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Brief Summary

“Further Improvements in Program to Calculate Electronic
Properties of Narrow Band Gap Materials” '
I. List of Tasks Accomplished
II. List of Reports and Papers

lII. Appendix: Abstracts of Papers and Talks



1. LIST OF TASKS ACCOMPLISHED

1. Characterization of Donors and Acceptors

The study of donors and acceptors In narrow gap
semiconductors is by no means simple. Misplaced Hg in MCT seem
to be the cause of intrinsic doping. Hg vacancies can produce p
type materials and Hg interstitials n type. Indium doping has
caused p type MCT to become n type as expected. It is possible to
have both deep levels and shallow states. The deep levels can be
caused by interstitials and if we neglect them we are left with the
shallow levels that,dlat least forsmall x, can merge with the
conduction band. We can understand this merger as related to the
Mott transition. When the density of defects increases, discrete
energy levels become broadened and produce energy levels that
may join with the energy band. In fact it has been predicted that
Hgy §Cdg ;Te with a donor concentration of at least 1014 cm=3 would
not have bound states and this seems to be well confirmed

experimentally. In general there appears to be no carrier
freezeout for bandgaps in MCT which have x < .2. The following

references seem to be relevant.
REFERENCES
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States and Electron Transport in Gapless Semiconductors,”
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J. Vac. Sci. Technol. A 8(2), 1133-1138 (1990).



J B. Choi and H.D. Drew, “Donor Spectroscopy in Hg, ,Cd,Te a
High Magnetic Fields,” Phys. Rev. B. 41, 8229-8239 (1990). '
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2.  Electron-Longitudinal Optic Mode Scattering

We have studied the Random Element Isodisplacement Model
of two-mode behavior. We have also reviewed models for
establishing criteria for two mode versus one mode behavior. We
have studied effective charges and their meaning for scattering
electrons. We have also reviewed the literature. All of these
things are discussed in more detail below,

A.  Szigeti, Transverse and Callen Effective Charge

Ionic polarizability is caused by the displacements of the ions
as a whole while electronic polarizability is caused by the
displacement of the electron cloud relative to the nuclei. The
displacement of the ions changes the interatomic distance which in
turn affects the distribution of the electron cloud. This effect is a
short range interaction, since it only depends on the displacement
of the near neighbors. There is another type of Iinteraction
between atomic and electronic polarizations through the internal
field. This effect is a long range effect since the distant dipoles as
well as the near dipoles contribute.

Szigeti defined a correction factor s for deviation from
heteropolar behavior as a result of mutual distortions of
neighboring ions due to their overlapping. Szigeti charge represents
the short range interaction of the electronic and atomic
displacements. One might expect to find s very different from one
if the ions penetrate considerably into each other or if the bond
has partial homopolar character and its polarity changes rapidly
with the distance between the atoms. Szigeti has shown in his
paper how the factor s can be obtained in terms of values that
can all be experimentally measured.

The transverse charge is defined to give the local polarization
(electronic and atomic) caused by relative displacements. The
polarization includes that due to ionic motion and that induced in
the electronic charges in the absence of electric fields. The
resulting field which scatters electrons is accounted for by
separately dividing by ¢, (giving rise to the definition of the Callen

charge).



SUMMARY

ey

The Szigeti Charge e, = se

This is the effective charge used in figuring the force on an
ion. Its value is affected by distortion due to overlap. It is a
measure of deviation from ideal heteropolar behavior.

er =

. , es
er. The Transverse Effective Charge

This is defined so as to give local polarization induced by
relative displacement. We are interested in induced polarization in
the absence of electric fields.

€ t 2

€c ® eT/eco =

€g
The Callen Effective Charge See

e.:

Note for rigid ions ¢, =1 and e, = e = ;.



B. One and Two Mode Behavior

In binary alloy systems, lattice vibration spectra can show
two different behaviors. The first in “one mode behavior” in
which the phonon frequency changes continuously from the value
that corresponds to one end member to that of the other end
member with an approximately constant strength. The second 1Is
“two mode behavior” in which two frequencies occur with a
strength approximately equal to the fractional composition of each
component. -

Experimentally, this behavior can be seen through infrared
and Raman spectroscopy. A Kramers-Kronig dispersion analysis
can be applied to reflection spectra to get the real part of the
dielectric constant Re e(w), the imaginary part of the dielectric
constant Im e(w), and the imaginary part of the reciprocal of the
dielectric constant -Im (I/e(w)). From these functions the
frequencies of the transverse optical phonons (T0) and those of
longitudinal optical phonons are determined (LO). The frequencies
of the TO phonons are determined from the positions of the
maxima of the Im e(w) curve and the frequencies of the LO
phonons from the positions of maxima of -Im (l/e(w)) or from the
points where the Re e(w) curve crosses the w - axis [8]. In the
case of the two mode behavior, the Kramer-Kronig analysis yields
for each x - value two frequencies of the transverse optical
phonons (TO; and TO,) and two frequencies of the longitudinal

optical phonons (LO; and LO,).



ii.

iii.

iv.

C. Phenomenological Models Used to Describe Frequency
Variation in Mixed Crystal Systems:

Virtual crystal: used to treat “one mode behavior” (1,2]. In
this model all masses and spring constants are taken as '
averages weighted by the mixed crystal composition.

Cluster model: Verleur and Barker [3], have accounted for
the two mode behavior in some mixed crystals using a model
based on short range clustering. R

Random Element Isodisplacement (REI) model: the REI meodel

which was proposed by Chen [4] and developed by Chang and
Mitra [9] and also by Harada and Narita [10] who assume that
in the mixed crystal AB,_,C, a fraction, 1-x of the immediate

neighbors of the A-ions are B-ions, and a fraction, X, are C-
ions. The B ions and C ions always have A-ions as nearest
neighbors. It also assumed that the atoms of the same kind
are displaced from equilibrium in the same phase and with
the same amplitude. Many details about the application of
this model to compound semiconductors to calculate w(x) is
given in reference [8]. It was shown in reference [l1] that

with the experimental data for (w(x)) the two mode behavior

in Hg,_,Cd,Te agrees very well with the theoretical

calculations using the REI model. In [10] the reflectivity
experimental data were compared to the theoretical one using
the REI model. Genzel et al. [12], presented a model
completely defined by the macroscopic parameters of the
pure end members. They adopted a type of REI model taking
into consideration only nearest neighbor interaction.

Linear chain model [17] this model was suggested to be the
best one [5] for providing a criterion for determination in
advance if a mixed crystal will have one or two mode
behavior [5). In this model only nearest neighbor force
constants are considered. Mazur et al. [6], have discussed the
kind of impurity modes occuring as a result of isotopic
substitution in either constituent. This substitution is
characterized in terms of a term ¢ defined as



e=l-—l\£

M

If M <M, then 1 > ¢ > 0 whereas if M' > M, € < 0. The results
of the impurity mode calculation are given in ref. 6. In
substituting for the lighter mass m, a lighter impurity (¢ > 0) we
get a localized mode which rises out of the top of the optical band
and for a heavier impurity (e < 0) we get an optical branch gap
mode that falls out of the bottom of the same optical branch. In
the case of substituting for the heavier mass, if we substitute with
a lighter mass (e > 0), we get two modes, a local mode rising out of
the top of the optical branch and a gap mode rising out of the top
of the acoustical branch. When substituting with a heavier
impurity (e < 0) for the heavier mass, no new gap or localized
modes are generated. According to the study done by Lucovsky et
al. [5), two -mode behavior would be observed in the crystal
AB,_,C, (with mg > my) if the substitution of C for B in AB

produces a gap mode and if the substitution of B for C in AC
produced a localized mode. For a one-dimensional chain, these
local and gap modes will occur if A is heavier than B, provided
that the lighter end member compound AB has a gap in its phonon
spectrum between the optical and acoustic branches. This criteria
is applied for MCT and MZT. Although experimentally both MCT
and MZT show two mode behavior only MZT seems to meet simple
theoretical criteria for such behavior.

Some experimental data on far-infrared reflection spectra for
Hg,_,Zn,Te are given in reference [13]. Reflectivity data on
Hg,_,Cd,Te are given on reference [14]. In reference [15] calculated

values of the optical phonon frequencies as function of composition
for Hg,_,Zn,Te and Hg, ,Cd,Te using REl model are given and
compared with the experimental values. Also the parameters
needed for fitting the REI model with the experiment for both
materials are given in this paper.
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In the following graph we plot mobility versus
temperature for several different values of transverse charge
which have appeared in the literature. The main difference
appears at intermediate temperature where variations of 10% or so
can be seen. See also the accompanying table where numbers and
references to the values of transverse charge are given.
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3. Review of Alloy Disorder Scattering

The alloy Hamiltonian can be written, in an approximation,
as a uniform virtual crystal Hamiltonian with a residual alloy
disorder potential. The alloy disordering scattering typically gives a
term proportional to x(1-x). We have not yet studied this in detail,
but some relevant references are.

REFERENCES

1. J. Kossut, “The Disorder Scattering in Zincblende Narrow-Gap
Semiconduction Mixed Crystals,” phys. stat. sol. (b) 86, 593
(1978). ' ‘ '

2. D.S. Montgomery, “Disorder Scattering and Electron Mobility
in Hg,_,Cd,Te,” J. Phys. C: Solid State Physics 16, 2923-2934

(1983).

3. K.C. Hass, R.J. Lemnpert, and H. Ehrenreich, “Effects of
Chemical and Structural Disorder in Semiconducting
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4, Other Scattering Mechanisms

We have noted that scattering by dislocations may be
important but we have not yet examined this in any detail
Zawadski treats scattering by dislocations in the following paper.

REFERENCE

1. W. Zawadski, “Mechanisms of Electron Scattering in
Semiconductors,” Handbook on Semiconductors Vol. Ch. 12

North-Holland Publ. co. (1982).



5. Further Work on MZT

We should mention that although MZT has several advantages

as an IR detector (over MCT) primarily because of its increased Hg
stability it also suffers from a greater difficulty in growing uniform
crystals. This is because less Zn than Cd is needed for a given E8

dEg

and dx for E;’s of interest is greater for MZT thus small errors
in x are magnified in energy gap fluctuations.

Some new papers have appeared. We mention

1.

G. Le Bastard, R. Granger, S. Rolland, Y. Marqueton, and R.
Triboulet, “Optical Vibration Modes in Hg;_,Zn,Te Solid

Solutions near q = 0,” J. Phys. France 50 3223-3232 (1989).

R. Granger and C.M. Pelletier, “Electron Mobility Evaluation in
Hg,_,Cd,Te and Hgy_,Zn,Te with Two Mode Optical Dispersion,”
Presented at 5th Int. Conf. on II-VI Compounds, Yokagama,
Japan.

R. Granger, A. Lasbley, S. Rolland, C.M. Pelletier, and R.
Triboulet, “Carrier Concentration and Transport in Hg, ,Zn,Te

for x near 0.15,” J. Crystal Growth 86, 682-688 (1988).

S. Rolland, A. Lasbley, A. Seyni, R. Granger, and R. Triboulet,
“Electrical Characterization of as-grown, annealed and
indium-doped Hg,_,Zn,Te for x near 0.15,” Revue Phys. Appl.

24, 795-802 (1989).

E.A. Patten, M.H. Kalisher, G.R. Chapman, J .M. Fulton, CY.
Huang, P.R. Norton, M. Ray and S. Sen, “HgZnTe for very long
wavelength infrared applications,” J. Vac. Sci. Technol. B3(3),
1746-1751 (1991).



6. Experimental Data

Good comparisons of our calculations with experimental data
have been done in the Ph.D. thesis of Dr. Wafaa A. Gobba. The
comparison will be found on the following graph. The abstract of
the paper will be found in Section Ill. Our calculation shows better
agreement with experiment than does the calculation of the
experimenters. '+ See the following graph.
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7. Superlattices

A superlattice (SL) which has alternating layers of CdTe and
HgTe has been proposed by Schulman and McGill as a new IR
material which can be made by molecular beam epitaxy. The
first successful molecular beam epitaxy growth of a Hg-Te
superlatttice occurred in 1982. The band gap depends on the width
of the quantum wells as well as the barrier width and height.
Thus the formation of HgTe/CdTe superlattices allow a good control
of the bandgap which can be a variety from zero to about 1.6 eV.
We have also done some rough modeling of high mobility devices
which are based on doping in the barrier to furnish electrons to
the quantum wells. Some results are given below. Representative
references are listed.

There are several comments one could make about the utility
of superlattices as IR detectors. In some ways superlattices are an
advantage. For one, the energy gap versus SL well layer thickness
d,, can be better controlled in SL’s than E; versus x in bulk

crystals - at least for Eg’s of interest. This is particularly true
because the cut off wavelength for Eg’s of interest is a much more

rapidly varying function of x for bulk crystals than of the layer
thickness for superlattices.

There exists a neat trick in SL’s that can be used to increase
the number of electrons without reducing the low temperature
mobility due to ionized impurity scattering. This is discussed later.
In calculations dealing with electron mobility in superlattices, it
has been found that the temperature dependence of the mobility is
greatly affected by interface roughness which leads to big
complications in making accurate calculations.

There are other advantages to the HgTe-CdTe superlattices as
given by Smith, McGill and Schulman. The superlattice tunneling
currents are reduced compared to bulk and diffusion currents in
photovoltaic devices made from SL’s are reduced as is band to
band tunneling currents across the junction.



HgTe-ZnTe SL’s have also been considered but because of a 6.5%
lattice mismatch these become strained layer superlattices. The
straining can cause additional effects which may be tailored to
advantage.

SELECTED REFERENCES
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Other Hg-Based Superlattices,” IEEE Journal of Quantum
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5. J.R. Meyer, D.J. Arnold, C.A. Hoffman, and F.J. Bartoli,
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In the following graphs we have done a calculation which models
very crudely the way that mobility can be enhanced by using
layered structures consisting of alternate layers of quantum wells
and barriers. If one adds donors in the barriers the resulting
electrons will drift to the quantum well resulting in more electrons
without more scattering centers. The actual calculation we have
done keeps the number of electrons constant and reduces the
number of scattering centers. Thus the low temperature mobility
(parallel to the layers) would be increased. In the following graphs
slt = 10 means we have Ny electrons at low -temperatures with

only N4/10 ionized impurities/volume. Further increase of slt to

100 produces minimal low temperature gain in the mobility. There
is no change in the high temperature mobility reflecting the fact
that ionized impurity scattering is not important in this regime.
The fact that the effect seems to “saturate” for high electron
concentration at low temperature would mean that il impurity
scattering has become negligible due to decrease in ii scattering
centers.
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sit=10 sit=100 sit=1000
1230497.856 1056335.403 1063633.024
. 547866 320 569450686 57174112
247811646 250708976 251010634
143674884 144311660 144375746
98685.643 98889.626 98910.012
74362 023 74446131 . 74454687
59169.167 59210.093 59214.190
48330619 48351298 48354138
41093 .482 41106755  41108.083
35218.506 35226.873 35227.710
J0562.866 J0568.410 30568 .964
26772 .450 26776.253 26776634
23638.302 23641592 27641.861
20997.839 20999 786 20099 0981
18771.454 18772.8327 18773.042
16865.331 16866.419 16866.520
MZT
N, =3 x 1014/cm3
d
N =0
a
x = ,1315
E, = 2.6 eV
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Theorelical Calculations of Eleclron Mobility in Narrow Gap
Semiconduclors * '

WAFAA A. GOBBA, Department of Physics and Space Sclences, Florlda
Institute of Technology, Melbourne, FL 32901

The prototype narrow gap semiconductor we deal with Is I-lercury
Cadmium Telluride (MCT) because of its applicability to making Infrared
(IR) detectors. Interest has focused on Hg,_,Cd, Te-because its band gap Is

tunable with x, and because It can operate efficiently as an IR detector at
77K in the atmospheric window of wavelength 8-12 microns. We also do
calculations on Mercury Zinc Telluride (MZT) and find for equivalent energy
gaps that Its mobtlity, as a function of temperature, ts slilar to IICT.
Because of IMercury stabliity MZT may turn out Lo be a better IR detector.
Our calculations are state of the art and Involve the Boltzrmann equation,
Its solution by the variational principle and they include all relevant
Interactlons The results compare well with experiments. Comments will
be made about how the author came to specialize In this area and the
opportunities and challenges that exist for woinen.

* Supported by NASA Contract Number NAG-781,



2.

' Suggesled titie of sesslon . Abstracl Submitted Physics & Astronoimny
In which paper should be for the Indianpolis MHeeting of Classification Scheme

placed: I - VI Semliconduclors the. American Physlcal Soclely Number 75.20
' 16-20 March 199

Electron Mobllity In Mercury Zinc Telluride Alloys. " WAFAA A.
GOBBA, J.D.PATTERSON, Depl. of Physics and Space Sclences, F.I.T.,and
S LEHOCZKY, HMarshall Space Flight Center - We have calculated ths
mobllity of electrons in n-type Mercury Zinc Telluride (MZT) and compared
it Lo a calculation of the mobilily of electrons inn-type Mercury Cadmlum
Telluride (MCT) with nearly the same energy gap und with the same number
of donors and acceplors. We find for equivalent energy gaps that the
mobilities In the two compounds (MCT, MZT) are nearly the same. The
calculations for both MCT and MZT are based on the best set of materials
paramelers that we can compile from the literature, and the MZT compliation
Is much more complete than was previously available. Since MZT s harder
and struclurally more stable with respect to Hg retention than MCT, the
possibitity of equivalent mobility for MCT and M2T is significent. This
calculation Is one of the first extensive calculations of the mobilily of MZT,
and we compare 1t to another by Rolland et al. (Revue Phys. Appl. 24,795 -
802 (19689) which appears to be less extenslve.  Our calculation ylelds very
good resulls as compared to experiment excepl at very low temperatures
where ILs accuracy Is limited by a lack of knowledge of lonized Impurity
concentration. Mobilitles In the range of 105 cm2/vs at 100 K are typlcal.
Our- calculalion involves scaltering of Lhe electrons by longitudinal optic
phonens, acoustic phonons, fonized impurities, holes, and compositional
disorder.  Since not all of these Interacllons can be approxhinaled by elastic
scaltering, the corresponding Boltzinann equation Is solved by a varlational
principle. * Supported by NASA Contract No. NAG-78
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Suggested Litel of session Abstract Submnitied

in which paper should be for the Indlanapolls Meeling of
placed: Defects in Semiconductors Llhe American Physical Soclely

16-20 March 1992 :

Enhanced Screening in Doped Semiconductors.

J.D. PATTERSON and WAFAA A. GOBBA, Dept. of Physics_and Space
Sciences, Florida Institute of Technology -~ Semniconductors with
shallow donor centers are considered. The donor energy levels are
assumed Lo be discrete but screened by electrons from the conduction
band. High doping levels are assumed. The number (n) of electrons In

the conduction band Is Increased by screening which reduces thelr binding
energy causing Lthe promotion of more electrons to the conduction bapd
and further reducing the binding energy etc. The equalions describing this
effect are analogous Lo mean fleld equations. The effect is lemnperature
dependent and near a certain Llemperature there can be a rapid increase
of n with ternperature. The abrupt increase In n Is, of course, reminiscent
of other abrupl changes related Lo screening such as the Holl Transition.
We predict it should be observable for reasonable values of paramelers

siich as In GaAs al T2 20K withS x 10 16 donnrs/cm3 and for donor
binding energy of 12 meV. Some other aspecls of screening In
semiconductors will also be discussed.
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ABSTRACT

The electron mobility, concentration of electrons, light holes and
heavy holes, and Fermi energy in n-type Hgy.xZnyTe (MZT) have been
calculated and compared with those of Hgy.xCdxTe (MCT) for the same
energy gap (but different x), and the same donor and acceptor
concentration. The results for MZT were found to be very close to those of
MCT. The calculation relied on solving the Boltzman transport equation
using variational principles. The processes that were of
significance included the scattering of electrons by : ionized impurities,
holes, compositional disorder, acoustical phonons and optical phonons.
in the process of calculating the results for MZT a table for the latest
values of all the needed material parameters was obtained by a literature
search.

MZT has been considered as a substitute for MCT for possible use in
infrared detectors due to its relative stability and hardness. Our theoretical
results for MZT were compared to the experimental results published by
Rolland et al. and Granger et al. and very good agreement over most of
the temperature range was obtained.

The effect of making changes on some of the relevant parameters in
the calculation was checked. Also, adding neutral impurities o the
scattering processes and using the most recent published band
parameters of MCT (rather than the slightly older values) on the electron
calculation did not produce significant changes.

The speed of a very involved and long program has been increased
by changing its code from Basic for an HP 9845 to FORTRAN for a Vax
11/780 and later a Sun workstation 386i. This program was given to us
by Dr. S. L. Lehoczky and it was written to calculate the electron mobility,
the free carrier concentrations, and the Fermi energy for MCT. All of these
were calculated as a function of temperature, composition, donor and
acceptor concentration. The program was checked, corrected and fine
tuned by including the latest values of material parameters for MCT,
another version was made to run for MZT and neutral defect scattering
was added to the program.
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ABSTRACT

We have calculaled the mobllity of electrons i n-type ercury Cadmlum
Telluride (MCT) and compared itto a calculation of the mobility of
elechons In n-ype Meréury ZInc Tellulde (MZT) with nearly the same
enetgy gap and yvith the same nuriber of donore ahd acceptors. Ye also
conipared the resulls of the WIZT calculation wlth experitnent. Yve found
for equivalent enetgy gaps that the mobllities inthe tywo cotnpounds
(MCT, IMZT) vwere neatly the same. The calculations for both MCT and
WZT yeare based on the best set of inaterial parameter s that vwe could
compile flom the lilerature. Using these paramelers, the cotnparison with
experimentfor MZT yielded vety good results, Since MZ 1 is harder and
structually more slable with tespectto Hy relentlonthianACT, the

poseibility of equivalent mobility for MCT and MZT is significant.

This calculation Is one of the first extensive calculations of the mobility of
MZT, and we compared itto another which appearedto be less
extensive. Our calculation Invelyes scaltering of the elections by
longitudinal opliz phonons, acoustic phonons, lonlzed ilmpurities, holes,
and composhtional disorder. Since notallof these interactions can be
approxiinated by elastic scaltering, the conesponding Bolzinann
equallon was solved by a varlational prlncip»lé. YWe also dlscuss

ditections for future work.
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