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The anisotropy of the orbital and spin properties of conduction electrons in

InSb has been measured simultaneously using a cyclotron-resonance type

experiment. This represents the first time that the anisotropy of effective mass in

InSb has been directly measured using an optical method. A novel technique was

used to precisely measure small shifts of the resonant field positions for the

different orientations of the magnetic field with respect to the crystal axes--the

cyclotron resonance signals were detected simultaneously from two differently

oriented samples. The data has been described using a five level kp energy

band model. It is found that both the experimental and theoretical anisotropy of

the electron g-value in InSb is distinctly more pronounced than that of the

electron effective mass. Quantitatively, the experimental data is best fit for the

following 5-level parameters: Epo = 23.43 eV, Ep1 = 4.92 eV, EQ = 13.99 eV, C

= -0.4, C'= -0.004, E1 = 3.11548 eV, A 1 = 0.39 eV, Eo = -0.2352 eV, A o= -0.803

eV and A = -0.163 eV. These parameters yield the band edge values m0 * =

0.01365 moand g0* = -50.9.

For HgCdTe, a new type of spectroscopy for impurity levels in the energy

gap was developed using the near band-gap photon energies from a CO2 laser.

This spectroscopy is done under the conditions of intense laser photoexcitation.



Wavelength independent structure in the photoconductive response versus

magnetic field is observed at high intensities in samples of Hgl.xCdxTe with x =

0.22 and 0.24. For the sample with x = 0.22, three levels are found at 15, 45, and

59 meV above the valence band. A level at 61 meV is found for the sample with

x = 0.24.

In addition, the intrinsic carrier concentration of Hg.xCdxTe alloys (0.17<

x <0.30) have been calculated as a function of temperature between 0 and 300K

by using the temperature dependence of the energy gap obtained by two-photon

magnetoabsorption(TPMA) measurements. Experimental values for Eg x,T) for

samples with x = 0.20 and 023 obtained by one-photon magneto-absorption

measurements are reported. These data confirm the validity of the Ejx,T)

relationship for these x values and the importance of using the new n- results for

materials characterization and a proper understanding of device operation.
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CHAPTER I

INTRODUCTION

The subject of this dissertation is the investigation of the orbital and spin

anisotropy of conduction electrons in InSb and extrinsic and intrinsic electronic

properties of HgCdTe. The anisotropy of the orbital and spin properties of

conduction electrons in InSb has been measured simultaneously for the first time

using a cyclotron-resonance-type experiment. This is also the first time the

measurement of the anisotropy of effective mass has been measured in InSb using

an optical method. For HgCdTe, a new type of spectroscopy for impurity and/or

defect levels in the energy gap of narrow gap semiconductors using near band-gap

photon energies from a laser was developed.

Cyclotron resonance has been regarded to be one of the most powerful

tools to determine effective mass and band structure in solids. Cyclotron

resonance in InSb was first observed in transmission studies by Dresselhaus et al.,

'using microwave radiation and later by Burstein et al.,2 using infrared radiation.

Early cyclotron resonance experiments done by Pidgeon & Brown3 and Pidgeon

& Groves4 gave the detailed information of energy band structure of n-InSb.

They were used to determine various energy band parameters such as Luttinger's

warping parameter (Y3-Y2), and the Dresselhaus inversion-asymmetry parameter C,

and the effective masses of the conduction band, light-hole band, and heavy hole

1
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band. Johnson & Dickey5 performed infrared cyclotron resonance experiments in

the conduction band of InSb and obtained accurate values for the conduction

band-edge effective mass and the conduction band edge g-factor. They also

observed resonant structure in transmission spectra which were caused by

harmonics of cyclotron resonance.

The energy band parameters obtained from cyclotron resonance

experiments strongly effect the model used to describe the energy band structure

of a material in the presence of a magnetic field. The energy bands of a typical

narrow gap zincblende semiconductor (such as InSb or HgCdTe) in the vicinity of

wavevector k=O are described by one of the three group theoretical designations

r6 r 7, or r8 , including spin. The conduction band states transform as r6 (J = 1/2)

and the valence band states transform into r8 (J=3/2) and r7 (J = 1/2) with spin

orbit energy. All the valance bands belong to p-like atomic orbitals and the

conduction band is s-like. (see Fig. 3.1)

Indium Antimonide (InSb) is known to have a nonparabolic, nonspherical

conduction band and a small electron effective mass at zero temperature. These

properties come from the interaction between the lowest-lying conduction band

and the valence bands and between the lowest conduction band and higher-lying

conduction bands. In the past, the Shubnikov-de Haas (SdH) effect, an oscillatory

variation of the magneto-resistance at low temperature provided much

information about the Indium Antimonide (InSb) band structure6-8 by the

measurement of effective masses, effective g-factors9 and Fermi surface cross
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measurement of effective masses, effective g-factors9 and Fermi surface cross

sectional areas. The anisotropylo in SdH period with respect to the

crystallographic orientation of the sample in the magnetic field is related to the

anisotropy in the Fermi surface and hence the band structure. Using an energy

versus wavevector expression given by Kane for the case of the "three band

approximation," Seiler and Beckeril derived an analytical expression for the SdH

period anisotropy for Gallium Antimonide (GaSb) in terms of the warping term in

the energy expression. The higher band parameters obtained were used to

determine the amount of warping. These warping terms in the energy vs.

wavevector relation were later found to produce a mass anisotropy similar to the

SdH period anisotropy. Seiler and Beckeri later observed and theoretically

interpreted both SdH period and effective mass anisotropies for GaSb. For InSb,

a similar analytical model involving warping was used by Seiler1 2 to interpret the

observed SdH frequency anisotropies of Anticliffe and Stradling13 and Seiler,14 as

well as the de-Hass van Alphen results of Slodek et al.,1 5 '1 6 However, the small

anisotropy predicted to be present in the effective mass could not be determined

in these SdH experiments because the SdH amplitudes could not be measured as

accurately as the SdH periods.

Anticliffe and Stradling1 3 also examined the Shubnikov-de Hass

oscillations in a sample with a donor concentration of 3 x 108 cm-3and found a

2% warping in the Fermi surface which was in reasonable agreement with the

theoretical predictions. These facts gave rise to some speculation as to the
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possibility of similar anisotropies appearing in the conduction band g-value.

Later, combined resonance 17 or interband transitions measurements 8 provided

preliminary estimates of the g-factor anisotropy in InSb. Recently, electric dipole

excited spin resonance experiments by Chen et al.,19 provided extensive results on

the g-factor anisotropy and yielded a zero magnetic-field value of the conduction

electron g factor g(o) =50.8. However, they also were not able to measure the

mass anisotropy and considered g-factor and effective mass independently.

In this dissertation, the first direct measurement of the anisotropy of the

conduction band effective mass (m*) in InSb is reported. This was accomplished

by combining the photoconductive response of two differently oriented samples

and using the high sensitivity of magnetic field modulation techniques to measure

the cyclotron resonance signals from each sample at the same time. In addition,

the observation of combined resonance allowed the simultaneous measurement of

the effective g factor (g*). Both the standard Pidgeon-Brown (3-level) and new

five level energy band model2 0 were used in an attempt to describe the observed

magneto-optical data. The five-band model provided the better interpretation to

the experimental data and as a result, a set of band parameters were obtained for

InSb, and this model was used to determine the anisotropy of both m* and g* for

InSb.

During the past 20 years a large effort has been expended in characterizing

impurity and defect levels in alloys of HgCdTe. Despite this effort, most of these

levels still remain poorly understood. For example, deep level transient
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spectroscopy (DLTS) is the most popular capacitance method of deep levels in

semiconductors. This technique has been used widely to characterize deep traps

in silicon and in the III-V compounds.1-23 The main problem with DLTS in

characterizing the narrow gap semiconductors is that it gives less accurate values

of deep levels, since DLTS method is used for wide-gap semiconductors and gives

not so many data points for narrow-gap semiconductors, and takes a long time to

fully characterize a defect. Admittance spectroscopy can also be used to see

easily shallow traps and/or fast levels.2 4 This technique is spectroscopic with each

conductance peak corresponding to a particular trap energy and trap density. But,

admittance spectroscopy is limited for the most part to majority carrier traps, so it

can not completely specify a recombination center. Finally, thermally stimulated

capacitance (TSC)2 5 or current methods are limited by the background drift and

noise due to leakage currents.

To aid in solving the problem mentioned above, new sensitive techniques

must be developed and used to detect and characterize these levels. In this

dissertation, a new method for observing and studying impurity/defect levels in

narrow-gap semiconductors is reported.

Infrared detectors fabricated from mercury cadmium telluride

(HgxCdxTe) alloys are extremely important components of modern infrared

systems. The primary parameter controlling the wavelength range for these

intrinsic detectors is the fundamental energy gap Eg, defined as the difference

between the conduction and valence bands. The exact value of Eg depends quite
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critically upon the value of the mole fraction of cadmium (x) and the lattice

temperature (T). Numerical studies have thus been carried out by various authors

over the last two decades to determine an accurate empirical relationship Eix,T)

that properly predicts how Eg depends upon the mole fraction and the

temperature. The most frequent methods for determining the MCT energy gap

are based on either detector cutoff wavelength or optical absorption cuton.

However, the definition of the energy gap from these types of measurements is

ambiguous. The absorption edge is not infinitely sharp because of free carrier

and phonon absorption along with band tailing effect.

Photoluminescence experiments have also proven difficult to perform in

the smaller band gap materials. 26 Other techniques used in the past to determine

Eg involve a magnetic field: the analysis of the Hall coefficient in the intrinsic

region27 the determination of the electron effective mass (and then a calculation

of Eg from an E(k) dispersion relation) by the magnetophonon effect2 8 and

magneto-optical methods based upon one-photon interband methods,29 cyclotron

resonance,3 0 electron spin resonance,31 and combined or cyclotron-phonon

resonance. 3 2 Nonlinear optical methods using four-photon mixing3 3 and two-

photon absorption (TPA) techniques with a CO2 laser3 4 have also been used to

determine Eg.

Recently, it has been shown that TPA methods using a CO2 laser can be

used to accurately determine Eg for samples with 0.24 < x < 0.30 by applying

external magnetic fields3 5 resulting in a new empirical relationship which
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accurately describes the temperature and concentration dependence of the energy

gap. The results of the measurements on the samples with x = 0.201 and 0.229

presented in this dissertation are in excellent agreement with the predictions of

the new relation. Even though the maximum difference between the energy gap

obtained from the new and old Eix,T) relationships is only about 4 meV for an x

= 0.2 sample at 12K, the effects have important consequences. For example,

values of material quantities, such as the intrinsic carrier density, are changed

significantly by these differences. The predicted behavior of junction devices will

also differ markedly as a result of which relation is used. Similarly, the

interpretation of two-carrier Hall measurements depends on the proper values for

ni. Therefore intrinsic carrier density, ni, as a function of T between 0 and 300K

and as a function of x between 0.17 and 0.30 for use in material-characterization

studies and for the prediction of device operation have been calculated and are

presented in this dissertation. The model which has been used to

determine the nonparabolicity of the conduction band is Kane's three band

kep model.36 This model has also been used in the most recent calculation of ni,

which was performed by Madarasz et al.,37 Their calculation was an improvement

on earlier work38-40 by not making any approximations other than those inherent

in the kop theory itself. Full Fermi-Dirac statistics and a momentum matrix

element that did not vary with composition or temperature over the range of

calculations have been used. The results show values of ni that differ from those

of Refs. 38 and 37 by more than an order of magnitude at 5K for all x-values
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studied. Differences of approximately 7% occur even at 77K for samples

throughout the compositional range studied.

The results of these studies separate into five chapters. The second chapter

describes the experimental apparatus, the procedure used in sample preparation,

and the techniques used to obtain the data. The third chapter describes the three

and five-band model and anisotropy results of conduction electrons for InSb. The

fourth chapter contains a new type of spectroscopy for impurity/defect levels in

HgCdTe and an investigation on intrinsic carrier concentration of narrow gap

Hgl.xCdxTe alloys by using the new nonlinear temperature dependence of the

energy gap. The fifth chapter is the conclusion of this dissertation.



CHAPTER II

EXPERIMENTAL DETAILS

Sample Preparation

The experiments were performed on high purity samples of n-InSb and

Hgl-xCdxTe (HgCdTe) samples, with x-values 0.2<x<0.3. The HgCdTe and InSb

samples were cut from the bulk ingots using a spark-gap cutting machine. After

cutting, the samples were mounted using paraffin wax on a brass block for

polishing. A low speed polishing wheel, Microcloth pad, and aluminum oxide grit

were used to lap the surface of the samples to the desired thickness. The front

surface was polished using 0.3 micron grit to minimize surface damage while the

back surface was roughened with 9.5 micron grit in order to eliminate etalon

effects. The final thickness of the samples from these ingots were typically 0.10-

0.16 mm. After polishing the samples were first rinsed with benzene to remove

any wax remaining on the samples from the polishing phase and then rinsed in

methanol. The samples were then chemically etched in a 2% bromine methanol

solution. Electrical contacts were made to the samples by first very carefully

fluxing a small area of the sample with a stainless steel flux (Ruby's flux) and then

applying either pure indium or Indalloy #3 (97% In, 3% Ag) solder using a pencil

soldering iron. Current contacts were soldered to the ends of the sample and

then very fine gold wire (15 micron diameter) was soldered to all contacts. The

9
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maximum dimension of each potential probe solder contact was 0.1-0.3 mm. All

contacts were checked for non-ohmic behavior by reversing the current through

the sample and noting that whether or not the voltage reading was symmetric.

Sample dimensions had typical dimensions of 8.0 mm x 0.3 mm x 2.0 mm with

typical uncertainties of 0.02 mm, as measured using a traveling stage

microscope.

The samples were mounted on the sample holder with silicon heat sink

compound. The sample leads were then soldered to the electrical connections of

the holder. The characteristics of the samples used are presented in Table 2.1.

Lasers and Optics

The experimental apparatus for the experiments is depicted schematically

in Fig. 2.1. The primary optical excitation source used for magneto-optical studies

was the carbon dioxide (CO) laser. The CO2 laser is capable of producing

infrared radiation between 9.14 gm and 12.1 gm corresponding to photon energies

range of 102-136 meV. The principal CO2 laser used was an axial-flowing,

electric-discharge, water cooled laser which was grating tunable so that different

monochromatic laser lines could be used to probe different regions of the energy

bands. For the experiments presented here, the laser was operated in the
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Table 2.1 Sample Characteristics

n(77K) M(77K)
n(77K)
(cm~3

3 x 1014

5 x 1014

5 x 1014

1.4 x 1014

9 x 1013

yu(77K)
(cm2/ V-s)

1.5 x 105

12 x 105

1 x 105

12 x 105

Tx 105

x-value

0.229

0.201

0.22

0.24

Sample

HgCdTe

HgCdTe

HgCdTe

HgCdTe

InSb

I
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Fig. 2.1 Schematic diagram of apparatus used to carry out the
measurements.
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continuous wave (cw) mode. The propagation direction of the linearly polarized

laser light was parallel to the magnetic field. All measurements were done in a

Faraday configuration. A variable frequency mechanical chopper was used for

producing laser pulses. The chopper itself consisted of a slotted flywheel mounted

on an ac synchronous motor. Two-inch focal length anti-reflection coated ZnSe

lenses were placed before and after the chopper in order to focus the beam to a

width smaller than the width of the slot on the wheel and the collimate the beam

after the chopper. The output of a grating tunable cw CO2 laser was mechanically

chopped into 20 ysec wide pulses with a low duty cycle to prevent heating effects.

Intensity structure studies for HgCdTe and InSb were carried out using

either a series of calibrated filters or a commercial attenuator obtained from

Edinburgh Instruments. This commercial attenuator consisted of a wedge-coated

germanium slab capable of continuously varying the laser intensity over three

orders of magnitude.

The sample was placed in high field superconducting solenoid which has

been designed to reliably produce fields of 12.0 Tesla at 4.2K, in a 53 mm bore

and is capable of being ramped up to full field in less than 9 minutes. The

solenoid is constructed in two sections; the inner section is wound from

filamentary niobium tin wire, the other section from niobium titanium wire. The

magnetic field values were obtained from a calibrated Hall probe and are known

to within 0.05 kG. The sample was immersed in a liquid helium bath or

surrounded by gaseous helium. The temperature of the sample was controlled by
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the Lake Shore Cryotronics, Inc. Model DRC-82 Temperature Controller which is

able to maintain a desired temperature to within 05 K. The sample is normally

kept at about liquid helium temperature at atmospheric pressure. If desired, the

sample could be heated to a higher temperature by setting the temperature

controller at higher temperature, or the temperature can be lowered to about 2K

by pumping on the sample chamber. The sample temperature was measured

using a calibrated carbon glass resistor located on the sample holder. A

temperature controller provided a stabilized temperature over the range 2-300K.

With the application of the laser, sample heating effects were sometimes observed

at the low temperatures (<20K). At higher temperatures, the lattice heating

effects diminished. The method employed to compensate for sample heating was

by decreasing the laser intensity incident on the sample during data acquisition.

This was done by first blocking the laser beam to allow the sample to cool to its

dark equilibrium temperature and then unblocking the laser beam and capturing

the sample response. Comparing the PC photoconductive signal from sample, the

lattice heating effect was removed by adjusting the laser intensity or using a low

duty cycle of a few percent.

Electronics and Data Acquisition

AC magnetic field modulation and phase sensitive techniques which are

based on a variation of the sampling and magnetic modulation technique

developed by Kahlert and Seiler4 t for the hot electron quantum transport
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experiments were used for obtaining photoconductive response of the sample.

The samples were biased by a constant current power supply. To reduce

the joule heating of the sample, ohmic currents were used. An oscillator provided

a highly stable 22Hz sinusoidal signal which was sent to the magnet controller. As

shown in Fig. 2.1, the photovoltage was amplified by differential amplifier and

further electronically processed using the sampling unit of an oscilloscope or a

boxcar averager. The output of these units passes the modulation signal produced

by the low frequency ac magnetic field impressed on the sample photovoltage

signal. The magnet contained modulation coils which are used to impress a small

( 1kG ) alternating magnetic field on the large dc field. This arrangement was

capable of providing ac fields up to 500G peak to peak at dc fields up to 12T. By

tuning the lock-in amplifier (into which the signal is directed) to the second

harmonic (44Hz) of the field modulation frequency, a dc voltage proportional to

the second derivative of the PC (photoconductive) response was then fed into the

y-axis of an x-y recorder. Final photoconductive signal can be seen on the

oscilloscope which was connected to the output of boxcar averager.



CHAPTER III

ORBITAL AND SPIN ANISOTROPY OF CONDUCTION ELECTRONS IN n-

InSb

Introduction

During the past several decades, magneto-optics have been used to

investigate the optical and transport properties of many semiconductors. In

particular, magneto-optical data provides the best means of determining energy

band parameters, since strong resonant optical transitions between magnetically

quantized electronic states can be observed. Also, the magneto-optical method

provides information about the location of impurity levels within the forbidden

energy gap. Therefore magneto-optics experiments can be used to test the quality

of the energy band model of narrow gap semiconductor. Magneto-optical

investigation used in earlier times by transmission techniques which allowed the

study of strong magneto-optical transitions, such as one-photon magnetoabsorption

(OPMA) and cyclotron resonance (CR). Later, the photoconductivity technique

and absorption method have been used to study the intraconduction band free

carrier, shallow impurity, acceptor level, deep impurity level and two-photon

magnetoabsorption process in InSb.

In measurements reported here absorption peaks that correspond to the

cyclotron resonance harmonic resonances and combined resonance harmonics for

17
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both free and donor-bound electrons are observed. As a result, a precise small

shift of the resonant field positions for the different orientations of the magnetic

field with respect to the crystal axes is obtained. The data has been described

using current band model and it is shown that the five level kep energy band

model, which accounts for the band nonsphericity and anisotropy of the

conduction band, is necessary to explain the observed anisotropies in III-V

compounds in the presence of magnetic field. The fit to the data has been used

to determine the value of the matrix element EQ = 2mDp2 / t2 13.99 eV for

InSb, which is responsible for the band nonsphericity.

Theory

1. Band Model Discussion

One of the first successful theoretical energy band models used to described

InSb was that of Bowers and Yafet. 42 This model takes into account the kep

interaction between the r, r 8 , and r 7 levels and neglect all other bands to

describe the nonparabolicity of InSb, where k is the matrix element of kinetic

momentum over bands and p is the kinetic momentum of electron. This approach

was found to be adequate for describing the conduction band, light hole band, and

spin-orbit split-off band. However, this model did not describe the heavy hole

band, since their large mass comes from the kp interaction of the r 8vlevel with

the omitted distant bands. In another successful approach, by Luttinger,4 3 the

theory of the energy levels in a magnetic field for holes which occupy a
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degenerate band in a semiconductor such as Ge or Si was set up in the most

general manner. He showed that the degenerate energy band of r6 symmetry

gives four sets of levels, of which two are characterized by a light effective mass

and two by a heavy effective mass due to the different interactions with the other

bands. Later, Pidgeon & Brown (PB)3 combined the Luttinger43 and Bowers-

Yafet42 scheme to describe the heavy hole band. In other words, the PB model is

a three level model in which the distant bands are incorporated up to the k2

terms. This corresponds to Kane's model3 6 who used the second order

perturbation theory to describe the energy band structure of InSb in the absence

of magnetic field. In Kane's approach only a finite number of close-lying levels

are considered, leaving out all other levels as a first approximation. The bands

resulting from both the Kane and PB description are nonparabolic and

nonspherical. Thus, because of the accuracy and inclusion of magnetic field, the

PB model has been widely used during the last two decades to interpret magneto-

optical data in InSb.

In general, these models for the band structure of InSb fall into two

categories. The first is to consider a complete Hamiltonian containing all

warping, inversion symmetry and other higher order effects, and then, through

approximation, reduce it by neglecting higher order terms. The second is to solve

exactly the energy eigenvalue equation and then truncate by excluding higher

bands.

Weiler4 used the first approach, extending the PB model to describe
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warping and inversion asymmetry-induced cyclotron-harmonic transitions in InSb.

By using the proper basis functions and using a group theoretical analysis to find

all allowed matrix elements up to second order in k and to first order in B in the

k - p Hamiltonian, an 8 x 8 Hamiltonian matrix (H) for the two conduction bands

and six valence bands (including spin) is obtained for the magnetic field lying in

the (110) plane of the crystal. She further showed that H could be reduced to two

8 x 8 matrices, and written in the form,

H = H 0 + H1  (1)

where HI include terms proportional to k0 and k&()(ko is the kinematic

momentum along the dc magnetic field direction B), inversion asymmetry, and

some of the band warping terms. Thus, H 1 can be regarded as a perturbation to

HO The terms which give the anisotropic property of conduction band are

contained in HO If one neglects terms proportional to ko, the H0 Hamiltonian

may be reduced to two 4x4 matrices corresponding to the a and b spin Landau

ladders as follows:

HO= Ha 0
H 0 Hb (2)

where Ha represents the "spin up" Hamiltonian and Hb corresponds to "spin

down." The 4 x 4 matrices, which are solved numerically by a computer, give the

energy eigenvalues for the conduction, valence (light and heavy hole), and spin-

orbit split-off bands for both spin-up and spin-down Landau levels. The reduced

4 x 4 Hamiltonians contain ten parameters which must be adjusted to fit the

theoretical transition energies to a set of experimental data. The two parameters
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which give an anisotropic contribution to the g-factor are:

Y'= Y3- 2Mf (0,$) (3)

Y" a Y2+ %Y3- %Mf (0,$)

where Y2 and Y3 are the valance band parameters and u is the warping parameter

which is given by (y3-y2). The parameter f is the function of 0 and $, where 0,$

are the polar angle and azimuth respectively of dc magnetic field. Within the

three level model the band's anisotropy is described by the two band parameters

y', y". This approach reduces essentially to a exact 3-level model plus other

22
levels included only to k terms.

The second approach was recently developed by Zawadzki and Pfeffer,20

where the k *,p interaction between the rf, r8, r4, r8v and r7 levels is taken into

account exactly and all other bands are neglected. The procedure for this

approach is now outlined. The eigenvalue equation of one-electron system in 5L

model for the case B*0 is given by:

[ 1 P2 + Vc(r) + (a x VVO P + uBBe1  F= EY (4)
2m0 4ma

where P = p + eA is the kinetic momentum, A is the vector potential of

magnetic field B. The solution of equation (4) are in the form:

= Zfl(r)Ul(r), (5)

in which U1(r) are the Luttinger-Kohn 4 5 periodic functions and f(r) are the

envelope functions. Index 1 runs over all possible bands. Substituting (5) into (4)

and multiplying by (1/fn) Uj* and integrating over a unit cell, the following energy
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eigenvalue equation

.. _ P2 + E(l)"ij - 61 + P_. P + UBB-e at + HtetSO ft = 0
2m0 Q(6)

is obtained, where

PC 7t = Ut' P + 1 (a x WVO)I ut
4mI

a = .. 1. ue|aIut

Equation (6) represents a set of coupled differential equations for the envelope

functions ft. The Luttinger-Kohn 4 5 basis functions ue(r) are chosen in such a way

that they diagonalize the spin-orbit interaction within the r 7v, r 8v and rf sets.

The solution of the truncated set are not given by simple harmonic oscillator

functions, thus, following a procedure of Evtuhov,4 6 the envelope functions ft are

written as in the form of sums of harmonic functions. The procedure used to

diagonalize the infinitely large matrix obtained is described in Ref. 20. The

direction of the magnetic field is chosen by rotating the reference frame and

aligning the new z-axis along the direction of the magnetic field. In this model,

only the Q-dependent terms ( Q is the matrix element between the higher

conduction bands and valence bands, see Fig. 3.1.) are different for different field

directions, thus Q accounts for all band nonsphericity. Therefore, Q is the only

parameter in this model which describes the anisotropy of the conduction band.

The resulting conduction band non-parabolic and non-spherical. The
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Five band model diagramFig. 3.1
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nonparabolicity is related to the P0 ( P0 is the matrix element between the

conduction band and the valence bands) and P1 ( PI is the matrix element

between the conduction band and the higher conduction bands) matrix

element, while the nonsphericity is related to the matrix element of Q. Levels

included explicitly in this model are the following five: r7v, rf, and r8 (

shown in Figure 3.1).

The difference between the PB model and the five level model is that the

PB model represents a set of 8 differential equations, which, under certain

conditions, can be factorized into two sets of 4 equations each spin up & down

and solved in terms of harmonic oscillator functions. The eigenenergy problem

then reduces to the diagonalization of two 4 x 4 matrices. The five level model

represents an infinite set of equations which can be truncated to a finite set by

solving the eigenenergy problem for envelope functions in terms of sums of the

harmonic oscillator functions. The results of these two models (Pidgeon & Brown

and five band model) described above were used to describe the experimental

data. In what follows, the correct description of data is shown to come only from

the five level model, resulting in a set of energy band parameters which correctly

describe the anisotropy of the orbital and spin properties of conduction electrons

in InSb.

2. Optical Transitions

Free carrier absorption in a narrow-gap semiconductor can involve a wide

variety of optical transitions. In a magnetic field, these transitions can be
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investigated in great detail due to the sharp density of electronic states produced.

These transitions include cyclotron resonance, cyclotron resonance harmonic,

combined resonance, combined resonance harmonic, and phonon-assisted cyclotron

resonance.

In simple terms, cyclotron resonance occurs when the energy between the n=0

and n =1 spin-up conduction-band Landau levels equals the incident photon energy.

This can be expressed by

tiw = ioc = Eal) - Ea(O)

where tw is the photon energy and Ea(1) and Ea%() are the energies of the 1st and

zeroth spin-up conduction band Landau levels respectively, and ic is the cyclotron

energy, where wc = eB/m*, B is the magnetic field strength, and m* is the

conduction band effective mass. Cyclotron resonance obeys the selection rules An

= +1; As = 0, where An is the change in the Landau level quantum number and As

is the change in the spin quantum number.

Harmonics of cyclotron resonance also are observed and the result of

electrons in the spin-up n=0 Landau level being photoexcited to the spin-up state of

some n>1 Landau level. The energy conservation condition for the harmonics

cyclotron resonance is given by

to = ntwc = Ea&n) - Eaf()

where n=1 is the condition for cyclotron resonance. The origin of the harmonic

processes in terms of selection rules cannot be derived in the usual spherical

- 44a44approximation and have been the subject of extensive theoretical investigations.4
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'7 In addition to cyclotron resonance and its harmonics, other types of observed

intra-conduction band processes are combined resonance and its harmonics, and

phonon-assisted cyclotron resonance. Combined resonance is a process in which an

electron initially in the n=0 spin-up conduction band Landau level makes a transition

to the n=1 spin-down conduction band Landau level. The corresponding energy

conservation condition is given by

%a = tc + Gs = Eb(1) -Ea(O).

where hls is the energy separation between the spin-up and spin-down Landau level

and

)(s = g*B3

where g* is the Lande's g-factor and AB is the Bohr magneton. Harmonics of

combined resonance are also possible, obeying the energy conservation condition tw

= ntic + tos. These processes require ir polarization (which is An = +1, As = -1

for elB).

Phonon-assisted cyclotron resonance and its harmonics (PACRH) result from

the interaction of a longitudinal optical phonon with the electron-photon system

created by the interaction of light with matter to create absorption resonances.

PACRH, which is a two quantum process, is an intraband transition in which an

electron in the spin-up n=O conduction band Landau level will absorb a photon,

simultaneously emit an LO phonon of energy tjo and thus make a transition to

some higher spin-up a(n) conduction band Landau level. The corresponding energy

conservation is given by
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= nhc + IO &= EaC(n) - Ea(0) + to

where trois the LO-phonon energy. The emission or absorption of optic phonons

breaks the selection rules for the free-electron magneto optical transitions. This

allows one to observe higher harmonics of cyclotron resonance, i.e., transition with

An > 1.

Results and Discussion

In Fig. 3.2, the photoconductive response for a sample where the magnetic

field is directed parallel to the <100> crystallographic direction is shown. Each

photoconductive resonance corresponds to an increase in the conductivity or a

decrease in the magnetoresistance of the sample. In general, the changes of

photoconductivity are most directly related to changes in electron concentration or

changes in mobilities produced by the absorption of light. A doublet structure is

observed, in which the higher field peaks of the doublet are due to free electron

transitions between Landau levels and related to the changes in mobilities, and lower

field peaks are transitions between magneto-donor levels and related to the changes

in electron concentrations. This doublet structure was first observed and studied by

Grisar et al.4 8 The transition labeled by the primed number (2') refers to a

PACRH transition between Ea(2) and Ea(0). Ea(n) is the nth spin-up Landau level

energy. The free-electron transitions 0+-+2+(2), 0+-+2~(2), 0+-+3+(3) (where n +

and n~ denote the Landau levels n with spin-up and spin-down respectively) and the

associated magneto-donor transitions haven been identified in a recent study.4 9 The
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Fig. 3.2 Photoconductive response of n-InSb <100> direction versus magnetic
field obtained at 5K using a C021aser wavelength of 10.83Mm (second
derivative with respect to magnetic field). The final Landau states are
indicated. The primes refer to phonon-assisted transitions.
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free electron transitions 0+-+2+ (2) and 0+-+3+ (3) refer to cyclotron transitions

between Ea(2) and Ea(0), EaC3) and Ea(0) respectively. Also, the free electron

transition 0+-2(2) is the combined resonance between Ea(0) and EbC2), where

Ebj2) is the second spin-down Landau level energy. In Fig. 3.3, the energies of the

observed free electron and magneto-donor transitions as a function of the magnetic

field strength, together with the energies calculated using the Pidgeon and Brown

model are shown. The Pidgeon-Brown model was used here for convenience in

order to identify the transitions. The energy band parameters used in the PB model

are: Eg = 235.2 meV, Ep = 23.2 eV, A = 0.803 eV, yl = 3.25, Y2 = -0.2, Y3 = 0.9,

K = -1.3, F = -0.2, q = 0.0, and N1 = -0.55. These parameters describe well a

multitude of other magneto-optical data taken on InSb.5 0 The solid lines indicate the

calculated energies of Landau-level transitions for simple excitations ( converging to

th = 0 ), and a phonon-assisted excitation ( to = hwL). It can be seen that some

transitions correspond to simple and others to phonon-assisted excitations. The

phonon-assisted Landau level transition energy was obtained by adding the

longitudinal optical phonon energy twL = 24.4 meV 49 to the calculated free-

electron energy. This correlation of the theory with experiment served as a basis of

the transition assignments in Fig. 3.2.

In Fig. 3.4 and 3.5, PC responses for the two different samples (<111>,

<100> sample) are shown at the same wavelength. Also the same transitions are

seen for both samples. Upon comparing the two figures (Fig. 3.4, 3.5), one notices

that there is a small shift ( 2kG ) in the field positions for 2+ 12, 2'+, and 3 +
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Fig. 3.3 Energies of the observed magnetodonor and Landau-level transitions
vs magnetic field (solid dots). The solid line indicate the calculated
energies of Landau-level transitions for simple excitations (converging
to tw=O), and phonon-assisted excitations (converging to W.MhMd.



33

TRANSITION- ENERGY (meV)

00

m

I-

"mm-



34

transitions. One could speculate that these small shifts might be caused by

experimental inaccuracies because the experiment for the two different samples were

done on different days. However, since the value of the conduction band effective

mass is related directly to the transition energy of cyclotron resonance harmonics by

the relationship

tw = E4n)-E(O) = nteB/m*, (7)

it is clear that any anisotropy in the mass would affect the transition energy. Further,

for a fixed excitation energy from the laser, any anisotropy would manifest itself by

a shift in the resonant field position of the transition, as observed.

In order to measure this shift more clearly, and remove any experimental

errors, the cyclotron resonance signals shown in Fig. 3.4 & 3.5 were detected

simultaneously from two differently oriented samples by mounting the samples near

each other in the cryostat, exciting each of them with the same light beam, and

electronically combining their photoconductive signals. This is the first time that this

technique has been used in a magneto-optical measurement. An example of the

resulting magneto optical spectra is shown in Fig. 3.6. The final Landau state

quantum numbers of the observed transitions are indicated by numbers. Both the

free electron transition a()-+aj2) (designated 2 +(free)) and donor-shifted transition

(000) +-+(200)+(designated 2 +(donor)) are shown for the magnetic field orientation

Bl<111> and B<100> crystallographic directions. In Fig. 3.6, the resolution of

the data has been increased; thus only four peaks are shown which correspond to

(right to left) 2+(100)[donor], 2+(111)[donor], 2+(100)[free electron], and
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Fig. 3.4 Photoconductive response of n-InSb (<111> direction) versus
magnetic field obtained at 5K using a (CO2 laser wavelength of 10.61
Mm (second derivative with respect to magnetic field). The final
Landau states are indicated. The primes refer to phonon-assisted
transitions.
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Fig. 3.5 Photoconductive response of n-InSb (<100> direction) versus
magnetic field obtained at 5K using a (CO2 laser wavelength of 10.61
im (second derivative with respect to magnetic field). The final
Landau states are indicated. The primers refer to phonon-assisted
transitions.
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Fig. 3.6 High resolution magneto-optical spectra obtained at 5K using a CO2laser wavelength of 10.6 jm. The final Landau state quantum numbers
of the observed transitions are indicated by the numbers. Both the
free electron transition a(O)-+a(2) (designated 2+ (free)) and the
donor shifted transition ((000) +(200)+(donor)) are seen for the
crystallographic orientations BII<111> and BII<100>. The differencein the resonant field positions observed for the two orientations
provides a direct measure of the anisotropy of the conduction band
effective mass. This anisotropy is also seen to be nearly the same for
both the free electron transitions and their donor-assisted variants.
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2+(111)[free electron]. The field positions of these four peaks transitions were

already identified in Fig. 3.2. One can clearly see in Fig. 3.6 that the small shifts in

Fig. 3.4 & 3.5 result, in parts, from the different resonance energies for each

transitions, since the technique used to obtain Fig. 3.6 is designed specifically to

exclude experimental inaccuracies.

Fig. 3.7 shows magneto-optical resonance for 2+transition at different laser

wavelength from the Fig. 3.6. One can also notice that the field position which 2+

transition occur has shifted to lower field position in Fig. 3.6 with respect to the Fig.

3.7. This shifting can be more clearly seen in Fig. 3.8 which shows the wavelength

dependence of 2+(free) and 2+(donor) transitions. As one increases the laser

wavelength, the magneto-optical resonances are shifted toward a lower field position

to satisfy the resonance condition.

Fig. 3.9 shows magneto-optical data for the combined resonance harmonic

transition a(O)-+b(2) (designated 2~(free)) and its donor shifted variant (000)~+(200)~

(designated 2~ of a free electron (or donor)). Note that this shift in resonant field

position of a free electron (or donor) transition due to anisotropic effects is larger

than that of the cyclotron-resonance harmonic transitions shown in Fig. 3.6 & 3.7.

This is due to the anisotropy of g* being significantly larger than the anisotropy of

the conduction band effective mass m* and that both m*, g* contribute to the

anisotropy since they both contribute to the transition energy, given by

hc> = Eg2)-Ea(O) = 2heB/m* + g* uBB, (8)
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Fig. 3.7 High resolution magneto-optical spectra obtained at 5K using a CO2laser wavelength of 10.7 ym. The final Landau state quantum numbers
of the observed transitions are indicated by the numbers. Both the
free electron transition aC(0)-+aC(2) (designated 2 + (free)) and the
donor shifted transition ((000)+-+(200)+(donor)) are seen for the
crystallographic orientations Bk111> and Bk<100>. The difference
in the resonant field positions observed for the two orientations
provides a direct measure of the anisotropy of the conduction band
effective mass. This anisotropy is also seen to be nearly the same for
both the free electron transitions and their donor-assisted variants.
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Fig. 3.8 Wavelength dependence of 2+(free) and 2+(donor) transitions. The
arrow over the 2 +<II I> transition indicates how the magneto-optical
resonances shift with laser wavelength.
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Fig. 3.9 Magneto-optical data for the combined resonance harmonic transition
a(O)--+b(2) (designated 2-(free)) and donor shifted variant (000)~
-+(200)' (designated 2~ (donor)) for the orientation B1<111> and
BI<100>, obtained at 5K at a wavelength of 10.6 Am. Note that the
shift in resonant field position of a free electron (or donor) transition
due to anisotropic effects is larger than that of the cyclotron-resonance
harmonic transitions (or donor-shifted variants) shown in Figure 3.6.
This is due to the anisotropy of the g-factor being significantly larger
than the anisotropy of the conduction band effective mass.
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where Eb(2) is the spin-down Landau level energy for n=2, and E(0) is the spin-up

Landau level energy for n=0 and uBis the Bohr magneton. The effective g factor

can also be determined from the data since the effective mass has been determined

from the cyclotron resonance harmonic data. Table 3.1 and 3.2 list the observed B-

field shifts (AB) of the cyclotron & combined resonance harmonic transitions and the

donor shifted variants.

Fig? 3.10 shows the theoretical fit to the experimental points using PB and five

band model for the 2~free electron transition. The band parameters used in the PB

model were given earlier. As can be seen in Fig. 3.10, the predictions of the PB

model deviate from the experimental values for the <100> data, whereas the five

band model gives a much better fit. Therefore, the five band model provides a much

better description for the band structure of zincblende semiconductors as expected.

The anisotropy of the conduction band effective mass and g-factor were thus

determined simultaneously by fitting the data to the predictions of the five level

model. The data analysis is shown in Figure 3.11, where the Fan chart diagram

shows all relevant transitions measured. An example of the predictions of the five-

level model yields the following values of m* and g* at B = lOT: m*(100) = 0.02511

mo m*(111) = 0.02545 mo g*(100) = -24.96 and g*(111) = -23.74. Thus g* is 3.8

times as anisotropic as m*. The anisotropy of effective g factor (g*) obtained here

is somewhat less than that predicted by Pidgeon et al.,'18 but agree quite well with

the results of Chen et al.1 9 From the analysis of data, the following band parameters

for InSb were obtained. Ep0 = 23.43 eV, Ep1 = 4.92 eV, EQ = 13.99 eV, C = -0.4,
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Table 3.1 Tabulation of all field positions of cyclotron
resonance for the InSb <111>, <100> sample

Transition energy B-field AB
(meV) (kG)

(100) (111)

2+(d)

113.64
114.43
115.67
115.91
116.84

113.64
114.43
115.67
115.91
116.84

113.64
114.43
115.67
115.91
116.84

113.64
114.43
115.67
115.91
116.84

2-(d)

110.48
111.62
113.13
113.76
114.90

107.95
109.09
110.61
111.24
112.25

95.96
96.97
98.48
98.99
99.74

93.68
94.69
95.96
96.46
97.47

111.58
112.72
114.41
115.05
116.26

109.06
110.19
111.79
112.44
113.73

97.82
98.83

100.46
101.01
101.98

95.29
96.43
97.7
98.33
99.45

1.1
1.1
1.28
1.29
1.36

1.1
1.1
1.18
1.2
1.48

1.86
1.86
1.98
2.02
2.24

1.61
1.74
1.74
1.87
1.98
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Table 3.2 Tabulation of all field positions of cyclotron resonance for
the InSb <111>, <100> sample

Transition energy B-field AB
(meV) (kG)

(100) (111)

21+(d)

113.64
114.43
115.67
116.84

113.64
114.43
115.67
116.84

113.64
114.43
115.67
116.84

113.64
114.43
115.67
116.84

3+

3+(d)

78.78
79.92
81.05
82.57

77.01
77.89
79.28
80.55

70.44
71.33
72.46
73.22

68.93
69.56
70.44
71.45

79.38
80.64
81.83
83.42

77.61
78.62
80.05
81.40

71.29
72.18
73.24
74.07

69.53
70.28
71.16
72.30

0.6
0.72
0.78
0.85

0.6
0.73
0.77
0.85

0.85
0.85
0.78
0.85

0.6
0.72
0.72
0.85
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Fig. 3.10 Theoretical fit to the experimental points by using Pidgeon & Brown
(PB) and five level model for the 2' transition in expanded scale.
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Fig. 3.11 Energies of the free electron (solid circles) transition versus magnetic
field for the Landau quantum numbers 2 and 3. Primed numbers
indicate phonon-assisted transitions. The solid lines were calculated
by adding the appropriate donor shifts to the free-electron energies.
The average deviation between theory and data is 0.2 kG, which is
less than the symbol size shown.
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C'= -0.004, E 1 = 3.11548 eV, A 1 = 0.39 eV, E0 = -02352 eV, AO = -0.803

eV, and A = -0.163 eV. These parameters yield the band edge values of effective

mass and g-factor m* = 0.01365 mo and g0* = -50.9.

In addition to the free electron transitions, the donor shifted variants of these

transitions were observed. Experimentally, the anisotropy of the donor transition is

seen to be quite similar to that of the free electron transition. Thus, a preliminary

description of the magneto-donor data was obtained by merely adding the calculated

donor shifts to the free-electron energies.5 As is seen in Fig. 3.11, a reasonable fit

of the magneto-donor data was also obtained by using this procedure.

In summary, cyclotron and combined resonance harmonic transitions between

free-electron and magneto-donor states in InSb for the crystallographic orientations

Bl< 111> and Bl< 100> were reported. As a result, the anisotropy of the effective

mass and effective g-factor of conduction electrons were determined simultaneously

in the same experiment. It is seen that the experimental and theoretical anisotropy

of the electron g-factor is much larger than that of the electron effective mass.



CHAPTER IV

EXTRINSIC AND INTRINSIC PROPERTIES OF HgCdTe

Introduction

The semiconducting HgI.xCdxTe alloys are used extensively as infrared

detector materials in a wide range of both civilian and military systems. Among

the important challenges in making substantial improvements in the quality and

uniformity of the material are: (1) to develop better characterization techniques

for the detection and identification of defects and impurities, and (2) to obtain a

better understanding of the material's intrinsic properties. In this chapter, a new

method for observing and studying impurity/defect levels in narrow-gap

semiconductors is reported. This new type of spectroscopy is done under the

conditions of intense laser photoexcitation and is associated with the Auger

relaxation processes of hot conduction band electrons relaxing by impact

ionization of valence electrons into impurity levels. The importance of this is that

it provides a new technique for studying impurity/defect levels in narrow gap

semiconductors in which these levels have been generally difficult to measure.

Also in this chapter, energy-gap measurements are extended to samples

with x = 0.201 and 0.229. These narrow gap alloys require the use of one-photon

magneto absorption techniques instead of the two-photon ones to obtain

interband magneto-absorption resonances near the band edge, from which the
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energy gap ban be accurately determined. The most important parameter that

must be known is the band gap, which varies a great deal with temperature T and

composition x. Other parameters include the hole effective mass and interband

matrix element, which will be discussed in intrinsic section, have less effect and

vary much less with x and T. The work presented here extends earlier,

preliminary work on this subject52 by dealing more exactly with the valence-band

effective mass and by fitting the results to an analytic expression for ease of use.

A new relation has recently been obtained for the temperature and

composition dependence of the energy gap of Hg-xCdxTe by two-photon

magnetoabsorption techniques. 53 This relationship was determined from two-

photon magneto-absorption measurements between 4 and 150K for samples with x

= 0.239, 0.253, and 0.259 and verified using the temperature-dependent data

reported here. The accurate temperature dependence of the energy gap allows a

more precise calculation of the dependence of the intrinsic carrier concentration

on temperature. The intrinsic carrier concentration, ni, of mercury cadmium

telluride is an important quantity that must be known accurately for understanding

and characterizing a wide variety of material and device properties. The results

of this study show that the values of ni obtained using the new relationship differ

from previous work by more than an order of magnitude at 5K for all x-values

studied.
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Extrinsic Properties of HgCdTe

During the past 20 years a large effort has been expended in characterizing

impurity and defect levels in alloys of HgCdTe. Despite this effort, most of these

levels still remain poorly understood. For example, deep level transient

spectroscopy (DLTS) is the most popular capacitance method of deep levels in

semiconductors. This technique has been used widely to characterize deep traps

in silicon and in the III-V compounds. 2 1- 2 3 The main problem with DLTS in

characterizing the narrow gap semiconductors is that it gives less accurate values

of deep levels, since DLTS method is used for wide-gap semiconductors and gives

not so many data points for narrow-gap semiconductors, and takes a long time to

fully characterize a defect. Admittance spectroscopy can also be used to see

easily shallow traps and/or fast levels. 2 4 This technique is spectroscopic with each

conductance peak corresponding to a particular trap energy and trap density. But,

admittance spectroscopy is limited for the most part to majority carrier traps, so it

can not completely specify a recombination center. Finally, thermally stimulated

capacitance (TSC)2 5 or current methods are limited by the background drift and

noise due to leakage currents.

To aid in solving the problem mentioned above, new sensitive techniques

must be developed and used to detect and characterize these levels. In this

section, a new method for observing and studying impurity/defect levels in

narrow-gap semiconductors is reported. This new method involves the combined

use of intense laser radiation and the techniques of magneto-optical spectroscopy.
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Structure is observed in the photoconductive (PC) response as a function of

magnetic field, the peak positions of which are independent of laser photon

energy. There have been a number of previously observed effects in

semiconductors where resonance positions do not depend upon photon energy

such as the magneto-impurity effect and impurity shifted magnetophonon effect.5 4

Hot electron conditions always seem to be necessary for observing these

resonances and they are achieved either by the non-ohmic conditions created by

applying large enough electric fields or else by photoexcitation of carriers deep

into the conduction band by optical excitation across the band gap. At low

temperatures (<15K), absorption and emission of optical phonons is completely

negligible in ohmic fields. But a large electric field can make some of the

electrons energetic enough to emit optical phonons. Also the appearance of

magnetophonon oscillations can be due to the heating of the electrons by the

incident radiation, so that a significant number of the electrons become energetic

enough to emit optical phonon. These effects are therefore distinct from intrinsic

and extrinsic oscillatory photoconductivity effects which have been studied in

many semiconductors at zero magnetic field. Magneto-impurity resonances

(MIRs) have been seen in n-GaAs, 5 5n-Jnp,5 6 n- and p-Ge,57and p-Te.5 8 These

resonances arise from inelastic scattering processes whereby a free carrier

resonantly exchanges energy with a second carrier bound to a shallow acceptor or

donor impurity in the presence of a magnetic field. Finally, impurity-assisted

magnetophonon resonances can arise from a process whereby an electron emits a
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longitudinal optical (LO) phonon in falling from a Landau level into a bound

state of an impurity.

In this experiment, the near-band photon energies from a CO2 laser are

used to perform a new type of spectroscopy for characterizing impurity/defect

levels that clearly differs from the magneto-impurity and the impurity shifted

magnetophonon effects. The main evidence for this is that the resonance

positions of the new spectroscopy and the impurity related spectroscopies (Both

are nearly periodic in 1/B) are not the same.

The interaction of laser radiation with semiconductors is in general a

complex phenomenon involving many different types of processes occurring before

equilibrium is regained. Which particular processes dominate or are important

depend upon such parameters as the laser photon energy, laser intensity, laser

pulse width, sample temperature, and sample doping. Illumination of

semiconductors with intense radiation also leads to carrier heating effects. Laser

based magneto-optical spectroscopy permits the study of this interaction of laser

radiation and allows the observation of a number of separate features or

resonances in the PC response versus magnetic field. These features must be

understood and appreciated in order to be able to interpret new structure.

As shown in Fig.4.1 for a sample with and a low temperature band gap of

Eg = 122 meV, four different features are observed in the spectra, depending

upon which combination of laser wavelength, magnetic field range, laser intensity,

and lattice temperature is used. First, two-photon absorption structure is seen at
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Fig. 4.1 Wavelength dependence of magneto-optical spectra for a sample
with x = 0.24 at 7K showing four different sets of structure related
to one-photon absorption (0), two-photon absorption (T), impurity
absorption (I), and the additional high intensity structure, which is
the subject of this chapter. The spectra for I = 9.29 Am have been
obtained at much higher laser intensities.
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at long wavelengths, high intensities, and high magnetic fields. These two photon

magneto-optical spectra have been extensively studied by Seiler et al., 35 in a

number of samples of HgCdTe and this structure is now well understood. At

shorter wavelengths, lower magnetic fields, and low laser intensities two sets of

magneto-optical structure are observed and identified by upward pointing arrows:

one-photon magneto-absorption (OPMA) structure and a broad impurity

magneto-absorption (IMA) peak just to the high field side of the largest OPMA

peak. This IMA peak has been attributed to electron transitions from a shallow

acceptor to the lowest conduction band Landau level.3 5 '5 9 These three sets of

resonant structure (one-photon, two-photon, and impurity) can be understood by a

Landau-level model, where peaks in the density-of-states occur at energies

corresponding to the extrema of.each Landau level. At these peaks there are

enhanced optical transition rates or electron scattering rates. The resulting

optically created electrons in the conduction band then cause an increase in the

conductivity or photoconductive response of the samples.

Figure 4.2 shows that at low intensities only one-photon absorption

structure is present; while at higher intensities a series of structures develops on

the low field (or high energy) side of the dominant one-photon peak at ~ 4.2T.

The magnetic field positions of this new, high intensity structure are independent

of wavelength as shown in Fig. 4.3. In the higher field regions of these spectra

one sees one-photon and impurity absorption structure which clearly has a

dependence on wavelength or photon energy. In order to better interpret this
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Fig. 42 Intensity dependence of the one-photon and the high intensity
structure for a sample with x = 0.24.
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Fig. 4.3 Wavelength dependence of the high intensity structure showing the
independence of the peak positions on photon energy.
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wavelength-independent structure, the magnetic-field modulation and lock-in

amplifier techniques were employed to increase the resolution of the oscillations.

An example of the improved resolution obtainable is seen in Fig. 4.4 where the

second derivative of the PC response is plotted as a function of magnetic field.

One can notice that the amplitudes of high frequency oscillation increase up to

25kG as the magnetic field increases, then the amplitudes decrease again and

show a doublet structure which comes from the presence of two different

impurity/defect levels.

Another sample with x = 022 exhibits similar wavelength independent

structure in the PC response, as shown in Fig. 4.5. It is clear that the two high

field peaks are much larger than the rest of the lower field series. Since the band

gap energy is 95 meV for this sample, the largest one photon peak has shifted out

of the measurable field range, thus all of the structure can be attributed to the

new mechanism. Figure 4.6 shows the second derivative of the PC response using

the ac magnetic field and lock-in amplifier technique. Here, the sensitivity of the

derivative method is clearly superior at low fields, with many more oscillations

observable below 2T, the limit of observability of the structure seen in Fig. 4.5.

Figure 4.6 clearly shows two dominant sets of structures: long period structure at

lower fields and higher frequency structure above l.4T. The complexity of the

data at high fields also indicates another possible set of structure.
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Fig. 4.4 High resolution data obtained by using ac magnetic field modulation
and lock-in amplifier techniques. The lock-in amplifier output
plotted on the y-axis represents the second derivative of the
photoconductive response versus magnetic field. The arrows indicate
experimental data points which are tabulated in Table 4.2. The
numbers on arrows correspond to those in Table 4.2.
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Fig. 4.5 Photoconductive response versus magnetic field showing the high
intensity structure obtained for a sample with x = 0.22 by using
boxcar averager techniques. The arrows indicate experimental data
points which are tabulated in Table 4.1. The numbers on arrows
correspond to those in Table 4.1.
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Fig. 4.6 High resolution data obtained by using ac magnetic field modulation
and lock-in amplifier techniques. This second derivative behavior
shows important structure at low fields and other structure at high
fields that cannot be seen with the boxcar technique. The arrows
indicate experimental data points which are tabulated in Table 4.1.
The numbers on arrows correspond to those in Table 4.1.
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The resonance condition that lead to the new oscillations in the

photoconductive response are diagrammed in Fig. 4.7. Electrons are photoexcited

across the energy gap via one photon absorption and then subsequently well into

the conduction band by absorption of a second photon of energy t . Note that if

the photon energy is less than the separation between the highest Landau level in

the valence band and the lowest in the conduction band, the sample is observed in

Fig. 4.3 and 4.5 to become almost transparent and the signal goes to zero. For a

resonance the transition energies AE 1I between conduction-band Landau levels

must equal the transition energies AELL between the highest valence-band

Landau level and an impurity level in the gap. The arrows indicate the electron

transitions from their initial to final states. Landau levels that are more than a

photon energy above the lowest conduction-band Landau level are not populated

and therefore do not contribute. An alternative possibility by which the electrons

can be promoted high into the conduction band is through Auger processes. This

would not affect the interpretation of the data, since in narrow gap

semiconductors, such as HgCdTe, the Auger process should be strongly

temperature-dependent. A process which depends on carrier-carrier interaction

should become more intense as the carrier concentration increases. Therefore as

the temperature increases, the carrier concentration increasingly proportionally to

T3/2 x exp(-Eg/kT), the Auger effect should increase accordingly.

A code was written to determine the transitions that correspond to the

observed peaks. The series of conduction-band Landau levels and the upper
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Fig. 4.7 A schematic of the electronic transitions that lead to the observedresonances. AELL is the energy difference between the initial and
final conduction-band Landau-level energies. AEjj is the difference
between the energy of the impurity level and the highest valence-
band Landau level. Resonances occur when photons of energy to
excite electrons across the gap and subsequently well into the
conduction band.
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valence-band Landau level were computed for the energy gaps of the two samples,

95 meV and 122 meV. A modified Pidgeon-Brown band model2 9 was used (since

the small effects of crystal anisotropy are hidden in the inhomogeneity of the

sample) with Weiler's set of band parameters 29 Ep = 19 eV, A = 1 eV, Y1 = 3.3,

Y2 = 0., Y3 = 0.9, K = -0.8, F = -0.8, q = 0.0, and NI = 0.0. The sample

orientation was assumed to be <111> and no exciton corrections were made since

only relaxation phenomena were observed.

First, the energy vs magnetic field dependence of the Landau levels was fit

using a parabolic spline. A value is then given as input to the code for the energy

of the impurity level above the valence band at zero magnetic field. The code

searched for magnetic fields that satisfied the resonance condition. Successive

values for the impurity-level energy were used until agreement was obtained

between theory and experiment. The code furnished as output the values of the

magnetic fields, Landau level numbers for the transitions, and the actual energies

of the impurity level above the upper valence-band Landau level. It was assumed

that the impurity/defect level does not shift with magnetic field.

The results for the two samples are given in Table 4.1 and Table 4.2. Table

4.1 gives the values for the experimental and theoretical magnetic fields, BexP and

Bth respectively, in Tesla, the Landau level numbers for the transitions, and the

resonance energies in meV for sample with x = 0.22 and a gap of 95 meV. All of

the resonances correspond to the series of Landau levels with spin state "a". This
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Table 4.1

Experimental BexP and theoretical Bth magnetic field positions for the peaks inthe photoconductive response, along with the conduction band Landau levelnumbers associated with the transitions and the impact ionization energies E11between the upper valence band Landau level and the impurity/defect level forthe sample with x = 0.22.

No. BexRT) Bth(T) Transitions EifmeV)

028
0.37
0.57
119
123
1.38
1.50
1.68

2.00
2.35
2.55
2.95
313
354
3.77
4.83
5.75
8.25

4 --+ 0
3..+0
2 -+ 0
l -+ 0
10 -+ 4, 7 -+ 2
8 --+ 3, 5 -1

9 -4, 6-.2
7 3, 4-+1
8 -4, 2 -0
5-+ 2
6 -. 2, 4-1
6-.. 3
3 -+ 1
5 -+ 2, 2 -90
4-+ 2
3 -+ 1
1 -. 0

15.0
151
151
15.2
45.2
45.2
45.2
45.2
45.3
45.3
45.4
59.4
45.4
45.5
59.5
45.7
59.8
60.0

1.
2.
3.
4.
5.
6.
7.
8.
9.

10.
11.
12.
13.
14.
15.
16.
17.
18.

0.26 0.02
036 0.02
058 0.02
1.20 0.01
1.25 0.01
1.38 0.01
1.54 0.01
1.75 0.01

2.01 0.01
2.40 0.01
2.48 0.01
2.85 0.01
313 0.01
3.61 0.01
3.78 0.01
4.83 0.01
6.01 0.04
8.07 0.04
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Table 4.2

Experimental BexP and theoretical Bth magnetic field positions for the peaks inthe photoconductive response, along with the conduction band Landau levelnumbers associated with the transitions and the impact ionization energies Ejjbetween the upper valence band Landau level and the impurity/defect level forthe sample with x = 0.24.

No. BeKkT)

1.
2.
3.
4.
5.
6.
7.
8.
9.

10.
11.
12.
13.

112 0.01
1.21 0.01
1.28 0.01
1.39 0.01
1.51 0.01
1.64 0.01
1.81 0.01

2.02 0.01
2.27 0.01
2.55 0.01
2.65 0.01
2.91 0.01
311 0.01

Transitions

118
119
126
1.41
1.52
1.69
1.87
1.98

2.24
2.54
2.65
.-

3.03

9 - 1, 7 -.+ 0
10 -- 2
8 -+ 1, 6 --+ 0
9-+2
7 -+1,5 -.+ 0
10 -. 3, 8 --+ 2
6-.. 1

9 -- + 3, 4 --+ 0
10 --+4, 7 .-+ 2

8-..+ 39
3-.+0

EfjmeV)

612
612
61.2
61.2
61.2
61.2
61.3
61.3
61.3
61.3
61.4

61.4

Bth (T)
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result implies that those states are preferentially pumped by the radiation and that

spin is conserved as well in the downward transitions involving impact ionization.

The data would show further splitting than are observed if the "b" spin state

Landau levels were involved. Three distinct impurity levels were extracted from

the data. The first was at very low field and corresponds to an impurity level of

15 meV at zero field.

Only transitions to the lowest Landau level were observed (1 -+ 0, 2 -+ 0, 3

-+ 0, 4 -+ 0). Those corresponding to the upper-level transitions were either too

"smeared" at these low fields or quenched by phonon-assisted transitions between

the levels. This energy corresponds to the shallow acceptor level seen by

magneto-optical methods5 9 and also observed in Fig. 4.1. The possibility exists

that the low field structure may be associated with an impurity shifted

magnetophonon effect where the donor is nearly degenerate with the lowest

conduction band Landau level. However, the determination of 15 meV 05 meV

for this energy seems to preclude this assignment since the LO phonon energy is

approximately 17 meV.

A second level identified is at 45 meV, which is near the middle of the

gap. These mid-gap levels have been seen many times before (see review of

impurity levels in Littler et al.).5 9 A third level was found at 59 meV above the

valence band (or at 0.62 Eg), which is closer to the conduction band. This level is

the origin of the four high field peaks in the data of Fig. 4.5. The lower field
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peaks correspond to the 45 meV level. Some of these peaks also appear in the

doubly differentiated signal given in Fig. 4.6.

The structure at low field in Fig. 4.6 tends to grow in amplitude and
"stretch" with increasing field. This behavior is also seen in the structure for the

other two sets of data. In fact, the calculations of the peak positions bear this out

by showing how the peaks should become progressively broader and less frequent

with increasing field. There is an interference between the second and third set

of peaks in the vicinity of 3-4 T, and this interference is a sign that two different

sets of resonances occur. Recent magneto-optical spectroscopy work on a p-type

HgCdTe sample with x = 0.216 and Eg = 91 meV found deep levels at 0.49 and

0.66 Eg above the valence band.60 This is in excellent agreement with the 0.47

and 0.62 Eg determination for the x = 0.22 sample, and 0.5 Eg for the x = 0.24

sample. The data given in Table 4.2 is for the sample with x = 024 and Eg = 122

meV. Only one set of resonances was observed with an impurity-level energy of
61 meV above the valence band at zero field. This energy is at the middle of the

gap. All of the peaks have been accounted for except one at 2.91 T. Presumably

this peak is associated with an impurity level closer to the conduction band as is

true for the third set of Table 4.1. However, the data do not go to sufficiently

high field to obtain a value for this third level. Likewise the data did not extend

to low enough field to see the peaks corresponding to level one of Table 4.1.

Finally, the magneto-impurity effect involving donor levels can be ruled out as an

explanation for the origin of the observed high intensity structure reported in this
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chapter. Because of the extremely light mass of the electrons, the energy

separation between ground and excited states of a donor calculated using this

model and the observed periodicities gives values much larger than the energy gap

of the samples.

Intrinsic Properties of HgCdTe

Introduction

The intrinsic carrier concentration, ni, of mercury cadmium telluride is an

important quantity that must be known accurately for understanding and

characterizing a wide variety of material and device properties. Examples of

pertinent measurements38that have been previously made to determine ni on n-

type material show considerable scatter. This scatter results from the much lower

mobilities for holes than for electrons and from the difficulties in measuring the x-

values of Hg-xCdxTe to accuracies better than x 0.005. Therefore a great deal of

effort has gone into calculating ni from. measured band parameters. 38- 3 9 The

calculations of Madarasz et al.,3 7 and Hansen and Schmit3 8 are in reasonably

good agreement, but are only as good as the values for the band parameters that

define them. This relation differs from that of Hansen Schmit, and Casselman 6 1

because dEg/dT goes to zero as T goes to zero from thermodynamic arguments,

where Eg is the energy gap and T is absolute temperature. 5 3 The new relation is

given by

Ejx,T) = -0.302 + 1.93x - 0.810x2 + 0.832x3 + 5.35 x 10 4 (1-2x) x
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(-1822 + T3 ) / (255.2 + T2

where Egis in eV, T in K, and 0.2 < x < 0.3.

The results of the measurements on the samples with x = 0.201 and 0.229

presented here are in excellent agreement with the predictions of Eq.(l), and gives

one confidence in using this relation for Edx,T) throughout a wide range of x-

values useful for HgCdTe infrared detector applications. Even though the

maximum difference between the energy gap obtained from Eq.(l) and that

obtained from the Hansen-Schmit-Casselman (HSC) relation is only about 4 meV

for x = 02 (sample with 10m cutoff wavelength) at 12K, the effects have

important consequences. Thermal energies kBT, where kB is Boltzmann's

constant, become very small at low temperatures relative to the differences

between Eq.(l) and the HSC relation. Therefore values of material quantities,

such as the intrinsic carrier density, are changed significantly by these differences.

The predicted behavior of junction devices will also differ markedly as a result of

which relation is used. Similarly, the interpretation of two-carrier Hall

measurements depends on the proper values for ni. Therefore intrinsic carrier

density, ni, as a function of T between 0 and 300K and as a function of x between

0.17 and 0.30 for use in material-characterization studies and for the prediction of

device operation have been calculated. The model which has been used to

determine the nonparabolicity of the conduction band is Kane's three band
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kop model.3 6 This model has also been used in the most recent calculation of ni,

which was performed by Madarasz et al.,37 Their calculation was an improvement

on earlier work38- 4 0 by not making any approximations other than those inherent

in the kop theory itself. Full Fermi-Dirac statistics and a momentum matrix

element that did not vary with composition or temperature over the range of

calculations have been used. The results show values of ni that differ from those

of Refs. 57 and 58 by more than an order of magnitude at 5K for all x-values

studied. Differences of approximately 7% occur even at 77K for samples

throughout the compositional range studied.

Theoretical Considerations

The calculations discussed here follow the general outline of Madarasz et

al.,37 except where they used the bandgap dependence, Egx,T), given by the HSC
relation. The HSC relation is given by

Edx,T) = -0.302 + 1.93x + 5.35 x 10~4(T)(1-2x)-0.810 x 2 + 0.832x3  (2)

As in Madarasz et al.,3 7 the theory of Kane3 6 was used to calculate the E(k)

relation for the conduction band of mercury cadmium telluride. This method uses

kep perturbation theory to calculate the conduction-band dispersion relation in
the vicinity of the r point. Interactions with the light-hole and split-off valence

bands are also included. To first order the conduction band does not interact
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with the heavy-hole band, and therefore this band is not included. The resulting

secular equation leads to the cubic equation in energy3 6 .

E'(E' - Ed(E + A) - k2p2 (E' + 2A/3) = 0, (3)

where E' = E - hA2 / 2mo, E is energy above the valence-band maximum, k is

the wavenumber, mois the mass of the free electron, A is the energy of the split-

off band below the valence band maximum, and P is the momentum matrix

element between the conduction and valence bands. The value of A is taken to

be 1 eV, 2 9 and the value of P to be 8.49 x 10-8 eV-cm.29 Madarasz et al.,3 7 varied

the value of P with composition by a few percent to obtain better agreement with

measured effective masses. However, theoretically, it should be constant in the

virtual crystal approximation that converts the ternary compound to a pseudo-

binary. The variations in the effective mass, accounted for by varying P, probably

result from interactions with other bands, which have been neglected in this

theory. Thus, P has been kept constant in order to deal directly with the effect of

the nonlinearity of the temperature dependence of the energy gap, and because

any effective variation in P is very small over small range of x studied here. The

intrinsic carrier density is determined by solving the charge neutrality condition

with the following equation, from Eq.(l) of Ref. 37 where energy is in Rydberg

units and length is in atomic units:

2,3/2 mdh*-3/20 f 3Ye1dye/dx)dx

T2 ) 3 Ee 1+eelx 1,
Pr2MOfEg 7I+ ()(4)
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Where B =1/kBT, mdh* is the density of states effective hole mass, the function

ye(x/p) = k2 for the conduction band,

1 = PEF, EF is the Fermi energy, and k is the electron wavenumber. Note that

the lower limit of the integral in Eq.(4) is the reduced bandgap because the zero

of energy is the top of the valence band. The computation time for the integral in

Eq.(4) has been significantly reduced by performing an integration by parts that

removes the derivative from the integrand. The resulting equation is

~~~3/2 Idj3/2e 
X r 31 (x) (1-f(x))dx = 1,

i"'r (o 0I PEg =1(5)

where f(x) = 1 / (1 + e@7) ), and f(x) is the Fermi-Dirac distribution function.

The density of states effective hole mass is computed by adding the

contributions from the heavy-hole band and light-hole band. The heavy-hole band

is assumed to be parabolic, which is a good approximation because the split-off

band is well below it in energy. However, it is not spherically symmetric, and

therefore the heavy-hole effective mass is computed from the following integral

over spherical coordinates:

mhh* 3/2 4 1/41 m*3/2

(mo) = 0dcos6d$
mo 7r 0 0 M-0 

(6)
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where

SP Ep 2 Ep 2 1/2

mo) 3Eg +Y[(6Eg+ + + E+ ](7)

The value of Ep is 19.0 eV, n = 3.3, q2= 0.1 , and Y3 = 0.9.29 These values of

y 1y and Y3 determined by Weiler are also consistent with both one-photon and

two-photon magneto-optical measurements. The result is that m../mo is

approximately 0.47 for the small energy gaps considered in this work. This is

larger than the value of 0.443 of Ref.,3 8 but smaller than the value of 0.55 used

by Madarasz et al.,3 7 and Seiler et al.5 2 Both of these references neglected the

small contribution of the light-hole band. In earlier work,52 the value of 0.55 m0

was used for the heavy-hole mass and the light-hole band was neglected to be

consistent with Ref. 37.

The light hole band is nearly spherical, but is very nonparabolic. The

thermally averaged mass, ((mlh* /ms), is computed from the integral:

* 3/2 .4 3/ 2 0(- 3/2 f 2exp(x)dx,(

wf)fian( 8 )

where the function yllfx/,e) = k2 for the light-hole band. Thus one obtains:
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*3/2 *3/2 * 3/2mdh mhh l

M-0) M 0 mo (9)

The function ye(x/ 1) and y(x/f/) are found by solving Eq.(3) for y = k2. The

resulting cubic equation for y is solved directly to yield Ye and ylhfor their

allowed energy ranges. The integrals in these equations are evaluated

numerically, and a special routine that uses a Newton-iteration technique finds the

value of r in Eq.(5). Note that full Fermi-Dirac statistics have been used for the

conduction band while nondegenerate statistics have been used for the valence

band. The reason is that the electron effective mass is much lighter than the hole

effective mass so that the Fermi energy is much closer to the conduction band

edge than to the valence-band edge. Thus, generally the valence-band edge is

more than the required 4kBT below the Fermi energy so that nondegenerate

statistics can be used. The code always checks for this so than an error cannot

occur. If the valence band is not nondegenerate, Eqs.(5) and (8) can be modified

so that integration over the valence band with Fermi-Dirac statistics is performed.

Once the Fermi energy is found, the intrinsic carrier density is computed

by calculating either the hole or electron density. If the valence band is

nondegenerate, the hole density is found more easily, and one obtains

(Orf)-3/2 *3/2mdh
4im = (_1) e.0)



90

Results and Discussion

One-photon magnetoabsorption spectra were recorded at various

wavelengths for each of the samples in order to determine accurate values for the

energy gap at each temperature. Fig. 4.8 shows the photoconductive response of

sample (x = 0.229) for various CO2 laser wavelength at 5K. The one photon

peaks (OPA) shifts toward to lower field as the laser wavelength increases so that

the resonance condition is satisfied. Each peaks corresponds to the K1 , K2 K3

transitions in Table 4.3. The data of transition energy versus magnetic field were

analyzed by using the Pidgeon Brown energy-band model along with an exciton

correction of 2 meV. The exciton correction was determined from a comparison

of the two-photon and one-photon absorption data for the samples with x between

0.239 and 0.259.35 Excellent agreement was obtained between theory and

experiment with Weiler's set of band parameters 2 ? Ep = 19.0 eV, A = 1.0 eV, yn
3 .3, Y2= 0.1, and Y3 = 0. 9, F = -0.8, q = 0, N = 0, andK = -0.8. The energy

gaps extracted from data fitting technique were tabulated in Table 4.4 for both

samples (x = 0.229, x = 0.201).

Fig. 4.9 shows the temperature dependence of the PC response of sample

(x = 0.229) at I = 9.55 m. The one-photon absorption peak shifts to the lower

field side as the temperature is increased to satisfy the resonance condition.

Comparisons between the energy gaps obtained from one-photon

magnetoabsorption data and the predictions of Eq.(l) for the energy gap as a
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Fig. 4.8: Photoconductive response of sample (x = 0.229) for various CO2laser wavelength at 5K.
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One-photon Magnetoabsorption Transition assignments for observed
structure in HgCdTe.

Designation

K1

K2

K3

K4

K5

Energy-level transition

a+(-1)- ato)

b+(-1) a-(O)

a+(0) - a 1)

b+(O) - b91)

a +(I) -+a 2)

Polarization

aL

aL

aL

aL

aL

a: spin up state

b: spin down state

+: light hole band

-: heavy hole band

c: conduction band

Table 4.3:
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Experimental energy gap as a function of temperature for x = 0.229,
x = 0.201 sample

x = 0.229 sample

Temperature(k)

5

8

11

14

17

20

23

25

27

30

35

40,

50

60

70

80

Ener ap(meV)

105.5

1055

1065

107

108

1095

110.5

114.4

111.9

113.4

114.8

1165

1195

122.5

125.0

127.5

Table 4.4:
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x = 0.201 sample

Temperature(K)

5

8

11

14

17

20

30

40

50

60-

70

80

90

Ener gy gap_(meV)

60

60

60

62

63.5

64.5

675

71.5

74

775

805

835

85.5
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Fig. 4.9: Temperature dependence of the photoconductive response of
sample (x = 0.229) at I = 9.55 ym. Note that the OPA peak shifts
as the temperature change.
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function of composition x and temperature T is shown. Fig. 4.10 shows the

excellent agreement between prediction and experiment for the temperature

dependence of the energy gap of a sample with x = 0.229. In the actual fit, the

value of x was taken to be 0.2285 for best agreement. This small change in x-

value is within the experimental uncertainty. The slope of the curve of Eg vs T

initially rises rapidly and then decreases beyond about 20K to reach the

asymptotic value of the HCS relation at temperatures above about 100K. The

temperature dependence of the gap for a sample with x = 0.201 is shown in Fig.

4.11. Again, the agreement between prediction and experiment is excellent. The

agreement that has been obtained between Eq.(l) and data over the compositional

range of 0.20 to 0.26 from this and earlier work gives one the confidence to use

Eq.(l) to predict the intrinsic density over the narrow-gap compositional range of

0.17 to 0.30.

The result of the ni calculation between 4 and 100K for x = 017 is shown in

Fig. 4.12a. The logarithm of ni for both Eq.(l) (solid) and the HSC relation

(dotted) is plotted. One can see that at 5K the difference is more than an order

of magnitude, while the differences become small above 77K. The ratio of ni

computed with the new relation to that computed with HSC relation is shown in

Fig. 4.12b for the same composition. Even at 77K, the percentage difference to

be about 7% between the two relationships is calculated. The same set of graphs

in Fig. 4.13 and Fig. 4.14 for the x-values of 022 and 0.30, respectively, are shown.

It is not possible to see the difference between new results and those based on the
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Fig. 4.10: Energy gap of sample with x = 0.229 as a function of temperature.
The fit by the new relation with x = 0.2285 is the solid line.
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Fig. 4.11: Energy gap of sample with x = 0.201 as a function of temperature.
The fit by new relation is the solid line.
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HSC relation directly in Figs. 4.13a and 4.14a because of the rapid variation of ni

with T for these larger-gap materials. However, from the logarithms of the ratios

given in Fig. 4.13b and 4.14b, one observes that the overall differences are similar

to those of Fig. 4.12b, which shows that new energy gap relation is important

throughout the long-wavelength region of mercury cadmium telluride.

The differences between the results of Hansen and Schmit3 8 and Madarasz

et al.,37are less than 10% in the range of x-values between 017 and 0.30 because

the differences due to the larger effective mass in Ref. 37 are compensated by the

use of full Fermi-Dirac statistics in Ref. 37. Thus, whether one compares the

results from new calculations with either those of Ref. 38. or those of Ref. 37, the

overall behavior will be similar. At temperature below 50K the new relation gives

significantly larger values of ni than either previous one, while at temperature

near or above 77K the difference is small among all three sets of calculations

The calculated values of ni for x-values between 0.18 and 0.30 in steps of

0.01 and temperatures between 50 and 300K in steps of 5K have been fitted by a

nonlinear least-squares routine to the following function, which is a higher order

extension of that of Hansen et al.,3

ni= (A + Bx + CT + DxT + Fx2 + GT2 )10' 4 E1 T31 xp(-Eg/2kBT)

(11)
where A = 5.24256, B = -357290, C = -4.74019x10~4 D = 125942x10~

F = -5.77046, and G = -4.24123x1-6
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Fig. 4.12: a) Logarithm of the intrinsic carrier density, ni, (cm-3) as a
function of temperature for x = 017. The solid line is with
new relation and the dotted line is with the HSC relation

b) Ratio of ni from the new relation to ni from the
HSC relation.
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Fig. 4.13: a) Logarithm of the intrinsic carrier density, ni,(cm-3) as a
function of temperature for x = 0.22. The solid line is with
new relation and the dotted line is with the HSC relation.

b) Ratio of ni from the new relation to ni from the HSC
relation.
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Fig. 4.14: a) Logarithm of the intrinsic carrier density, ni(cm-3), as a
function of temperature for x = 0.30

b) Ratio of ni from the new relation to n- from the HSC
relation.
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This equation provides a fit to within 1% over the specified range. The

prefactor in Eq.(2) represents the deviation from the form given by the rest of the

expression, which is the form for parabolic bands.

These results have implications generally for materials characterization and

device operation. In device operation it is usually necessary to compute diffusion

currents for minority carriers, which depend on n12 . Recombination is also

sensitive to ni with radiative and Auger recombination varying as n2. A quantity

of great importance to the operation of infrared detectors, the resistance-area

product ROA., also depends on n?. Tunneling currents and impact ionization

depend exponentially on the energy gap so that there is definite need to use

Eq.(1) in expressions for these quantities, especially at low temperatures.

The reason that such quantities depend on so critically on the value of Eg at low

temperatures is that the thermal energy, kBT, is so small. Thus it is important to

include the nonlinear temperature dependence of the energy gap of Hgl.-CdTe

when modeling the low temperature operation of long-wavelength detectors. It is

also important to include the effect when modeling two-carrier material properties

such as the Hall coefficient in very narrow-gap materials at low temperature.



CHAPTER V

CONCLUDING REMARKS

In this investigation, cyclotron and combined resonance harmonic

transitions between free-electron and magneto-donor states in InSb for the

crystallographic orientations BI<l1l> and B<100> have been observed. As a

result, the anisotropy of the effective mass and effective g-factor of conduction

electrons have been determined simultaneously in the same experiment. The data

has been analyzed using a five level kop energy band model which accounts for

the nonsphericity of InSb with one parameter (Q). This five band model has the

merit of describing the anisotropy of the r6 conduction band exactly with one

parameter (Q), which is the matrix element coupling the r19 conduction bands to

the r1f valence bands. The theoretical fit to the data has been used to determine

the value of the matrix element EQ= 2mg22/ h. It is seen that the experimental

and theoretical anisotropy of the electron g-factor is much larger than that of the

electron effective mass.

The following energy band parameters for InSb were obtained: Epo =

23.43 eV, Ep1 = 4.92 eV, EQ = 13.99 eV, C = -0.4, C' = -0.004, Ei = 311548 eV,

A1 = 0.39 eV, Eo = -0.2352 eV, Ao = -0.803 eV and A = -0163 eV. From the

energy band parameters, the band-edge values mc* = 0.01365 m0 and g* = -50.9

were obtained. In addition to the free electron transitions, the donor shifted

111
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variants of these transitions were observed.

Structure in the photoconductive response of n-type Hg-xCdxTe samples

with x = 0.22 (Eg = 95 meV) and x = 0.24 (Eg = 122 meV) at 2-10K in the

presence of magnetic field and under intense laser illumination have been studied.

Oscillatory behavior as a function of magnetic field was observed in the

photoconductive signal. The peaks of these oscillations were shown to

correspond to resonances associated with Landau-level transitions. When the

energy difference between any two conduction-band Landau levels is equal to the

energy needed to impact ionize a valence electron from the highest valence-band

Landau level into a deep trap, there is a peak in the data. This is the first time

that such an effect has been seen for impact ionization into deep traps.

Resonances in the sample with x = 0.22 corresponds to impact ionization from

the highest valence-band Landau level into an acceptor level at about 15 meV,

and into two deeper levels at 45 meV and at 59 meV above the valence band

edge. A level at 61 meV has been found for the sample with x = 0.24 and a gap

of 122 meV. Midgap levels, seen before in similar samples, support these results.

Thus, this new type of spectroscopy can be applied to numerous samples to locate

the impurity levels within the forbidden gap.

The intrinsic carrier density of Hgp-xCdxTe for x between 0.17 and 0.30 as

a function of temperature between 4 and 300K has been computed. A new,

accurate relation for the energy gap has been used, which was determined from

one- and two-photon magnetoabsorption spectroscopy. It is seen that large
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percentage differences exist between the new calculations and previous values for

the intrinsic carrier density. Even at 77K the differences approaching 10 percent

exist. As a result, it was confirmed that the nonlinearity of the temperature

dependence of the energy gap shoud be included in the energy gap expression.

Therefore the new relation for the energy gap has important consequences in

materials characterization and device operation at temperature below 77K.
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