and the
curve was nearly identical with that measured
at 300 XK. Alsc by bending the sample intention—
ally the steps at 10 K disappeared completely.
The steps in the absorption curve could always
be reproduced by applying a heat treatment to
the sample (40 hours at 150°C in vacuum).

None of the above mentioned comments did effect
the abgsorption curve at 300 K in a significant
way. This leads us to the conclusion that not
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Fig. 1. Transmission of sample AS~18-11 at 10 K. The solid line was

caleculated from the dielectric constant € using the parameters

given in the text and a thickness of 10.7 um.
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Fig. 2. Absorption coefficient of Cd3As2 sample AS-18-11 as a function

of wavelength. The dotted and solid lines are theoretical fits
at 300 K and 10 K respectively.

only mechanical strain but also the introduction
of dislocations affects the absorption curve
strongly. Possibly the effects are so dramatic
in CdjAs, because the crystal structure con-
tains mang inherent vacancies in a very large
unit cell”, so that only very little stress is
needed to disturb the crystal lattice perma-
nently, This of course also explains why these
low energy dislocationms can be removed easily
by a simple heat treatment at moderate tempera-
tureg. The full lines in figure 2 are best fits
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of the theoretical absorption coefficient cal-
culated in the following way. Because of the
relatively high value of the electron concen=
tration we applied an isotropic inverted Kane
model like in HgTe. The seculsv equation de~
scribing the conduction band ¢, the light hole
valence band vy and the spin orbit split valence
baund v3 is given by:

'+ (B + [ ]) - kPP E + 3 =0,

with 8" = £ - §2?/2m, . M
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Here m, is the free electron mass, E, is the
energy gap (negative for inverted band struc-
tures), A is the spin orbit splitting energy
and P is the k-p interaction matrix element.
For the heavy hole valence band we used an em-
pirical E(k) relation resulting in a maximum
shifted from k = 0:

. 2
k k
E, = (i—) (ER-ET) - 2(-&—-) (ER-ET) *Ep. (3}
Here k, is the wave vector of maximum energy Ep
and ER is the residual gap at k = 0. Notice
that Ep is the real (thermal) band gap in our
model. Eq.(2) reflects the proposals of Aubin
and can also be considered as a dlrectmnal
average of the valence band energies given by
Bodnar?. A schematic drawing of the band struc-
ture is given in figure 3. In this figure A and
B denote the two relevant direct interband tran-
 sitions being of interest in our measurements.
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Fig. 3. Schematic band structure of GdgAsz.

The total dielectric fumction of Cd3As2
can be written as nc = € = €) ~ gy = £'(=) +
+ €q. + €4 + £5. Here g4, is the free carrier
contrlbutlon and is given by:
2
Ego = Ne? —2-51'—— , where N is the elec~
n*e, w?r? - twr
*

tron concentration, m* the effective mass at
the Fermi level and T = m*u/e is the relaxation
time of the electrons. The quantities €, and €g
are the contributions due to the interband
transition A and B respectively and are given

. M N N
by €a,B = €1a,B ~ i€2a,B° £ (=) is the quasi

high frequency dielectric constant and is as-
sumed to be real and comstant in our case. This
quantity is related to the well known and gener-—
ally used high frequency dielectric constant

THE VALENCE BAND STRUCTURE OF CADMIUM ARSENIDE

e{«) by the relation e(») =g'{(») +1i-(clA~ve|3).

The real part £;, was calculated by Kramers-
Kromg relatums from the imaginary part €94
given by

2 - <
€9p = W MA pAfv!(! f,) , where M, is the
interband momentum matrix element, p, is the
deuslty of states &ven by:

= k?fon? £

Femx-l)uac dlstnbuuon functions of the par~
ticipating bands. A similar expressmn holds
for € B ibe matrix elements M, and were
calcuiated using the equation given by Kane
and the wavefunction coefficients for the in-
verted structure given by $zymanska et al,’!,
Finally the absorption coefficient K was cal-
culated from £ and £, via the real and imagi-
nary parts of n.. The parameters for the cal-
culation were obtained in the following way:

(1) The band parameters E,, 4, P and Ep
which were taken from ref. 5 have the
values E, = 0,12 -3, 3-107" T ev,
A=0.36V, P = 7.0+ 10"% eVem and
Ep = =26 meV.

(2) From these parameters and the value of the
electron concentration, at 300 K the elec-
tron concentration at low temperatures and
the Permi energy Ep can be calculated with
the method given in ref. 5.

(3) The parameter ¢£f{w) was given such a.value
that €(»} = 16 which is in good agreement
with all our reflectivity measurements.

(4) The effective mass m* at the Fermi level is
caleculated from the secular equatiom (1)
and is given by.

w'/m, i H2 kE [ . 1 ]
T-n'/m,  2mg LEF p,?vra EF+|E°| Ep+28/3]"

The only fitting parameters left are Ep and k).

The solid lines in figure 2 are the best fits

of the theoretical absorption curve to the ex~

perimental points. The values of Ep and k| ob-

tained in thxs way are Ep = -30 meV and

k) = 4-10% a7

Notice that the cut-off wavelength cor-
responding to transition B strongly depends on

the value of E,. Because E, was not used as a

fitting parameter, the good fit in figure 2 not

only proves the inverted character of the band
structure of CdgAs; but also confirms the value
of the bandgap determmed from transport mea-
surements®, Furthermore it turns out that only
suitable fits to the experimental data of strain
free samples can be obtained with a heavy hole
valence band shifted from the '~point. In our
opinion this is the first experimental verifi-
cation of the model proposed by Aubin et al.*.

Finally the necessity of strain free mounting

might explain the differences in the abcorptmn

curves reported in the literature!3®,

—-—-i-— , and f; demotes the
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CHAPTER 4 FAR INFRARED REFLECTIVITY OF Cd3P2 AND Cd3As2

4.1, Plasma edge behaviour of Cd3P2 and Cd3A32

The samples of both Cd3P2 and Cd3A52 are highly degenegite-g-type
materials with electron concentrations in the order of 10 m ~. This
leads to the well known phenomenon of plasma reflectivity {29} occurring
in the infrared region of the spectrum at wavelengths between 10 um and
100 pm. The most important parameter which describes this phenomenon

is the plasma frequency wp. In highly degenerate materials mp is given

by:

2
@ 2 Ne

GO @1

Here N is the electron concentration, £{(®) the high frequency dielec~
tric constant and mF* the effective mass at the fermi level which de~
pends on N in materials with a non parabolic band structure. Using

eq. (3.1) and the transport theory reviewed by Zawadzki {18} mF* is de~-
termined by

m* -hszz [1 1 t

1
- = e AT —— £3
m M 2m B EF+A Ep Eg EF+2M

Here k_ is the electron wave vector at the fermi level and

] (4.2)

2.2
v o - .
EF EF +H kF fzmo where EF is the fermi energy, counted from the
Ts-point (see fig. 3.1). EF' can be determined using eq. (3.1} in com~

bination with the relation
K, = (3n%wy /3 4.3

If the materials are not highly degenerate the quantity mF* should
be replaced by an average value {17}. It is clear that knowledge of
the plasma frequency can give strong support to the determination of
the band structure parameters.

The optical phonons of Cd,P_ and Cd_As,_ are active in the plasma

32 372z
frequency region. Therefore plasmon-phonon coupling will occur {30}.
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Because Cd3P2 has 40 atoms in its unit cell and Cd3As2 even 160 one
might expect an unusually complicated plasmon-phonon system due to
the many different optical phonon modes. This results in infrared
reflectivity spectra with many pronounced structures. This will
complicate a detailed and careful analysis.‘Ngvertheless, for
the interpretation of electrical transport measurements it is impor-
tant to know the values of the phonon parameters {31,32}, especially
when the electron mobility is dominated by optical phonon scattering.
We were therefore challenged to develop a suitable interpretation
method of complex reflectivity spectra. We started with the develop-
ment of a new and general method for the analysis of reflectivity
spectra of plasmon-multiphonon systems. This method is described in
section 4.2. The method was applied to room temperature reflectivity
measurements of Od3P2 and Cd3Asz. The results are presented in section
4.3. Though the interpretation of the experimental data is rather
satisfactory it has to be concluded that the phonon spectra of our
materials are such complicated that our new method is not powerful
enough for a detailed analysis in this case. Therefore it was decided
to extend the measurements to low temperatures in order to be able
to analyse them with a less general and more conventional method.
We described the reflectivity spectrum on the basis of a dielectric
function simply determined by the sum of a number of harmonic oscillators
in analogy with the first results of Thielemannet al. {33} on Cd3A52'
Qur results on Cd3P2 are described in section 4.4.

The analysis of the spectra obtained for Cd3A52 leads to an ad~
ditional complication because the plasma edge of this material shows
a unique oscillatory structure at wavelengths just below the plasma
edge. This phenomenon has also been reported in the literature {34,35}
but could not be explained satisfactorily. We expected that application
of a magnetic field would influence the structure in such a way to
enable us to find a key to the solution of this peculiar effect.
Therefore we decided to set up a series of magneto-reflectivity
measurements in cooperation with the Max Planck Institute in Grenoble.
The results of this study, with a suitable explanation of the
oscillatory effect, are presented in section 4.5. This section also
contains some additional values of phonon parameters of Cd As, at

32
low temperature.
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4.3 A New Method to Determine the Coupled Mode Parameters
of a Plasmon—Multiphonon System
By
M. J. GELTEN and L. A. BoscH

A new (numerical) method is described to determine all coupled mode parameters of a complex
plasmon—phonon system in a semiconductor. First a general theoretical description is given of the
complex dielectric function describing such a system. Some practically important relations are
deduced. Starting from an experimentally determined reflectivity spectrum, the dielectric fanction
is determined at a number of discrete frequencies by means of Kramers-Kronig analysis. A complete
background is given for a numerical method to determine all relevant mode parameters, especially
the coordinates of poles and zeros in the complex frequency plane, from this spectrum. Finally

the new method is applied to & test spectrum. The results are discussed and compared with those
of other methods.

Es wird iiber eine neue (numerische) Methode zur Bestimmung von allen gekoppelten Modepara-
metern eines komplizierten Plagsmon-Phonon-Systems in einem Halbleiter berichtet. Eine all-
gemeine theoretische Beschreibung der Dielektrizititsfunktion eines solchen Systems wird gegeben.
Einige praktisch wichtige Beziehungen werden abgeleitet. Mit einem experimentell bestimmben
Reflexionsspektrum als Ausgangspunkt wird aus einer Kramers-Kronig-Analyse die dielektrische
Funktion fiir eine groBe Menge von diskreten Frequenzen berechnet. Alle erforderlichen Iiifor-
matiopen fiir eine numerische Methode zur Bestimmung aller relevanter Modeparameter werden
angegeben, besonders der komplexen Polstellen und Nullstellen. SchlieBlich wird die neue Methode
gepritft mit einem Testspektrum. Die Resultate werden diskutiert und mit Resultaten anderer
Methoden verglichen.

1. Infrodaction

Infrared spectroscopy is a powerful tool in the study of plasmon-phonon coupling -
in semiconductors. Especially if we know the reflectivity in a large enough frequency
range, we can apply a special set of Kramers-Kronig relations by which it is possible
to calculate the real part ¢, and the imaginary part &, of the dielectric function as a
function of frequency w. A well established method to determine the parameters of
LO and TO modes from these data is described by Balkanski [1]. With this method
a plot is made of we, versus w and one reads directly the frequencies of the TO modes
from the peak frequencies in this plot. Twice the damping constant of the TO modes
is given by the halfwidth of these peaks, while the peak values of we, give information
about the static dielectric constant and the oscillator strength of the modes. In a
similar way the LO mode parameters may be determined from a plot of we,y/(eF + £3)
versus w, This method will be referred to as method I in this paper. Though this
method is often used, even for complicated systems with many modes [2, 18, 19], one
should realise that the method described in [1] only applies exactly to the case of an
intrinsic semiconductor with only one LO and TO phonon mode having equal damping
constants and real frequency independent oscillator strengths. In systems containing
more infrared active phonon modes this method is only an approximation and leads

1} P. 0. Box 513, 5600 Eindhoven, The Netherlands.
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636 M. J. Gerrex and L. A. Bosca

to experimental errors [19], especially concerning the damping parameters. If free
carriers are introduced into the system we get the phenomenon of plasmon-phonon
eoupling {3, 19]. In this case curves of we, and we,/(c5 + £2) are determined mainly
by the plasmon properties and the phonon structures are hardly resolved. In these
cases method I is no longer applicable. As an alternative one tries in practical cases
to fit the optical data to some suitable model for the dielectric function by means of
numerical least-squares procedures, but this method is limited to cases with only one
or two coupled modes, because of the large number of unknown parameters {4, 5, 20].
Recently Kim and Spitzer [6] succeeded to fit reflectivity data of Ga;..,Al,As to a
three-mode model {one plasmon and two TO phonons). They used, however, values for
some parameters already known from other experiments.

In this paper we describe a simple method to determine all relevant parameters of
the coupled modes of a semiconduetor with a plasmon and many phonons. First we
give a treatment of the necessary model dielectric functions. Then a numerical proce-
dure is described to calculate the relevant parameters, starting with the reflectivity
spectrum as input data. Finally the new method is applied to a test speetrum and the
results are discussed.

2. Theory

The most general way to describe the dielectric function of a coupled mode system,
consisting of a plasmon and several phonons, is given by Kukharskii [4, 7]. From
general arguments he derives the so-called factorised dieleetric function, which is
given by

%+l

IT (@ — 2iQy60 — | 2)2)

i=1

D) = £00 — . (1)
@ (® — yp) H (% — 2o — C%)

Here @ is the complex frequency defined by & = w -+ @, € the well-known high-
erequency dielectric constant, » the number of TO phonon modes, and ?p the dampmg
constant of the plasmon given by y, = 1/7 = e/m*u. The zeros of (@) are given by
@ = 0 = + Q; + ifdy;. The complex frequencies of the coupled LO modes are
defmed by these zeros of &(iv) with positive real part The poles of £(®) are given by
& =0, d =71y, and & = 0; = 10y + by = £ (o — T2 + ily;. The complex
frequencies of the TO modes are defined by these poles of (@) with positive real part.
Kukharskii [4] pomted out that the eigenfrequencies of the longitudinal (transverse)
coupled modes are given by || (|64 = wy;), while their damping constants are ngen
by ; and I';, respectively. It follows from the causality principle that £ = & — 18
has only poles and zeros in the upper half-plane (including the real axis) [8]. For
clarity the lav-out of poles and zeros for a three-mode system is given in Fig. 1.
There is, however, another way to describe the dielectric function of a plasmon—
phonon system. As pointed out by Varga [9] we may consider the dielectric function

I

i
Bl 1 1 Fig. 1. Lay-out of poles (x) and zeros (O) in the complex
L frequency plane for a three-mode system

B
<
X
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x
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Coupled Mode Parameters of a Plasmon-Multiphonon System 637

as the sum of two separate contributions: one of the intrinsic material consisting
only of the lattice contribution and one of the free carriers. In the framework of
poles and zeros the most general equation for the lattice part of the dielectric function
is given by Berreman and Unterwald [10],

#
M (@0* — 2iN0 — of)
@) = e 7 : )
I (@ — 2y — c}fj)
i=1
Due to the fact that TO phonon modes do not couple to plasmon modes because they
generate no macroscopic electric fields, equations (1) and (2) contain the same
parameters awy; and 1.

Notice that £, is described, in contrast to &, by intrinsic material parameters
being the LO phonon frequencies and damping constants (e, I3;) and the TO phonon
parameters (wy;, I'ts). The free-carrier contribution to the dielectric function Zp(®)
can be very well described by the Drude equation {11],

g = — A 3

e ) €oo Ao MO — Wp} 3)
In this equation y, is the plasmon damping constant and w, is the plasma frequency
defined by wi = NePfegeom™ (N is the free-carrier concentration, m* the effective
mass). The total dielectric function is now given by [9]"

EH0) = E(D) + (@) . (4)
Both dielectric functions £(w) and (&) describe the same phvswal system and may
be compared to each other.
Equation (1) may be spli*b into the following sum:
B By )
(D) = £ L. S e e
&®@) + + ayp+kzl(w~9t,,-zfﬂ o+ 0y — iy
with Oy = (w& — I'5)Y2. The (complex) constants in equation (5).may be determined
from the residue theorem,

(5)

B4+l
o T1 14242
A, = {Res 8}g_0 = W...Zi‘_l’i,_..,_‘,, {6a)

o 11 ot

+
l;[ (—yp + 20p 825 — |47

Az = {Res g}gziﬂ, == Epo

, (6b)

"

p T ( =7 + 2l — o))
BI.I sy {Res g}a:ﬁﬂtkﬂ"'i[‘tk ==

nt+l
jI_Il (0% + 20Ty — It T 2000 02s; + 2825 — |24

= o 4 200 (£0u + ilw) (£ Ou + il — iyp) %
Xi,,,fi,__.; I 1 e . R (60)
H {(* b + T — ﬂr; %th) (£ Oy + Ty + 6 — i)}
i
J*k
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From equation (B¢} it can be easily verified that Bf = (—B;)*. We can also split
#{&) into a sum

2 + -

m(z}p Eoolp » Di D )
= B —— = - = - 7
EH@)= et aypw wp(co— zyp)+ ;-‘?‘.:1 (m — Gy — zﬁk+ @ - B — ol (7)

with
DiE = {Res ey }o- vopriry =

(em + 2004’y — I F 200uDy+ 2Twll; — of)

J

= Eoq

+ 23&1 l_[ (£ O + il — 0 — i) (£ Ou + ilw + B — i)

3?&

# 51,':13

(8)

If we compare the different terms in (5) and (7) and use equations (6) and (8) we can
deduce the following relations:

(i) From the 1)@ term

n+1

Wi =ttt ‘ (9)

This is the generalised Lyddane-Sachs-Teller relation for a coupled mode system 4],
(iiy From the 1/(® — iy,) term

H (=78 + 2yp825 — |21

w;“: I (10)

_1lﬁs A

( 7 + 2yl — of)

[,

This relation gives a second possibility to determine the pl&sma, frequency from the
experimental parameters.

(iii) From the other terms we get
Bt =D (k=1,2,..,n). (1

The important consequence of this relation is the following: from equation (8) we
see that the coefficients Df are determined completely by intrinsic phonon parameters,
while from equation (6¢) we see that the coefficients Bi are determined both by
intrinsic and coupled mode parameters. This means that with a change in free carrier
concentration the coupled mode parameters change in such a way that the coefficients
Bf remain constant: they form an invariant set, completely determined by intrinsic
material parameters. The static dielectric constant e, of the intrinsic material follows
from equation (2) and from (7) and (11) by putting w, = & = 0,

o n 6u(BL — Bo) — ilw(Bi + Bp)

£y = oo = Eoo — ) 5 . (12)
IT o) £ Wik
j=1
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Coupled Mode Parameters of a Plasmon-Multiphonon System 639

The first relation in (12) is the well-known Lyddane-Sachs-Teller relation for a multi-
phonon system. The second relation leads to calculation of & from the coupled mode
parameters. Note that ¢, is real and constant as can be verified by putting Bf =
= +4a + 1b.

At this point we can make some general remarks. In the literature one often uses
for the lattice dielectric function the sum equation

foof
e (w) = o — . (13)
L( ) 321 w2 — 27,th6() —_ (Dtj :

Here f; is the oscillator strength which is taken as a real constant. As we have seen
the lattice contribution to the dielectric function also can be written in an “additive
form” (see, for example, (7) with w, = 0). Reducing this form to one like equation (13)
leads to the following result:

n 0 — 1%z -y m +— Dy
EL(D) = e + kgl (o thL)A(DL + Dk,)\ + 0u(Di — Dy) ) (14)

w? — ertkw — w?k

We see that now a complex and frequency dependent oscillator strength is obtained;

a situation which is equivalent to frequency dependent transverse eigenfrequencies
and damping constants [10]. The relation Bf = Di physically means that the
introduction of free carriers in a system does not even change the frequency dependence
of the transverse elgenfrequenmes and damping constants (or oscillator strengths).

Only when our Df is real we find the real and constant oscillator strength of equation
(13). Giehler and Jahne [12] indeed showed in a general treatment of the dielectric
function for a two-mode system (one plasmon -+ one phonon) that in the special
case when there is no interaction between plasmon and transverse phonon, the oscil-
lator strength is real and the use of (13) is correct.

3. Numerical Procedure

Suppose that we know from an experiment the reflectivity R of a sample in such.
a large range of real frequencies w that the spectrum may be correctly extrapolated
to w =0 and @ = co. From this R(w) we determine numerically § = & — ¢, by
means of a special Kramers-Kronig relation [13]. After this numerical calculation the
results for ¢ and e, are discretised. So we start our method by assuming that £ is
known for a large number of discrete frequencies w; (k =0, 1,2, ... , M — 1) on the
real w-axis, separated by a sampling distance » = w;+1 — wg. These discrete values
of £ will be denoted by &(cwy,).

The basic idea of our method is now to replace the unknown continuous dielectric
function &(w) by a set of M functions £(w) from which each element &(w) is a good
approximation of the dielectric function in a small region around c;. These approxima-
tions can be determined using the experimental values of £ in our sampling points on
the real w-axis. Replacing w in £(w) by a complex frequency @ defined by @ = w 4 4y
leads to a set of functions £,(®) extended in the complex frequency plane. The complex
zeros with positive imaginary part of each function &,(®) can be determined. It can
be shown that this set of zeros has accumulation (or cluster) points in the complex
frequency plane, which can be identified with the zeros of the true dielectric function
£(®). Inthe same way the poles of the dielectric function can be determined by applying
* the method to the quantity 1/&(®
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We will give now some more details on our method. We can expand the continuous
dielectric funetion for every wy in a Taylor series on the real axis,

~ ~ de 1 dz
E(w) == E{oy) + FP wsmk{w — ) + 5 dot w=m(m — wp)? + Gy, wp)
(k=012 .,M—1). , (15)
It can be shown [14] that the residual term Gy{w, wy) is given by
1 d%
G{}(wa wk’-] 6 dw" w=¢(€0 - wk)s > (16)

where  is some frequeney between o and wy.
The first and second derivatives in equation (15) may be estimated from the sampling
points ag follows [14]:

dg _S(wk+m) — :‘E(wk—m) y ‘
Eﬂ;lwnwa_ R 2mh - Gl(mh} (17)
with
m2h? 3¢
Gl(mh) mm Taz)—s - (18)
and
dggf S(Cl)g,,s.m — 28((»0&: + 8(@13 m) .
a;ééo)xmg - m2h2 + Gﬂ(mh) (19)
with '
m2h? d4E
Gylmh) = — —5— o - (20)

where {* is some frequency between wy..,, and wzi, and m is an integer, After sub-
stitution of equations (17) and (19) into (15) and extending @ into the complex
frequency plane, we can write the dielectric function as a sum of two terms,

) = (@) + AS(D) k=0,1,2,..,M—1) (21)
with .

(@) = ) o opem) =& @) G _ gy 1

1 &(wp+m) — 28(wr) + E(0r-m) A
+tgo mh2 (D~ (22)

and '

AZYD) = Gy, wy) + Gy(mh) (D — ) + 5 Gylmh) (& — wp)? . (23)
Using {22} each sk(w) can be calculated and each element of the set of functions
Ee(@0) (k ==, 1, 2, . - 1yis a good approximation for the true dielectric function

around & = oo, because A& () -0 as & —» wi. From (18) and (20) it is seen that both
Gy{mh) and Gy(mh) are proportional to m?. So, the errors G (mh) and Gy(mh) are
minimized by choosing m as small as possible (m = 1).

Consider now () as an approximation of the true dielectric function. 83((1)) is
a quadratic polynomial and has two zeros in the complex frequency plane, which can
be determined numerically by standard procedures [14, 15]. In all practical situations,
where we used our method, it appeared that one of the zeros fell below the real axis
and one was always lying above it. As has been pointed out in the theory, only the
zeros with positive imaginary part are relevant for us. 8o, with M discrete frequencies
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L

Fig. 2. Determination of the zero £2; from the parameter
Bi- The parameters between brackets indieate the weros
of equation {22} corresponding to each wy

wy; on the real axis a set of M zeros w; in the upper half of the complex frequency
plane can be obtamed Now 8;;((,()) is a better approximation for &®)in a regmn around
Wy as 1y, lies closer to @y ; 50 Wy is & better approximation for the true zero £2; in question
as i, lies closer to w,. We can conclude that the set of M zeros has accumulation
points in the complex frequency plane and that the true zeros £2; of the dielectric
function will be best approxima,ted by the respective accumulation points of ;.

The accumulation points are given by those complex zeros for which the expressmn
|y, — i is & minimum or, leading to the same result, when f}k = |Re () — oy is
a minimum [14]. The best approximation of the actual zero £, is the particular value
of belonging to the lowest value of f; as is indicated in Fig. 2.

The poles in the dielectric function can be determined in an ana,logous way by
applying the method to the quantity 1/€(w), because poles in (@) are zeros in 1/E(®).

Before we apply our new method, we have to solve the problem that arises because
of the fact that we do not know the dielectric function exactly in the sampling points.
The Kramers-Kronig algorithm determines the dielectric function with an error 82;
and if we denote the experimentally determined values of £ at the frequencies w; by &,
then &(ew;) = & -+ 62. In practice we can only use the values & instead of the exact
values £{cwy) and this results in additional errors in the first and the second derivatives
as can be seen by substitution in (17) and (19) [14],

de £k+m - gk—-m i IS |
7] g, T Galmh) 4 yfmh)  with [&i(mh)| < L (24),
a% Boim — 260 + B ' e
dw? = m,;ij E™ 1 Gyimh) + Sy(mh)  with  [Sy(mh)| < fg;l
w=mp .
(25)

Equations (24) and (28) show, together with equations (18) and (20), that there is
& limit in the accuracy with which we can approximate the first and second derivatives.
Gy (mh) and Gy(mh) are proportional to m?, whereas d;(mh) and J,(mh) are proportional
to 1/m and 1/m?, respectively, so we have two contradictory demands in minimizing
the errors in the derivatives. The total error in the derivatives is a minimum for some
optimum value of m, This is the reason why we did not use only nearest-neighbour
points (m = 1) in our derivatives.

4. Application to a Test Spectrum

We apply our method to a three-mode system (two TO phonons -+ one plasmon)
" with the test parameters given in Table 1. The test reflectivity spectrum is calculated
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Fig. 3. The test spectrum ( ). The marks denote the LO eigenfrequencies [2,] () and
TO eigenfrequencies |6] (|}, O after method 11

Fig. 4. we, (solid line) and we,/{ef -+ £3) (dashed line) as a function of w, determined from the test
spectrum

as a function of the frequency using equation (1) and the relation

PRy . }2

- é%f_(?’l ! (26)
V@) + 1| |

and is shown in Fig. 3. For the sampling interval we have taken » = 1 cm~*, From

this test spectrum the &, are calculated using the Kramers-Kronig relations.

Table 1
Parameter sets determined in different ways. For eo a value of 14 was taken. The lower
part of the table contains the gquantities derived from the parameters in the upper part

of the table
parameter test method T method IT method II
value with Kramers- without Kramers-
Kronig analysis  Kronig analysis
1] (em™) 200.2 192 193.9 193.7
12,]  (em™) 247.2 246 245.1 244.2
12 (em™) 412.9 416 416.0 412.9
Q, (em™) 240 ~20 24.5 24.3
.. (em™) 6.1 - 8.9 9.0
Q. (em™) 41.1 44 40.7 40.0
o (om™) 222.0 222 223.0 222.9
wz  (em™) 250.0 250 250.8 250.9
Iy (em™) 140 ~ 15 14.6 14.6
I'te  (em™) 4.7 - 6.1 5.8
Vs {em™t) 104.8 — 105.0 105.0
B}  (em™)(6c) F666 — 736 — 814 F738 — 344i
Bf  (om™) (6c) F126  — F284 — 40 F333 — 20s
&5 (12) 21 — : 22.9 22.6
w, (em™1) (9) 3682  — 253.5 , 351.9
wp (em™) (10) 3682  — 355.1 353.5
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Application of method I then leads to Fig. 4. Clearly visible are the peaks of we,,
representing the two transverse eigenfrequencies and the peaks of we,/(e? + &%),
representing the longitudinal eigenfrequencies. The results of method I are given in
Table 1. ‘

Now we apply our new method (method II) to the test spectrum. For some values
of m (generally between 1 and 10) the zeros wy of all (@) are determined numerically
by means of the Muller procedure [14, 15]. The gquantity §; is calculated and plotted
against frequency. Fig. 5a, b, and ¢ show such plots of f; for three different values of
m. :

In Fig. Ba, f; heavliy oscillates at the first and third zero. Only in the neighbourhood
of the second zero we get the expected smooth curve with a sharp minimum. As was
shown these oscillations are due to the fact that we do not know the dielectric function
exactly. Although a Kramers-Kronig analysis gives us the dielectrie function in most

frequency regions with a relative error

i smaller than 2% (|32/8] < 2%), the
- d choice of a too small value of m can
w‘i x ,% lead to errors §; and 8, of 100%, (equa-
8 yk tions (24) and (25)), causing numerical
o . ko instability. The errors 8, and &, are
=, it independent of the magnitude of the
2k “l##:‘ E first and second derivative, respective-
e Tl ly, so a small error in £ can cause a
ok " wai large error in the derivatives.
e P ) vl According to this theory the oscil-
! oA I*e‘/' H lations in 8, at the first and third
A ¥ zero should disappear, when we take
’ £ : . a larger value of m. The result of this
0 is given in Fig. 5b and c. It can be
! b concluded that the optimum value for
1 m i found where the oscillations in 8,
ok E’ have just disappeared.
1
i
’)0— ,i i
2 H +
L 4 h
i t
3 ;‘ E i
U T A 5‘:
}f i [
* %
I A B
X :
C
% £
Vi  f
"IRTE Y
§.< # ) Fig. 5. The parameter B as a function of
?;’g‘ § % frequency for different values of m. a) m =
. T ¥ —1,b)6,¢)9
w0 ¥/ Jog 400 560
W (O e
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It is not necessary that the optimum value of m is the same for all zeros (poles);
this depends upon the magnitude of the error in & from Kramers-Kronig analysis.
It appeared to be that for Q,, £2,, and £2; the optimum values are m = 6, m = 1,
and m = 9, respectively. As can be seen from Fig. 5, m-values larger than the optimum
also give smooth curves. The reason for this is that in these cases the errors §; anc &,
are small; the errors @, and G,, however, have become larger in these cases, so we have
passed the optimum m-value. Finding the correct value of m is a matter of trial and
error, The same arguments hold in the determination of the poles.

In Table 1 the complex frequencies, found with our new method (method II) are
given. The results of our new method can be compared with the results of method 1
and the test values. Applying method II without using the Kramers-Kronig analysis,
but using directly the exact values of &(wy), caleulated from (5) by substituting the
test parameters, we never found oseillations in plots like Fig. ba, b, and ¢ in accordance
with theory. The results of such a calculation are given in Table 1 for comparisen.
It should be noted here that the plasmon damping constant p, could only be deter-
mined in our case without using the Kramers-Kronig analysis (last column of Table 1).

This is due to the fact that our numerical procedure for the Kramers-Kronig
analysis was too inaccurate near w = 0. Improvement of this proeedure, which fell
beyond the scope of this work, will lead to a correct determination of y, in this case.
It is for this reason that we have taken in column 4 of Table 1 a value of y, = 105 cm~2.
In practical cases, however, y, may also be determined from other expemments like
four-point van der Pauw Hall measurements [17 201.

Using the data of Table 1 the parameters BE, ¢,, and w, may be calculated from
equations (6¢), (12), and (9) or (10), respectively. The results are also given in Table 1.
The test values of our model have been chosen in such & way that the values of the
parameters Bf are real. From the fourth and fifth columns of Table 1 it is seen that
in practice the parameters Bi are not found to be real. Although the parameters Bf
do not fit too well, the use of these coefficients in the calculation of the static dielectrie
constant and the plasma frequency (in two ways) gives satisfactory results, It is seen
that both equations (9) and (10) give the same result for the plasma frequency. Also
the reflectivity spectrum, caleulated with the experimental parameters of method II
without Kramers-Kromg analysis, fits quite well the test spectrum (Fig. 3). Probably
the coefficients B are strongly dependent on the precise structure of a reflectivity
spectrum, whereas the other parameters are not influenced so much by the local
structure of a reflectivity spectrum,

5. Discussion and Conclusions

The analysis of our (arbitrarily chosen) test spectrum clearly verifies the theoretical
backgrounds of our numerical procedure, especially ¢oncerning the numerical instahiii-
ties and the choice of the parameter m. The results given in Table 1 also show that
our method II is more general and as such more powerful in the determination of
the mode parameters than method I, especially if we consider the damping parameters.
Method I can only lead to correct results in the case of phonon systems with weakly
damped and widely separated modes [19]. From the results that can be obtained
with method I it is actually impossible to determine the parameters Bif and &, (see
Table 1). With method II we can determine Bf, &, and w, even in two different ways.
All these arguments emphasise the power of method IT compared to method 1. Besides,
one should realise that method IT will even be better if the number of modes in the
system is increased. If we compare the differences of the data in Table 1 witn the
test parameters, we may conclude that our method II is even more accurate than
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method I. It should be noted here that a numerical fitting procedure to the reflectivity
spectrum is even impossible with our large number of unknown parameters.

We have also applied our method to some experimental data, obtained on Cd,P,
and the preliminary results have been reported elsewhere [16].

In conclusion we would like to say that we have developed a relatively simple
method to determine all coupled mode parameters of a complex plasmon-phonon
system.
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4.3 FAR INFRARED OPTICAL PROPERTIES OF Cd3P2 AND CdBAs2
M.J. Gelten, C.M. van Es
Department of Physics
Eindhoven University of Technology
5600 MB EINDHOVEN
The Netherlands

Abstract: CdzPp and Cd3Asp are degenerate n-type
semlconductors showing plasmon-phonon coupling. From
infrared and far-infrared reflectivity measurements
at 300 K, the dielectric function e(w) can be deter-
mined by means of Kramers-Kronig analysis. With a
special numerical method the complex poles and zeros
of e(w) can be calculated giving directly the TO-
phonon and LO coupled mode parameters. From a general
factorised equation describing e(w) the static di-
electric constant of the material can be determined.
Some experimental results will be given and discussed.

I. Introduction

CdzPp and CdzAsp form an interesting class of n-type degenerate
narrow gap semiconductors. Both materials have a tetragonal crystal
structure with a large number of atoms in the unit ceil (40 for CdzP2
and 160 for CdzAsp). This might lead to complicated infrared phonon
spectra which are however difficult to study experimentally because of
the phenomenon of plasmon-phonon coupling, which is very pronounced in
these degenerate materials. This is the reason why from direct optical
measurements no information is available on the values of the intrin-
sic phonon parameters (eigenfrequencies and damping constants) and the
static dielectric constant eg. Only some preliminary values for Cd3P2
are given in [1] while some. indirect and controversary values for eg
are given in [2-5]. In this paper we present (far)infrared reflectivity
measurements in such a large spectral region that Kramers-Kronig anal-
ysis leads to accurate values of the dielectric function £€=eq-iep. By
numerical analysis of these data it is possible to determine the in-
trinsic TO phonon parameters and the LO coupled mode parameters. Be-
sides the value of eg can be determined.

II. FExperimental

Single crystalline samples of CdzPp and CdzAsp were polished with
1.0 and 0.25 um diamond powder and etched witg a 15% bromine-ethanol
solution in order to get reproducable reflectivity spectra. Reflecting
area's were approx. 5 mm diameter. From each sample the electron con-
centration N and the Hall mobility u were measured by the 4-point Van
der Pauw method. The reflectivity R was measured in the wave number
range from 200-4000 cm~1 by means of a Beckman IR 4250 double beam
spectrometer with a special reflectivity attachment described in [6].
In the wave number range from 50-500 cm-1 the reflectivity was mea-
sured with a Grubb Parson Fourier Transform Spectrometer as indicated
in figure 1. All measurements were performed at room temperature with
evaporated gold as a calibrating mirror. For wave numbers v > 4000 em~1
R was extrapolated as a constant value and for v < 50 ecm~1 the reflec-
tivity was extrapolated smoothly to R=1 at v=0 cm~1l. It turned out

that these extrapolations had no significant influence on the final
results of £ because of the large experimental wave number range. From
the complete spectrum, £ is determined by Kramers-Kronig analysis for

a large number of discrete fre%uencies wy with a sampling distance
h=wk+1-wkg. In all cases h=zlem~1l.
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Fig. 1. PFar-infrared experimental set-up.
III. Theory
The most general way to describe the dielectric function of a cou-

pled mode system, consisting of a plasmon and several phonons, is given
by Kukharskii [7,8) as the so-called factorised dielectric function:

n+1
1 (82 - 2ir,.8 - 8°.)
j=1 Lj 2’3
g@) = Ea - (1)
noo2 2
& (& - 1yp) jgi (b - 217tjw - wtj)

-~

Here & is the complex frequency defined by & =w+in, €4 is the well
known high frequency dielectric constant, n is the number of TO phonon
modes and v, is the damping constant of the plasmon given by Yp * 1/t 7
e/m*u. The zeros of £(&) are given by & =Qj = Q13 + 1Qpj =i(9§3 -PE-)% +
irg:. The complex frequencies of the coupled LO modes are defined by
theke zeros of €(@) with positive real part. The poleg of £(&) are
given by 8=0, @ =iy, and & = 0j = 4013 + 1025 = £(wg; = Y§;)2 + iyyj. The
complex frequencies gf the TO modes are de%ined b& the%e poles“of £(&)
with positive real part. Kukharskii pointed out that the eigenfrequen-
cies of the transverse and longitudinal coupled modes are given by
]0j| = wps and ]Qj[ = Qg5 respectively, while their damping constants
are give% by Yt j and ijrespectively.

There is however another way to describe the dielectric function of
a plasmon-phonon system. As pointed out by Varga [9] we may consider
the dielectric function as the sum of two separate contributions:
EL(@) of the intrinsic material consisting only of the lattice contri-
bution and £¢,(&) of the free carriers. In the framewsTk of poles and
zeros the summed dielectric function £(&) is now given by [10]:

43



169

*- -
A a n B B
(3) =e +—4—2 4 3 K + k (2)
fe 5 B-iy. k=1'p-0,, -iy 840, -iy
p 1 ek 1k ek

e
with 91k =(m§k -ng)2. Expressions for the (complex) constants Ag, Ap
and By in eq. (2) are given in [10}. It is also shown in [10] that
Bif are intrinsic material parameters for which the relation Bf = (-Bj)*
holds. Some important relations for the plasma frequency w, and the
static dielectric constant are obtained in [10] and given Ey:

(413

2(@) = £, (a) +

ntl o, 2
I (=yS + 2 . -0,
2 M1 o T2 2 j=1 (7p * 27ply; b
wo = N Qs Mw,. or w_ = =~ (3a,3b)
P . L3 PR p
j=1 j=1 n
T+ 2npre - ey
and j=1
n o, (B -BD) - iy, (8N 4rD)
- 1k Pk Kk LY BBy
S = (4
k=1 Wy

The relation in eq. (3a) is the generalised Lyddane-Sachs-Teller rela-
tion for a plasmon=-multiphonon system. The relation in eq. (4) leads to
the determination of eg from the coupled mode parameters, Note that eg
is real and constant as can be verified by putting Bﬁ = xa+ib.

We developed in [10] a numerical method to determine from the discrete
set of experimental data points of £, all the (coupled) mode parameters
from the poles and zero's in the complex frequency plane and the method
will be applied to measurements on CdzPp and CdzAsp.

IV. Results and Discussion

A particular result of the reflectivity spectrum of CdzPp is given
in figure (2). Analysis of these data with the method of [10] leads to

1'0 LN i H 1 : i H
;o U CdP: N = 1.23 1050 0
LN bbby 3 32 >
* ! 0.24 m“/Vs
> 1
"~ H
S ]
2 ;
G 5 - ! -
]
ol !
i ! N
vy} -
& )
|
0 i i i | : . 1
0 100 200 300 400 S00 1000 1500 2000

WAUVENUMBER  [CM-1]

Fig. 2. Room temperature reflectivity spectrum of a particular sample
of CdzPp.

the following set of paramesers: (mgjégtjz = (227,10.6); (255,22.2);
1258)39 (2

(318,25)em™1 and (Qg5,Tg3) = (195, 48,16.2); (303,23.9);
(31?,27.7}cm'1. The value of yp could not be determined from the data
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of the corresponding pole in the complex frequency plane because of
lack of accurate experimental data near v=z0 [10]. Therefore Yp was
determined from the experimental value of the mobility and the known
value of the effective mass of CdzP2 [11], leading to yp=69 em™*. Now
with all these parameters and the value of g, =14 (as determined from
the high frequency reflectivity) the reflectivity was calculated using
the dielectric function of eg. (1). The result is given as the solid
line in fig. (2). It is clear that the structure in the experimental
data is very well described by this reconstructed reflectivity curve
but the absclute value of R does not fit completely. This might be
explained by the existence of some weak TO modes near v=100 e¢m™* which
do not show up at room temperature because of the high degeneracy of
the samples. Therefore low temperature measurements are being prepared.
From the parameters of poles and zeros the plasma frequency was calcu-
lated using equations (3a) and (3b). This leads for this particular
sample to w,=331 em™1 and wp=337 cm™1 respectively, which is in rea-
sonable agréement with the value of w,=377 em~ ! calculated from trans-
port data (wf=Ne2/egeam*). We measured differe%ﬁ samples of CdzPp with
electron concentrations in the range of 1-2.10 m~3 and the analysis
now always leads to 3 intrinsic TO phonon modes with reproducible pa-
rameter sets, instead of the 2 phonon modes reported in [1]. The average
values of the TO phonon parameters are given in table (1) together with
the average value of eg determined from eg. (4) and the values of B
determined from their equations given in [10]. It appears that the
value of eg reproduces within 10% from sample to sample though the
values of By show vather large deviations. It is clear from eq. (4)
that in fact from the coupled mode parameters only the difference
Ae=gg-t, can be determined. Our value of Ae is in good agreement with
the value of Ac=9 reported in [2].

1.0
>
-
=
o -SF
w
ol
1N
t
[+
. Q |
0 100 200 300 400 5060 1000 1500 2000

WAVENUMBER  [CM-1)

Pig. 3. Room temperature reflectivity spectrum of a particular sample
of Cd3A52.

The same procedure as given above was applied to some Cd3Asp samples.

A typical spectrum is given in fig. (3) and the average results of the
intrinsic parameters that reproduce in every spectrum are given in
table (1). We were not able up to now to determine a reliable value of
€3 because we have some indications that CdzAsp has more than 3 intrin-

sic TO phonon moée§i At least at low temperatures two additional weak
modes for v<100 cm are present [12].
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Cd3P, CdzAsp
j |wti (em=1)lytj (cm-1) B] (cm-1) i ti (em-1)|ytj (em-1)
227 #3  |10.4£0.2|-630(2100)-48(25)i |1 158 +1 (9.3 20.5
2 |25k +1 2142  [-235(215)-60(2100)i | 2 {189 +5 |20 25
30319 £ 2 34210 |-320(2110)-24(£12)i ) 3 [219 22 |17 21
£, 314 e =2422 £,=16

Table 1. Average values of intrinsic mode parameters of CdsPp and

V.

CdsAsp.
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Abstract, Far-infrared reflectivity measurements in the frequency range 40-650 cm™" at
T = 10, 100, 150 and 300 K have been performed on degenerate n-type Cd;P; samples. The
experimental results are fitted with a mode! dielectric function. We use the Drudeflinear
oscillators equation for a coupled-plasmon-phonon system. The best fit of the theoretical
curve to the experimental data is obtained using six independent transverse phonon modes
with temperature-independent eigenfrequencies and oscillator strengths and temperature-
dependent damping constants. For the static dielectric constant a temperature-independent
value is found 0f23 = 1.

1. Introduction

In the past many measurements have been made in an effort to determine the shape of
the conduction band of Cd;P;; for example, measurements of: the thermomagnetic
transport properties (Blom and Burg 1977, Radautsan er al 1974), optical properties

. (Haacke and Castellion 1964, Radoff and Bishop 1972, 1973, Gelten et al 1978, Gelten
1980), photoconductivity and photoluminescence (Bishop er al 1969), spontaneous and
stimulated emission (Arushanov 1980) and magnetoabsorption (Wagner et al 1971).
The papers mentioned above give a good insight into the band structure of the material
but do not give many details about the intrinsic phonon modes and the static dielectric
constant. All that can be found is some indirect information about the static dielectric
constant; this is in a paper published by Jay-Gerin ez al (1978) and up to now only two
papers have been published concerning preliminary measurements of the optical proper-
ties of Cd;P; in the far-infrared (Gelten 1980, Gelten and van Es 1981). From the data
of the last two papers it is clear that Cd;P, shows a rather complicated far-infrared
reflectivity spectrum, determined by plasmon—phonon coupling effects between free
carriers and the multiphonon system of the intrinsic material. The intrinsic phonon
system of Cd3P; is complicated because of the large number (40) of atoms in the unit
cell. There will be 117 possible optical modes, which means that a group theoretical
analysis is not useful in the first instance. Cd;P; has a tetragonal crystal structure
(Dit), which differs only slightly from a cubic one (Lin-Chung 1971). As we can see
from the literature (Heller ef al 1971, Zdanowicz and Bodnar 1976, Arushanov et af
1980a, b, Singh ez al 1982) most of the physical behaviour of Cd3P; is isotropic.

This paper deals with the resuits of a careful study of the far-infrared reflectivity
spectra of degenerate n-type CdsP; at various temperatures. Analysis of all the spectra
leads to an accurate determination of the temperature dependence of six intrinsic phonon
modes and an accurate value of the static dielectric function.

0022-3719/84/213721 + 08 $02.25 © 1984 The Institute of Physics 47
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2. Theory

An accurate method of determining the coupled-mode parameters of a plasmon-mul-
tiphonon system is described by Gelten and Bosch (1981), starting from the factorised
dielectric function given by Kukharskii (1972, 1973). This method, concerning complex
poles and zeros of the dielectric function, is unfortunately not useful in our case. The
reason is that we cannot apply Kramers-Kronig analysis to our experimental data
because we do not have the possibility of measuring the reflectivity of the samples for
@>600cm™" at temperatures below room temperature. Besides, if the phonon fre-
quencies are too close to each other and/or the damping is very strong, the poles-and-
zeros method gives just a good description of the structure of the reflectivity curve, but
the absolute value from the theory does not agree with that from measurements {(Gelten
and van Es 1981). Therefore, we have applied the simple and straightforward method
of fitting our experimental data with a theoretical curve calculated from the Drude/
linear-oscillator equation.

Varga (1965) pointed out that the complex dielectric function & = g; — ig; of &
coupled-plasmon-phonon system may be regarded as the sum of two separate contri-
butions: the lattice contribution & (w) and the free-carrier contribution &.(w). If we
also take into account a general and constant background contribution given by the
high-frequency dielectric constant &., the complex dielectric function is given by

(0) = o + B (0) + Efw). (1
The free-carrier contribution is given by the Drude equation

&o(0) = — = Wi/ (0 — irp) @)
where ¥, is the plasmon damping constant, related to the mobility p of the free carriers
by ¥, = e/m*u, and o, is the plasma frequency defined by w} = Ne?/m*ge. (N is the
free-carrier concentration and m* is the effective mass).

For the lattice part of the dielectric function we make use of the sum equation of
classic linear oscillators for our multiphonon system:

”
. fid
Bt et e 3
B =~ Ao €)
Here n is the number of intrinsic TO phonon modes, while the intrinsic transverse
eigenfrequency, the oscillator strength and the damping constant of jth phonon are given
by wy, f; and I'; respectively. The static dielectric constant & is now given by

s,=sm+’§f,~. | (4)

The reflectivity R at normal incidence is given by

” - !

R =[(3@)" - /1(&) " + 11 )
Data from the experimental equipment were fed directly into a computer. By means
of the equations (1)—(5) we calculate the reflectivity R with a given set of parameters for
phonons and the plasmon. The calculated spectra are compared with these data points
by plotting both on a large display. The best fit is determined by visual comparison. By
changing the parameters for phonons and the plasmon separately it is possible to

determine an accuracy interval for each parameter.
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3. Experimental arrangement

The preparation of single-crystalline samples of Cd;P, was described in a previous paper
(Gelten er al 1978). Because we do not expect a significant anisotropy effect the measure-
ments were performed with unpolarised radiation and unoriented samples. After pol-
ishing, the sample was etched in a 15% bromine-ethanol solution. The electron con-
centration N and the mobility u were measured at room temperature by means of the
four-point van der Pauw method (van der Pauw 1958). The reflectivity measurements
were performed on a Grubb-Parsons Fourier Transform Spectrometer in the wave-
number range 40-650 cm™ by using mylar beam-splitters of various thicknesses. By
varying the number of sample points and the displacement of the moving mirror the
resolution of the spectra after Fourier transformation with cos® apodisation is made
adjustable. The experimental arrangement is given in figure 1.

—}- Collimator
Chopper

Moving mirrar

Stepping motor

Beam-splitter i
/‘L\ tat _
|- Hicrometer
screw
Fixed mirror
Microprocessor
Terminal Floppy disc Plotter
winston
tonus Lock~
in
detector s SE:"'_',]:
Py m— |

Figure 1. Experimental arrangement. The fixed mirror is vibrating at phase modulation.

The sample chamber was equipped with an adjustable continuous-flow cryostat
(Oxford Instruments CF 104) and the measurements were done at temperatures T =
10, 100, 150 and 300 K. The cryostat was modified as indicated in figure 2. The samples
and aluminium calibrating mirror were mounted in a reproducible way. To prevent
undesirable reflections the diaphragm and the sample holder were covered with black
felt and optical black varnish. The interferometer and the sample chamber were evacu-
ated to a pressure p < 10 Pa to prevent intensity loss owing to water-vapour absorption

and freezing of water vapour at lower temperatures.
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Continuous-flow
| “'—_(ryosfnf C€F100

Adjustment
screws

2 B ‘low;
Le———

Sample chamber

top cover
{
/\\\_ - Sample hotder
Btack felt (g}
Sompte Nail varnish
Diaphragm

{3]

Figure 2. Continuous-flow cryostat for Grubb-Parsons sample chamber. (2) General view.
(b) Sample mount.

4. Results and discussion

In figure 3 the reflectivity R of a typical sample of Cd;P; is presented for various
temperatures. With a temperature-independent value of & of 14 (Gelten ef a/ 1978) we
calculate the reflectivity R using the dielectric function given by equation (1}. Because
of the plasmon-phonon interaction we have also taken the plasma frequency w, and the
plasmon damping constant y, as fitting parameters. Best fits to the data points lead to
the sets of phonon-mode parameters givenin table 1. From these careful measurements,
especially below room temperature, we found conclusive evidence for six intrinsic modes
instead of the three modes reported earlier (Gelten and van Es 1981). In genéral there
is a good agreement between the calculated spectra and the data points in the whole
wavenumberregion. In figure 3 the calculated spectra are shown by full curves.

The large discrepancy between experimental and calculated data in the region o <
150 em™! is mainly caused by deviations of the experimental arrangement as a conse-
quence of the large decrease in radiation intensity.

Because the phonon dips are most pronounced at 10 K, the first parameter setin the
fitting procedure is determined at this temperature. The data at higher temperatures
could be described very well with the same values of eigenfrequencies and oscillator
strengths, while the phonon damping constants increase with increasing temperature.
This latter effect agrees with the theory, because the damping constant I'y;, which is
proportional to the lifetime broadening of the phonons, increases at higher tempera-
tures. So the phonon dips look more pronounced at lower temperatures.

From table 1 we can see that there is a reasonable agreement between the transverse
eigenfrequencies obtained with the poles-and-zeros method and the method described
in this paper. The oscillator strengths and the phonon damping constants are not
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Table 1. Sets of phonon parameters of CdyP; (upper part) and sets of plasmon parameters
of a particular sample (Jower part) at various temperatures. The wy, I'y, wp and ¥, are in
cm™?, The £, are dimensionless.

\T 0K 100K 150K 300K 1
o 2 w w +1 27
fi 7.5 75 15 75 %05 5.6
Ta 03 04 0.5 10 =01 104
w254 254 54 254 £1 254
A 0.7 0.7 0.7 07 =01 19
Te 25 2.5 3.0 50 05 2
ws 284 284 w27 +1 -

A 005 010 010 010 *005 —
To 2.0 3.0 3.0 50 05 —
ha 298 298 298 294 +1 —

fi 015 020 020 020 +005 —
Ta 4.0 5.0 5.0 60 05 —
s 310 310 310 309 +1 -

P 020 020 020 020 005 —
Ts 20 3.0 30 40 05  —
w34 324 24 34 +1 319
% 015 015 015 015 005 20
Ts 40 5.0 5.0 60 05 34
& 275 2285 285 2285 242
o8 363 366 68 378 I

wf 380 367 67 367 5

. 2 2 7 I

%1 45 80 % 120 *10

+ Accuracy interval in the fitting procedure.

i Preliminary results, after Gelten and van Es (1981).

§ Calculaied with the band parameters given by Gelten et ol (1978).
Il -Accuracy in w, and ¥, at any temperature 5 and 10%, respectively.
| Determined from the fitting procedure.

comparable because of the misfit of the absolute value of the reflectivity in the poles-
and-zeros method. In spite of this misfit there is a good agreement of the values of the
contribution Zf; to the static dielectric constant, which is also in excellent agreement
with the value found by Jay-Gerin et af (1978). It is not surprising that there is a good
agreement between the values of g determined from the poles-and-zeros method and
the method of this paper, because the total contribution of the phonon modes for
@> 270 cm™! is small in comparison with the contribution of the two phonons at 222
and 254 cm™. The error in the static dielectric constant g, of =1 is an average value of
the errors in the best fits of various samples.

For this particular sample the room-temperature carrier concentration and mobility
were N = (1.2 £ 0.1) X 10¥*m™2 and = (0.24 * 0.02) m* V~!s™! respectively. Blom
and Burg (1977) showed that for samples with carrier concentration N > 10 m™ the
concentration does not change with temperature, while the mobility is inversely pro-
portional to the temperature in the temperature range 100-300 K. Taking into account

52



Intrinsic phonon parameters of CdsP; ; 3727

the band parameters of Cd;P; given by Gelten et g/ (1978) we calculated the plasma
frequency and the plasmon damping constant for the various temperatures. There is a
good agreement between the calculated values and the values determined by the fitting
procedure for the plasma frequency (see table 1). So we can conclude that the values of
@, obtained from our optical data are in good agreement with the carrier concentration
of the bulk material. This means that there is no indication of the existence of a surface
layer on Cd;P; in contrast to Cd;As, (Schleypen ef al 1984).

The values of y, calculated from the electrical data do not agree with the values fitted
to the optical data. Only the temperature dependence of y, agrees with the temperature
dependence of the mobility found by Blom and Burg (1977). A possible explanation is
that mechanical strain and surface damage result in a lower mobility and thus in a higher
damping constant at the surface.

5. Conclusions

In conclusion we can say that the reflectivity spectra of Cd;P; show a coupling between
the plasmon and the multiphonon system. The measurements can be explained theo-
retically very well with a combination of the Drude equation and a sum of linear
oscillators for the dielectric function of the free carriers and phonons, respectively. The
fitting procedure results in conclusive evidence for six intrinsic phonon modes with
temperature-independent transverse eigenfrequencies and oscillator strengths, whereas
the phonon damping constants are dependent on temperature. Using the band-par-
ameter set of Cd;P; given by Gelten er al (1978) there is an excellent agreement between
the calculated and measured plasma frequencies.

The value of the static dielectric constant is independent of temperature and is given
byg=23=x1.
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4.5 MAGNETOPLASMA REFLECTIVITY STUDIES ON
CdsASg
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Magnetoplasma reflectivity measurements were performed on
Cd3As, in order to obtain more experimental details about the
structure of the plasma reflectivity edge. The experimental
results can be explained by assuming the existence of a
surface layer with a carrier concentration-gradient which

is responsible for optical interference effects.

Key Words: surface layer, magnetoplasma effect, FIR fourier
transform spectroscopy

Introduction

CdjAs, is a degenerate n-type semiconductor of the
IT-V-family. In recent years considerable work has been
devoted to this narrow-gap semiconductor, see e.g. [1,2].
Reflectivity studies of the plasma edge of CdjAs, often
showed additional structures in the region of the plasma
minimum, which could not be explained satisfactory [3-5].
In reflectivity measurements by the Eindhoven group these
structures were observed as well. In order to get a better
understanding of this phenomenon, we studied the behaviour
of these structures in magnetic fields. This paper deals

* on leave from Dept. of Physics, University of Technology,
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** on leave from University of Wurzburg, D8700 Wirzburg, FRG
171
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with the results of numerous measurements and a model for
the interpretation. ‘

Experimental set-up

We measured the magneto reflectivity spectra in the
wavenumber range of 100 to 700 em !, using a rapid-scan
Fourier Transform Spectrometer. The FIR-radiation was guided
by lightpipes to the sample in a superconducting magnet. The
sample was placed as shown in fig. 1 in a special mount

 fitted with a carbon glass bolometer detector [15]. We
measured in Faraday configuration, using unpolarised light.
The spectra were taken for temperatures below 2 K. The
spectrometer was not calibrated carefully so that the
absolute values of the reflectivity may differ from the
indicated values by several percent.

Single-crystalline samples of CdjAs) were ground and
polished with 1.0 and 0.25 um diamond powder. .To etch the
sample surface we used either a 157 bromine-methanol
solution or a Honeywell etching liquid, consisting of
100 g Cr03, 132 g HC1 (32%) and 266 g Hy0 [6].

The carrier concentration N and the Hall mobility u
of the samples were measured at room temperature by the

van der Pauw method [7] and
are given in table I,

7l connection to wavegutde

carbon glass
bolometer mount

Fig. 1. Sample holder for
reflectivity measurements.

I B magnetie field

sample
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TABLE I: Data of the samples

sample no. N (m—3) u (mszs) crystal orientation
at 300 K surface plane

AS 65-7 1.3 . 10% 1.9 (T=300 K) (1,7,6)

AS 57-2 1.9 . 10%% 1.8 (T=300) (0,0,1)

AS 645 0.36 . 10%% 27 (1=4.2) (k,1,0)

Experimental results

In fig. 2a reflectivity spectra of the high carrier
concentration sample AS 57-2 are shown for different magnetic
fields. These are some of the rare spectra without additional
structures in the plasma minimum. Since we used unpolarised
light, which can be decomposed into two modes, the plasma
edge splits and shifts to lower wavenumbers for the cyclotron
resonance inactive (CRI) mode and to higher wavenumbers for
the cyclotron resonance active (CRA) mode. The positions of
the plasma minima are indicated by arrows. In the wavenumber
range of 100 to 250 cm™! we observe phonondips in the
reflectivity in accordance with roomtemperature measurements
given in [11].

In fig. 2b spectra of the same sample are shown. Now
the sample was freshly etched in the Honeywell etching
liquid and the structures in the plasma minimum appear. The
same is found when etching with bromine-methanol. The arrows
mark the positions of the plasma minima of the spectra of
fig. 2a. When increasing the magnetic field, we observe that
the structures shift over the same distance as the original
plasma minima. Therefore we conclude that the structures are
pinned to the plasma edge. Besides, we observe that the
plasma edge itself tends to shift to lower frequencies when
the structures appear.

Fig. 2c shows spectra of sample AS 65-7, with a high
carrier concentration, etched in the bromine-methanol
solution. Now for high magnetic fields, the structures, pinned
to each of the plasma edges, are completely separated. We
clearly observe that the structures show an oscillatory
behaviour. The period of these oscillations decreases with
increasing wavenumber. Besides we see that the amplitude
of the oscillations in the CRA mode decreases with increasing
magnetic field.

Fig. 2d shows spectra of a low—carrier concentration
sample (AS 64-5) with the same behaviour of the oscillations.
For high magnetic fields (B > 8T) the structures even
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Fig.2. a,b. Reflectivity spectra for different magnetic
fields, a) sample AS57-2 unetched, b) sample

AS57-2 after Honeywell etching.
Note that the spectra are shifted in vertical

position.
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Fig.2. c¢,d. Reflectivity spectra for different magnetic
fields, ¢) high concentration sample AS65-7,
d) low concentration sample 64-5,
Note that the spectra are shifted in vertical
position.
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disappear in the CRA-mode. It should be noted that the resuits
of fig. 2 are typical for Cd3As,. Measurements on numerous
other Cd3As) samples showed similar results.

From previous room temperature reflectivity measurements
we determined the plasma frequency Wp of several samples.
These optical plasma frequencies were mostly smaller than
the plasma frequencies calculated from transport measurement
data of these samples. The difference in frequency was greater
according as the structures in the plasma edge appeared more
clearly. Only in cases without structures the optical and
transport plasma frequencies were almost equal to each other.
This suggests that the carrier concentration near the surface
is smaller than in the bulk material. In such a case a surface
depletion layer exists, which will be tranmsparent for I.R.
radiation with frequencies in the range between the surface-
and bulk-dielectric anomaly (equivalent to the plasma
frequency). In this layer optical interference effects can
occur. The concept of a surface layer with a low carrier
concentration is in agreement with experimental data, which
show that the carrier concentration rapidly decreases when
the sample thickness becomes smaller than 20 um [12]. In
these measurements the thickness was reduced by lapping
and the carrier concentration was determined by the van der
Pauw method.

Theoretical model

Model spectra, calculated with a homogeneous surface
layer of about 10 pm thickness, did not show the decreasing
oscillation period of the structures as we observed in our
measurements.

A better model was developed in which the carrier con-
centration varies monotonically near the surface. The
carrier concentration is assumed to be given by

N(z) = Nb + (NS - Nb)exp(—z/d) (n

where Ny and Ng are the carrier concentration in the bulk
and at the surface, respectively, z is the distance fvom
the surface and d is an effective surface layer thickness.
The reflectivity R is completely determined by the
z-dependent dielectric function e(w,z) as given by:

e(w,z) = e, t efc(w,z) + eph(w) (2)

where €_ is the high frequency dielectric constant, equal
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to 16 [11], £fc and ¢ r are the free carrier and the phonon
contribution to e(m,zg respectively. £¢, is given by the
Drude-model:

-ezN(z) 1
ecm*(z) Towlw + w, - 1Y)

efc(w,z) = (3

where w, = eB/m*(z) is the cyclotron frequency and v is the
damping constant of the plasmon, which might be also
dependent on z. Because y does not shift the plasma edge
strongly it is taken as a constant., ¢ ph is given by a

sum of linear oscillators:

Ae. w%
1 L

[ e I A

e (W = (4)
ph i=1 w® -+ 2i0T,

i i
where tw; is the wavenumber of the transverse mode for each
phonon, Ag; is the oscillator strength and Fl is the
damping parameter In our calculations we have used the
numerical values of the phonon parameters given in table 2.
These results were obtained from low temperature measure-
ments [10].

TABLE II: Phonon parameters of Cd3 at low temperature
Phononparameters for Cd3 2 from {10] (T=10K)

i w; AEi Ti

I 152 co | 2.8 0.9 cm!

2 160 " 1.0 1 "

3 169 " 0.8 - 2 W

4 182 1,0 3 "

5 217 v 0.5 8 "

In CdqAsy the effective mass is dependent on the carrier
concentration. In our calculations we have taken the
numerical results for the effective mass of [2] and [13].
In our calculation the actual carrier concentration
profile is replaced by a large number (typically 100) of
uniform layers. The total reflectivity is obtained by
solving the set of equations given by the boundary condi-
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tions for the E.M. waves at the interfaces of the layers
[14].

To check our method we compared our calculated spectra
for various carrier concentration profiles with spectra
obtained by Hild et al. [8] who numerically solved the
differential equation for the E.M. waves in these profiles.

Results and discussion

A large number of magnetoreflectivity spectra were
calculated and two typical sets of spectra are presented
in fig. 3a,b. Fig. 3a shows spectra for a high carrier
concentration sample (compare with fig. 2a and 2b). These
spectra were calculated from the dielectric function
without phonon contribution. We clearly see that the
oscillatory structures are pinned to the plasma edge which
splits and shifts with increasing magnetic field. We
observe the decreasing period with increasing wavenumber
and the decreasing amplitude in the CRA mode at higher
magnetic fields.

Fig. 3b shows spectra for a low carrier concentration
sample (compare with fig. 2d). Here the phonon contribution
was' taken explicitly into account. In these spectra we
observe again the decreasing period of the oscillatory
structures, indicated by arrows in the zero field spectrum.
The structures are again pinned to the plasma edge and dis-~
appear in the CRA mode at high magnetic fields.

The disappearance of the structures for the CRA mode
with increasing field can be understood from the shift of
the plasma edge dielectric anomaly in magnetic fields. The
position of this dielectric anomaly for the CRA mode is
given by:

2 2
= 2, 2,,\% _ __eB e N(z) eB
&)+(Z) '(DC/Z“" (wp+b}c/4) = m'l' [-g—wé;m + (‘m‘j—) ] (S)

-

For zero field the difference in wavenumber of the

dielectric anomaly for bulk and surface is only determined
by the carrier concentration difference Ny - N;. With
increasing magnetic field the dielectric anomaly shifts
according to eq. 5. The cyclotron frequency is proportional
to the reciprocal of the effective mass. The effective mass
is smaller for the low carrier concentration near the surface
than for the high carrier concentration in the bulk. Conse-
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Fig.3. Calculated magnetoreflectivity spectra of dif-
ferent samples. '

a) High carrier concentration sample Nb.= 1.1024 m-3,
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No phonon contribution included. 23 -3

b) A low carrier concentration sample Ny = 3.1.107" m
Ns = 1.4.1023 w3, d = 20 um, v = 10 cw!
-Phonons included according to table 2.
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quently the cyclotron frequency will be larger near the
surface and from eq. 5 the shift of the dielectric anomaly
will be larger at the surface than in the bulk. So the
difference in wavenumber between surface- and bulk-dielectric
anomaly will decrease with increasing magnetic field and
eventually vanish. In this case the gradient of the dielec-
tric function in the surface layer and consequently the
gradient in the refractive index will almost disappear. Thus,
the interference effects will vanish,

For low carrier concentrations the effective mass varies
more strongly with the carrier concentration and the ratio
between bulk- and surface effective mass will be larger
than for high carrier concentration samples with the same
N, /Ng ratio. Thus according to eq. 5 the difference in wave-
number between surface and bulk dielectric anomaly and
consequently the oscillations will vanish for smaller
magnetic fields, in agreement with the experimental data. In
fig. 4 we plotted w, as a function of the magnetic field
B, for the parameters used in the model calculation (see
fig. 3). The arrows in fig., 4 indicate the fields where
the oscillations disappear. So we may conclude that our model -

900
"y

E 700

L

£ 500

+

3 300

100 ' L

0 5 10 15 20
B inT

Fig. 4. Shift of the surface and bulk dielectric anomaly in
magnetic fields for a low carrier concentration sample

(solid lines) s= surface, Ng = 1.4.1023 m73, b = bulk,

Ny, = 3.1.1023 n~3 and for a high carrier concentration sample
(dotted lines) s' = surface Ng = 5,1023 m‘3, b' = bulk

Np = 1.1024 o3,
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describes at least qualitatively all experimental data,
However, the origin of the surface layer is not clear up

to now, especlally if we realize that the effective thickness
is about 10 to 20 um, which is very large.

In Cd4As, a carrier concentration profile with such
a large ef%ective thickness may be caused by a surface layer
in another crystallographic phase than the bulk material. A
mixed phase between these two phases might cause such a
thick layer with gradually changing carrier concentration.
There is evidence that under certain circumstances the
o''-phase for CdjAs; exists at room temperature together
with the oa~phase [9].

This phenomenon is only known for Cd3As) and does not
exist in other II-V compounds. This may be the reason why
the effect of oscillations near the plasma edge has only
been observed in the material CdjAss.

Conclusions

We have obtained more experimental data to get a
better insight in the oscillatory behaviour of the plasma
edge of CdqAsy. We have proposed a simple model with:a
carrier concentration profile near the surface which explains
atleast qualitatively all experimental magneto reflectivity
data. The origin of the rather thick surface layer of some
um is still a problem.
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CHAPTER 5. RECENT DEVELOPMENTS: THE BODNAR MODEL

In spite of the tetragonal crystal structure and the early obser~
vation of the conduction band anisotropy by Rosemman {36} and Doi et
al. {37}, most of the experimental data have been interpreted in terms
of the isotropic Kane type band model. At the start of our research
program this band model was the best one available for application to
experimental data. Especially sections 3.3 and 3.4 show the success
of this model by combining optical with electrical transport data.

It has been shown in chapter 3 that some modifications of the Kane
model sufficed to make it suitable for the description of our interband
optical data.

After completion of this part of our work Bodnar published the
results of a calculation of the band structure for tetragonal narrow
gap semiconductors {38}. This model was based on the k.p approximation,
similar to the Kane model, and took into account the tetragonal crystal
field splitting. The anisotropic Bodnar model was experimentally veri+
fied for Cd3A32 by Shubnikov- de Haas measurements, see e.g. Blom
and Gelten {39}, Blom et al. {40} and the thésis of Neve {10}, Fol~
lowing the generally accepted convention for the notation of the Bod-
nar equation {10}, the bands c, vis v, and v, defined in chapter 3
are now given by the following expression, valid near the center of
the Brillouin zone.

2 (5.1}

W o= . 2 2
¥{(E") £, (B )(kx + kY Y+ fZ(E')kz
with

Y(E') = E'(E* - Eg){E'(E' + A} + S(B' + 2?»]

. 2 o 24, !
fl(E) PL{E (B* + 3)+6ts +3)]

'y = p2 v 4 28
£,(E") -p},},.[s'(g + 3)]

and E' = E

i

2,2 2 2
B vk k) /2w

In the above equations the band parameters have the following meaning:
Eg is the energy gap, A is the spin orbit splitting energy, 8 is the
tetragonal crystal field splitting and PL and Pﬂ are interband momen-
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tum matrix elements, similar to the Kane matrix element P introduced
in chapter 3. Eq. {(5.1) is valid for both the normal and the inverted
band ordefing and for both positive and negative values of §. For

8 = 0 and P = P/ = P eq. (5.1) reduces to eqs. (3.1) and (3.2) given
in section 3.2.

There is only very little known about the anisotropy effects in
CdBPZ' The literature reports only one quantitatieve estimate of the
tetragonal crystal field splitting 6 {41}. In order to evaluate the
influence of anisotropy we have plotted in fig. 5.1 the band structure

curves for Cd3P2 in two different cases:

E(eV)

0.4
To0.2
0 - ———-— -
et DO i1
— 4 v2
4 2 b 2 4
8 -1 8 -1
kx,ky(m m ) kz(lo m ")
. . -10
— isotropic (Eg = 0.56 eV; A = 0.1 eV; P=6.7.10 evm; W, o= 0.5 mo)
i = = H = £l -10 It
- —=-— anisotropic (Eg = 0.56 eV; A = 0.1 ev; PL 5? 6.7.10 evm;
6 = 0.08 eV)

Fig. 5.1. Plot of the band structure of CdzPs for the isotropiec and
anistropic models. Valence band vz has been omitted.
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a) According to eqs. (3.1) and (3.3) for the isotropic (Kane) model
using the experimentally determined band parameters from our inter-
band measurements {see section 3.3).
b} According to eq. (5.1) for the anisotropic (Bodnar) model using for
Eg, A and P, = Pﬁf = P the values of case a) and for § a value of
0.08 eV as given.by Singh et al. {41}.
A comparison between the isotropic and anisotropic cases leads to the
following comments. The differences between both conduction bands are
negligibly small for all directions in k~space so that the fermi enexgy
and consequently‘the Burstein-Moss shift will not be affected significant-

ly. The differences in bands v, are larger but it should be noted that in

i

contrast with the isotropic valence band v,, the anisotropic one has not

1'
been corrected for higher bands because this correction is not known
quantitatively. However, qualitatively we may expect that such a correction

will bend the anisotropic band v, downwards as pointed out in section 3.2.

1
This will lead to a smaller difference between the isotropic and anisotropic

heavy hole valence bands v,. After all, it can be concluded that the tetra-

gbnal correction of the baid structure will influence the joint density
of étates Py o between bands vy and ¢ only slightly (see section 3.,3).
Agsuming that the interband matrix element lec will not change very
much by the tetragonal perturbation and realiding that small anisotropy
effects will be averaged out in the calculation of the absorption
coefficient, it may be concluded that the theoretical values of the
absorption coefficient of transition A (see section 3.3) will be
modified only slightly by introduction of the tetragonal band structure
correction. It can be seen from fig. 5.1. thét the crystal field
splitting § mainly shifts the light hole valence band vy to lowerv
energies. This means that the onget of transition B in the absorption
spectra will occur at higher photon energies compared with ﬁhe isotro-
pic case. This might be the reason why this transition could not be
detected in our experiments. It has, however, no influence on the
quantitative interpretation of our measurements because the fit of the
experimental and theoretical curves was completely based on transition
A.

In contrast with CdBPz' the anisotropy effects in Cd3As2 have been
studied extensively in the last few years. In fact the validity of the

Bodnar model has been experimentally verified on Cd3A52 and at present
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an accurate set of band parameters is known. For a good comparison we

have plotted in fig. 5.2 the band structure curves for C4

A52 in two
different cases similar to CdBPZ:

3

a) According to egs. (3.1) and (3.4) for the isotropic (modifiéd

» _Kane) case using the experimentally determined band parameters of
our interband measurements (see section 3.4).

b) According to eq. {5.1) for the anisotropic (Bodnar) case using the:,
experimentally determined values of the band parameters given by
Neve {10}.

isotropic (E, = -0.12 eV; A = 0.3 eV; P = 7.10710 evm;
e e o _ 8 -1
B, = -0.026 eV; E_ = -0.030 eV; k, = 4.10° mw )
———————— anisotropic (Eg = ~0,095 evV; A = 0.27 eV; g? = 7.35.10-10 eVm;
B, = 7.40.10™%% evm; § = 0.095 ev)

Fig. 5.2. Plot of the band structure of Cdzds, for the isotropic and
anisotropic models. The valence band vy has been omitted.
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We want to emphasize first that, surprisingly, the anisotropic band v,
in the Bodnar model shows the essential features of the isotrupic one
given by the phenomenological eq. (3.4): the degeneracy with band ¢

is lifted and its maximum is shifted from k = 0. Like in the Cd.,P_ case

32

the anisotropic band v, should be corrected for higher band interac-

tions leading to a stiil better agreement with the isotropic band vy-
After these corrections the differences between all corresponding
bands show the same behaviour: in the region of k-space around the
fermi energy the differences are small and their sign is opposite for
the kz— and (kx,'ky)—directions. This means that the joint dehsity of
states for both transitions A and B is hardly influenced by the aniso-
tropy effects.'lf'we assume that the interband matrix elements
mentioned in section 3.4 are not influenced by the tetragonal

crystal field perturbation, the anisotropy effects will be averaged
out in the calculation of the absorption coefficient. In contrast
with CdBP2 the position of the light hole vaienca band vy
to the conduction band is not strongly influenced by the value of §.

Together with the fact that the fermi energies in the isotropic and an-

with respect

isotropic cases:will be nearly the same, this means that in the absorp-
tion spectrum the onsets of both transitions A and B are hardly in-
fluenced by the tetragonal crystal field correction. '

In conclusion we may say that, though the anisotropic Bodnar model
will give a more accurate description of the band structure of Cd3P2
- and Cd3Asz, the use of the isotropic and much simpler Kane like model
appears to be justified after all. Especially, the general conclusion
that band structure inversion exists in the system with end components .

Cd3P and Ccd

5 3Asz, remains wvalid.
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values for the

concentration in Cd,As,, we found

that are in good sgreement with those recently reported by Aubin,

Caron, and Jay-Gerin. However, in contrast with these authors we found no small overlap, but a relatively

large gap of 26 meV between the heavy-hole band

band

m and the cond

In two recent papers*? Aubin, Caron, and Jay-
Gerin proposed an electronic-energy-band struc-
ture of CdgAs,. By gathering the literature values
of electron effective masses from electrical trans-
port studies and interpreting these data in Kane’s
model for the @-8n type inverted structure, these
authors deduced the dispersion relation for the
conduction band. The available data on the optical -
gap were used to determine the position and shape
of the heavy-hole band, resulting in band schemes
at 300 and 77 K as shown in Fig. 4 of Ref, 1 and
Fig. 4 of Ref. 2, respectively, The ever present
high degeneracy of this material {a characteristic
electron concentration of about 2 X 10 ¢m™ cor-
responding to a Fermi energy of about0.15eV) ex~
cluded up to now the determination of both conduc-
tion- and valence-band parameters from traansport
measurements only.

We prepared Cd,As, samples with net donor con-
centrations almost an order of magnitude lower
than those reported in the literature.® Samples
with initial concentrations of about 2 X 10*® em™
were subjected to various heat treatments in either
cadmium or arsenic atmospheres. Reduction of
net donor concentrations was found to be most ef-
fective by applying a two-stage annealing proce~
dure in arsenic vapor. The samples were first
annealed during 1 week at 250 °C, followed by a
much longer annealing time (2-4 months) at
100 °C. Substantial decrease in net donor concen-
tration with time ounly started during the second
stage of the treatment. A time of over 2 months
is needed before a minimum value is achieved.
Once the samples are stabilized in this way, their
electron concentrations remain constant with time
when maintained in air at room temperature.

In these samples the degeneracy is partly lifted,
and measurements of the electron concentration
n as function of temperature can be used to obtain
pumerical values for some important band param-
eters of the above mentioned model, The n.T
dependences of four samples in the temperature
range from 4.2 to 360 K are given in Fig. 1. The
net donor concentrations (N, -~ N,} of the samples

19

76

are 2.30x 10V, 3.95X10Y, 4.75x 10", and

7,70 x 10" em™, respectively. For each net donor
concentration » (T') can be calculated by solving
simultaneously the equations

n-p=Ny-N,, W

nets () wyrene, e, @
* 3/

p.-_%(?.’.’%%ﬁ) FyyolEy/kgT —1). @®

In Egs. (1)-(8) n, p, N,, and N, are the concen-
trations of electrons, heavy holes, donors, and

T —T T
10r 1
. B 4 —
“.’E / [
(\U
=
§ 6 -
oz
:
g 4 N
B
¥
]
’r | |
0 100 200 300 400

temperature (K)

FIG. 10 Electron concentration as function of temper-
ature for various net donor concentrations (2.30, 3.95,
4,75, and 7.,70) x10'7 em™? for samples i,2,3,4 respec-
tively. The dashed curverepresentsthe corresponding
intrinsic concentration. . '
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acceptors, respectively, The symbol °K¥ 2(n,8, &/
k,T) represents a generalized "L7{n,B) integral,®
by fully taking into account the free-electron term
%%%/2m, as well as finite spin-orbit splitting 4&.
Fy;(E /B, T —n)is a Fermi-Dirac integralof order
3. H should be noticed that the band model we use
here is essentially that of Aubin, Caron, and Jay-
Gerin (Fig. 4 of Ref. 1), spart from the fact that
we make no assumptions about the position of the
maximum of the heavy-hole band in & space. The
conduction band is described by the largest root
of the secular equation for the three-band Kane
model for the & - Sn {ype structure! Due to the
lack of information about higher-lying bands in
Cd,As,, corrections due to these bands can not be
included. The K integral in Eq. (2) is similar to
the integral introduced by Ermolovich and
Kravchuk® for the InSb type structure. These au-
thors define a four-parameter integral, in which
the effective mass at the bottom of the conduction
band acts as the fourth parameter. However, ex-
pressing this quantity in terms of the Kane matrix
element P reduces this four-parameter integral to
our three-parameter K integral, multiplied by a
constant factor containing P.

For the heavy-hole bamd we assume an isotropic
parabolic band with a thermal energy gap E, be-
tween its top and the conduction-band minimum.
The zero of energy is taken at the bottom of the
conduction band, thus a positive E, would signify
an overlap between the heavy-hole and conduction
bands. I the heavy-hole band maximum is dis~

- placed from T as has been suggested by some
authors %7 Eq. {3) still holds. Due to the intro-
duction of the density-of-states effective mass in
Eq. (3}, this equation remains valid regardless of
the number of equivalent extrema associated with
the heavy-hole band.

Adopting temperature-independent values for &
of 0.30 eV,® and for the Kane matrix element P of
7.0 X10™® eV cm,® a computer fitting of the experi~
mental #{T) data yielded the following aumerical
results (in the temperature range from 100 to
400 K):

E;=0.12+3.3X10T eV; E,=-26 meV;
mF=0.50m,.

The positive sign of E, is caused by the fact that
in the secular equation we used for the «-Sn
structure,* E, represents the absolute energy sep-
aration between I'; and I';. Comparing the above
numerical results with those given in Refs. 1 and
2, we have to distinguish between the bands origi-
nating from the third-order secular equation {light-
electron, light-hole, and split-off valence band)
and the heavy-hole band. The magnitude of the

direct gap E, at T as well as the sign and magni-
tude of its temperature coefficient are in good
agreement with the values reported by Aubin ef al.
Since the values of P and A are also nearly the
same, we may conclude that positions and shapes
of the light-electron band, light-hole, and split-off
valence bands are well established now and that
they exhibit the o-Sn type ordering. Recent anal-
ysis by Bodnar®® of Shubnikov-de Haas and de
Haas-van Alphen effects in terms of a band model
which takes into account the tetragonal field split-
ting, also give strong evidence for an «-Sn like
structure,

Considering the numerical data for the heavy-
hote band, we conclude that remarkable differences
with the work by Aubin et al. are found. Whereas.
these authors deduce from the few available optical
data that there should exist a zero indirect gap or
even a small overlap, our analysis of n(T) gives a
negative value of E,. Secondly, our value of the
effective mass is much higher than 0,12m,, the
value obtained by Aubin et al. as well as by
Haidemenakis ef al.}* from low-temperature mag-~
neto-optical experiments. Concerning our results
it has to be remarked that in the fitting procedure
E, and m} are highly correlated. This is illus-
trated in Fig, 2, which shows that the combination
m¥/ m,y=0,50, E,=~26 meV is not the unigue one
leading to a good fit to the experimental results of
Fig. 1. Smaller values of m} result in smaller—
but strongly temperature dependent—values of E,,
and conversely. For instance, 2 value of mf
=0.12m, requires E, to vary from sbout -10 meV
at 100 K to an overlap of 30 meV at 300 K. On the
other hand, regarding E, as fixed at zero gives

T T T T T T T
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0.201 400K 1 4
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FIG. 2. Correlation between mf and E, for the same
set of values for Ey, P, and Aas in Fig. 1.
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rise to an mJ increasing from 0.0Tm, at 100 K to
0.22m, at 300 K. For the given values of E,, P,
and A, the only set of temperature-independent
values of E, and mJ, which gives a good fit to the
experimental results over the whole temperature
and concentration ranges, is the combination E,
=~26 meV and my =0.50m,. The fact that E, and
mF may be expected to have only very small tem-
perature coefficients, because they are influenced
only by bands far away, makes this set of values
the more reliable.

Aubin et al. proposed a complex heavy-hole band
with off-axis maxima and a smoothing out towards
T with a residual gap E, (see Fig. 4 of Ref. 1).
From the above given analysis of the experimental
data it is not possible to decide whether E, is a
direct or an indirect gap. Therefore we also tried
to fit our data by assuming a quartic model for the
heavy-hole band, *2 involving two sets of electrons
and one set of holes. However, we could not ob-
tain a definite answer, also because of the fact
that interpretation in this model requires the in-
troduction of some extra fitting parameters, such
as the effective mass of the heavy electrons. Con-
clusive evidence for the Aubin model of the heavy-
hole band should come from optical data on low~
concentration samples. We started optical absorp-
tion measurements on very thin samples with
electron concentrations of about 5 X10'" em™. The
absorption coefficient was calculated assuming di-
rect transitions from a heavy-hole band described
by a quartic model to the conduction band. This
quartic model gives a much better agreement with
the experimental optical data than a simple para-
bolic heavy-hole band at I, With E, =-26 meV a
value of 4 X 10° ¢cm™ was found for the wave number

corresponding to the heavy-hole band maximum.
More extensive absorption measurements and cal-
culations for geometrically more complex heavy-
hole band forms are necessary.

Regarding the large difference between our val e
of m¥ =0.50m , and that of 0.12m, from the litera-
ture®'!! one has to realize that in our case we are
dealing with the density-of-states effective mass.
For a heavy-hole band exhibiting a number of
equivalent extrema (N,), the relation m}3/2
=N, m*/? should be applied. This leads to a value
of N, of about 8, a result which is not unreasonable
in view of the band-structure calculations by Lin-
Chung,” Concerning our value of m] it has to be
clearly stated that this type of curve fitting of
transport coefficients versus temperature can re-
sult in a nonphysical value. Both Fermi surface
and optical data are necessary before final conclu-
sions about the phenomenological band structure
may be drawn,

Finally we comment on the conclusion by Aubin
et al. that, if the shape of the heavy-hole band does
not depend on temperature, the overlap with the
conduction band increases as the temperature is
lowered. This is in disagreement with our results,
as can be seen in Fig. 2. For a constant mJ smaller
than 0.50m,, E, always decreases {“overlap” de-
creases) with decreasing temperature. This also
means that the absolute value of the residual E,
should increase with lowering temperature, in
contradiction to the suggestion in Ref. 2.
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SUMMARY

Cadmium phosphide (CdBPz) and cadmium arsenide (Cd3A52) are n~type
semiconductors from the II-V family and have a tetragonal crystal
étructure. They have a small bandgap and show in many aspects great
similarity with the well known semiconductors CAdTe and HgTe which
crystallize in a cubic structure. On the contrary they show interest-
ing differences because of anisotropy effects.

There were indications that the system Cd,(As P, ), (0 £ x £1)
showed the phenomenon of band structure inversion analogous to the

system ngCd Te. This phenomenon means in fact that the symmetry

1-x
properties of the conduction band and the light hole valence band
interchange. This leads to a normal band ordexing and an open energy

gap in one end compound (Cd }, whereas the other end compound

P
(Cd3Asz) shows an inverted gaﬁd ordering with a thermal bandgap equal
to zero. :

To get a better knowledge of the electron properties in their res-
pective energy bands a'comprehensive study has been started in which
both optical measurements and electrical transport measurements were
carried out.

This thesis describes primarily the results of the optical measure-
ments. It contains previously published papers in a chronological or-
der linked by some elucidating text and gives the results of absorption
and reflectivity measurements carried out on n-type samples of CdBP2
and Cd3A52
All measurements are performed between the temperature of liguid helium

with a large electron concentration (degenerate material).

(4.2 X} and room temperature (300 K) in the spectral region from the
near infrared (wavelength several um) to the far infrared (wavelength
‘'several hundreds of um).

After a general intrcduction in chapter 1, some experimental details
are described in chapter 2.

Chapter 3 deals with the interband absorption measurements in the
near infrared. After a general treatment of band structure inversion
we present a description of the band structure models used for the
interpretaﬁion of the measuranenté. The experimental results of CA.P

372
can be interpreted in an isotropic band model according to Kane.
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After a phenomenological correction this model also suits to describe

the measurements on Cd,As.. On the one hand this gives the experimental

proof of the existenceaofzthe band structure inversion, on the other
hand a number of imporxtant band structure parameters can be determined
by fitting the theoretical and the experimental resuits.

Chapter 4 presents the experimental resuits of far infrared reflec~
tivity measurements. These are carried out for a better understanding
of the structure of the plasma edge which is mainly determined by the
free carrier properties and is strongly influenced by the existence of
optical phonons in both Cd3P2 and Cd3A32 {plasmon-phonon coupling).
The large number of optical phonons leads to a complicated structure
in the reflectivity spectrum. A new theoretical model has been devel-
oped for the interpretation of reflectivity spectra due to plasmon-
multiphonon coupling. The most relevant intrinsic phonon parameters
of CdBP2 and Cd3Asz have been determined experimentally. From plasma-
reflectivity measurements in high magnetic fields an explanation has
been found for the unigue phenomenon of oscillations in the reflecti-

wvity spectrum of Cd3A near the plasma frequency.

s
2
Finally, in chapter 5 the influence of anisotropy effects on the

band structure of cd3P2 and Cd3A52 is discussed. Application of a
recently developed model, the so called Bodnar model, does not reguire

reconsideration of the previous conclusions.
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SAMENVATTING

Cadmi unfosfide (Cd3P2) en cadmiugarsenide (Cd3Asz) zijn n-type half-
geleiders uit de II-V familie en bezitten een tetragonale kristalstruc-
‘tuur. Ze hebben een kleine bandafstand en vertonen in een aantal op-
zichten gelijkenis met de meer bekende halfgeleiders CdTe en HgTe die -
een kubische structuur bezitten. Ze vertonen echter ook interessante
verschillen door anisotropie-effecten.

Het vermoeden bestond dat het systeem Cd3(AsxP1_x)2 (0 < x < 1) het
verschijnsel van bandenstructuur-inversie vertoonde analoog aan het sy-
steem ngCdl-
pen van de geleidingsband en de lichte gatenband. Hierdoor vertoont de

« Te. Bij dit verschijnsel wisselen de symmetrie~eigenschap-~

ene eindverbinding (Cd3P2) een normale bandordening met een open ener-
giegap terwijl de andere eindverbinding (Cd3Asz} een geinverteerde band~-
ordening heeft die leidt tot een thermische bandafstand geliijk aan nul.

Om een beter iniicht\ge krijgen: in het gedrag van elektronen in hun
energiebanden is een uitvoerig onderzoek opgezet w;arbij zowel optische
metingen als elektrische transportmetingen uitgevoerd worden.

Dit proefschrift beschrijft in hoofdzaak de resultaten van de optische
metingén. Het bestaat uit reeds gepubliceerde artikelen in c¢hronologische
volgorde met enige tussentekst als toelichting en geeft de resultaten
van absorptie- en reflectiemetingen die verricht zijn aan n-type prepa-
raten van Cd3P2 en Cd3A52 met een hoge elektronenconcentratie (gedegene-
reerd materiaal). Alle metingen zijn verricht tussen de temperatuur van
vloeibaar helium (4.2 K) en kamertemperatuur (300 K) in het spectrale
gebied dat zich uitstrekt van het nabije infrarocod (golflengte enkele
um) tot het verre infrarcod (golflengte enkele honderden um).

Na een algemene inleiding in hoofdstuk 1 worden enkele experimentele
bijzonderheden beschreven in hoofdstuk 2,

In hoofdstuk 3 worden de interband-absorptiemetingen in het nabije
infrarood behandeld. Na een algemene beschouwing over bandenstructuur-
inversie volgt een beschrijving van de bandenstructuurmodellen die voor
interpretatie van de metingen gebruikt zijn. De meetresultaten aan

32

Cd.P, kunnen worden geinterpreteerd in een isotroop bandenmodel van
Kane, Na een fenomenologische aanpaséing blijkt dit model ook te vol-

doen om de metingen aan Cd Asz te beschrijven. Enerziijds wordt hiermee

3
het experimentele bewijs geleverd dat de bandenstructuur-inversie inder-
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daad optreedt, anderzijds kan door aanpassing van de theorie en de ex-
perimenten een aantal essentiéle bandenstructuurparameters goed bepaald

worden.

Hoofdstuk 4 behandelt de resultaten van reflectiemetingen in het
verre infrarood. Deze zijn verricht om een beter inzicht te verkrijgen
in de structuur van de §lasmakant, die bepaald wordt door eigenschappen
van de vrije ladingsdragers en zowel in Cd3P2 als Cd3As2 sterk beinvloed
wordt door de aanwezigheid van optische fononen (plasmon-fonon-koppeling) .
Door het grote aantal optische fononen ontstaat een gecompliceerde struc-
tuur in het reflectiespectrum. Een nieuw theoretisch model is ontwikkeld
voor de interpretatie van reflectiespectra ten gevolge van plasmon-multi-
fonon-koppeling. De belangrijkste intrinsieke fononparameters van Cd3P2
en Cd3As2 zijn experimenteel bepaald Uit de resultaten van plasmareflec-
tiemetingen in hoge magneetvelden 1s een verklaring gevonden voor het
unieke, al jaren bekende, verschijnsel van opslingeringen in het re-

flectiespectrum van Cd. A in de buurt van de plasmafrequentie.

Tenslotte wordt in ﬁoofdstuk 5 nog een beschouwing gegeven over de
invloed van anisotropie-effecten op de bandenstructuur van Cd3P2 en
Cd3As2 Een recent ontwikkeld model, het zogenaamde Bodnar-model, geeft
geen aanleiding om de eerder getrokken conclusies te herzien.
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1.

Bij het meten van Langmuir sondekarakteristieken in een cesiumgas-
ontlading dient de sonde tijdens de meting op een constante tempera-

tuur te worden gehouden.

J.G.A. HSlscher, M.J. Gelten; Appl. Sei. Res. 18 (1967) 167

De door Brebner en Déverin gebruikte benadering voor de uitdrukking
voor de dubbele breking in GaS en GaSe leidt tot onaanvaardbaar grote
fouten in de door hen bepaalde waarden van de ordinaire en extraordi-

naire brekingsindices.

J.L. Brebner, J.-A. Déverin; Helv. Phys. Acta 38 (1965) €50

De door Aubin et al. gegeven interpretatie van interband magneto-

optische oscillaties in Cd As, berust op een onjuist gebruik van de

3
Shubnikov~ de Haas periode van elektronen in de geleidingsband.

M.J. Aubin, A. Rambo, E. Arushanov; Phys. Rev. B33 (1981) 3602

Bij de vergelijking van het magneetveld afhankelijke deel wvan de
soortelijke'wérmte van TMMC met klassieke modelsystemen corrigeren
Borsa et al. hun meetresultaten ten onrechte voor de bijdrage van

lineaire spingolf excitaties.

F. Borsa, M.G. Pini, A. Rettori, V. Tognetti; Phys. Rev. B28 (1983) 5173

Nicoli en Tinkham geven op onvoldoende wijze aan hoe 2zij bij de be-
paling van de abscorptie intensiteiten van spin cluster resonanties in
CoCl2 .2520 hun transmissiemetingen gecorrigeerd hebben voor de re-
flectie-coéfficiént van de samples temeer daar deze zal variéren met

de golflengte.

D.F. Nicoli, M. Tinkham; Phys. Rev. B9 (1974) 3126

De door Mouwen gelntroduceerde overgangswaarschiﬁhlijkheid voor interne
sociale interacties kan nader worden gepreciseerd door de introductie
van een normeringsfactor die zowel afhankeliik is van de opiniesprong

als van de opinieafstand tussen elkaar beinvloedende groepen.

C.A.M. Mowsen; Intermediair jaargang 17, juni 1981, p. 31



7. Het is opvallend dat in deze tijd het stijldansen een grote populariteit
geniet, hoewel bij deze sport de heer een leidinggevende functie heeft

ten opzichte van zijn dame.

8. One Apple a day
keeps the physics away.



