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FINAL REPORT

OF

SUPERLATTICES AND SEMICONDUCTOR/SEMICONDUCTOR

INTERFACES 1

UNDER

a'.' CONTRACT NO. DAAG29-80-C-OlO3

SECTION I

I NTRODUCT ION

The major thrust of this research program was to study

the properties of small structures and materials that could

be very important in various electronic devices. This

research program consisted of both experimental and

theoretical studies aimed at solving some of the outstanding

problems in this general area of research. Particular

emphasis was placed on materials with application as IR

detectors.
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SECTION II

SPECIFIC RESULTS

A. Superlattice Review Article

Under the support of this contract a major review

N article on the theory of superlattices was prepared for

inclusion in a volume being edited by L. Chang (See Appendix

A, Publication 1). The volume will be published by Academic

Press sometime in the near future. This review article

should stimulate continuing research into the properties of

superlattices which are currently showing a great deal of

promise for application in infrared detectors.

B. HgTe-CdTe Superlattices

Sometime ago under the sponsorship of the Army Research

Office, J. N. Schulman and I proposed the use of HgCdTe

superlattices as a new infrared material. During the period

of sponsorship of this new program, we made substantial

strides in our understanding of the HgTe-CdTe superlattice

and indicated even more strongly its usefulness in the

infrared materials area. In the original paper, it was

pointed out that the HgTe-CdTe superlattice would allow one
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to form materials with band gaps which were independent of

the composition of Hg and Cd. In our more recent work, we

have explored the implications of the superlattice for

cutting down one of the major problems in narrow band gap

materials, that is, the tunneling current in device

structures. We find that the HgTe superlattice offers very

substantial advantages over the corresponding alloy in the

reduction of the tunneling current in narrow gap systems in

various device applications. The results of this study are

published in an Applied Physics Letter given as an appendix

to this report. (Publication 2 and presented at the

International Conference on Superlattices (see attached

papers, Publications 3 and 4)).

*4 C. k . p Method for Treating Properties of

Superlattices

Much of the early theoretical studies of superlattices

was carried out in the tight-binding approximation. This

- theoretical approach has a major disadvantage in that it

requires the input of parameters describing the electronic

band structure of the bulk which are not directly

measureable. Further, much of the interest in the HgTe-CdTe

and other superlattices that might be used in infrared

applications is in the electronid properties at near band

gap. Hence, we have sought to develop a new theoretical

S.V .
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technique that lends itself to solving the problems of the

near band gap properties and also will form the basis for

describing devices formed from superlattices. The theoretial

approach consists of defining an average material and then

treating in perturbation theory the various perturbations due

to the superlattice. This approximation can obtain very

"' accurate properties for superlattices. This technique

promises to form the basis for much of the treatment of both

the physical properties and device properties of various

superlattice structures.

D. Doping in Superlattices and Quantum Well Structures

One of the essential controlling aspects of

semiconductors is doping. Doping is the basis under which we

form many devices in homogeneous materials. Under this

.! program, we made the first theoretical study of doping in

small structures in superlattices. We have found that in the

superlattice structure the binding energy of dopants can be

changed very substantially. For example, in the GaAs-GaAIAs

system, we have found that the binding energy of impurities

can be increased by as much as a factor of four. The results

are reported in the papers included in Appendix A,
Publications 5, 6 and 7. Much of the theoretical work is now

being investigated experimentally in a number of

laboratories. Preliminary results indicate that our
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predictions are in fact in agreement with what is being

observed experimentally. The results of this study are

reported in a number of publications which have been included

in the attached appendices.

E. Tunneling and Transport Calculations for Barrier

Structures

In recent years it has become widely accepted that in

high speed devices the distribution of electrons at various

critical parts of the device is very important in determining

the actual speed of the device. We have carried out

theoretical studies of the transport of electrons across

GaAIAs structures imbedded in GaAs. We have found that for

the conduction electrons it is possible to form thin layers

of GaAIAs which will act as electron filters. For example,

our theoretical work suggests that it should be possible to

form thin layers of GaAlAs that will suppress the L point

electrons and hence increase the speed performance of

devices. The results are reported in the papers in Appendix

A, see Publications 8 and 9). Experiments are currently in

progress to attempt to verify these theoretical predictions.

F. Study of Deep Level Transient Spectroscopy for CdTe

Because of our interest in the properties of the

4
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HgTe-CdTe Interface, we have been making measurements at

Caltech on the band offset for this structure. Early

experiments by J. McCaldin and T. Kuech indicated that the

band offset was substantial beyond that predicted by simple

theoretical arguments. One possible cause of this deviation

could have been deep levels imbedded in the CdTe. Hence, we

embarked upon the first theoretical study of the deep level

in CdTe, using deep level transient spectroscopy. Both n-

and p-type samples were explored. The deep level spectra for

these samples were reported in a series of papers which have

been attached in Appendix A, Publications 10 and 11. This

piece of work is forming the basis of much of our

understanding of the deep levels in CdTe.

SECTION III

STUDENTS AND VISITORS SUPPORTED UNDER THE ARO CONTRACT

Funds provided by the ARO have been used to support four

graduate students and two visitors. Three of the graduate

students were U.S. citizens and one was Canadian. Both of

Sthe visitors were citizens of the U.S. One graduate student

that has been supported under this program who has completed

his Ph.D. is currently working for the Xerox Corporation.

The list of these various personnel, the position under which

they were supported, their citizenship, and current position

is given in the following table:



Person Position at Time Citizenship Current

of Support Position

Reuben Collins grad student USA Finishing

PhD

Christian Mailhiot Canadian Xerox

D. L. Smith visitor USA Los Alamos

Scientific

Labs

T. Jones grad student USA Finishing

PhD

R.Hauenstein USA Finishing

PhD

J.N.Schulman visitor USA Professor

of Physics

University

of Hawaii
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L INTRODUCTION

Superlattices present the theorist with an opportunity to apply some of

the basic principles of solid state physics. The basic question of the role of

periodicity in determining the properties of solids is put to new test in the

artiflcially created world of the superlattice. These new man-made materials offer

possibilities for providing solids with new electronic spectra, lattice vibrations,

collective excitations, transport properties and dielectric properties.

Much of the theory of the superlattice depends on adequately applying our

undstanding of the bulk properties of the costituent materials in the new

periodic structure In this approach to the problem, the superlattice is made up

of lagers of bulk materials with a nasty, hopefully unimp- tant, interface between

adjacent layers. A full understanding of the superlattice requires that the inter-

face region also be understood. The relationship between bulk and superlattice

properties is discussed in Section IL Given the assumption that the interface does

not cause undue disruption, there are several theoretical techniques which ae

useful in calculating superlattice electronic properties. The methods, which are

generalizations to the superlattice of techniques that have previously been used to

examine bulk semiconductors, are discussed in Section IlL Section IV concentrates

on some of the results of the calculations, illustrating typical characteristics of

superlattice electronic structure. Section V surveys the physics of phonons in su-

perlattices. Phenomena similar to that exhibited by the electronic spectra occur

also for phonons. Section VI surveys a variety of physical phenomena in superlat-

4
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tices, especially those which ae just starting to be explored both theoretically and

experimentally. These include optical properties, impurities, transport properties

and collective excitations. Conclusions are presented in Section VII.

IL ENERAL CONCEPTS

On the most fundamental level, ny particular superlattice consisting of al-

ternating layers of a specified pair of semiconductors with specified layer thick-

nesses can be viewed as a completely new material. A more useful approach

recognizes that each alternating layer is made up of a bulk semiconductor, such as

GaAs or AlAs, whose bulk properties may be well known. Although the following

point of view may prove inaccurate when the alternating layers are very thin, it

Is often useful in obtaining a qualitative understanding of superlattice properties

to consider it as consisting of alternating layers of semiconductors whose bulk

* properties are left somewhat intact. This does 'not imply, however, that the su-

a- . perlattice properties ae necessarily a simple superposition of the properties of its
"-',

two constituents. Although the bulk properties, such as the electrostatic potential

or ionic positions, are envisioned as remaining unchanged, the boundary condi-

tions satisfied by the electron or phonon wave functions are influenced by the

thickness of the layers in the superlattice. This section discusses two concepts

which follow from this point of view: band folding and mixing of bulk solutions

'P with complex wave vectors.

- 5
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A. Band Folding

The band folding concept Is a simple method for obtaining an approximate

understading of electron or phonon dispersion curves in a superlattice. Defining

- the 8 direction to be perpendicular to the alternating layers, the electron or

phonon enhrg, E, versus wave vector in the x direction, ks, can be roughly

predicted from the known E versus ka dispersion curves for the bulk materialLs

This can be done by displaying the bulk dispersion curves while assuming an

extended bulk unit cell in the z direction. For a superlattice with a total of

L atomic iaers of Its constituent semiconductors per superlattice unit cell, the

bulk =mit cell should also consist of L layers. In the extended sone scheme,

the superlattice potential would open up gaps in the bulk dispersion curves at

intefas of 21r/L. (where a is the spacing between atomic layers) in ks. Folding

these curves back into a single Brillouin sone of width 2w/La would give the

superlattice dispersion curves. Thus, folding back the bulk dispersion curves in

the same manner as If there were an extended unit cell gives an approximation

to the superlattice dispersion curves.

Although this approximation seems crude, it is useful in sorting out the

multiplicity of superlattice bands produced due to the large superlattice unit

cell as compared to the bulk unit cell and can lead to qualitative results for

the dispersion curves. Figure 1 shows a clea example. The GaAs-AIAs (100)

* uperlattice band structure in the 1100 direction is plotted for three GaAs layer

.-* thicknesses (Jvanov and Poflmann, 1979). The folded bulk GaAs band structures

(dotted lines) provide good.approximations to the superlattice curves (solid line).

6

U,, , .-. . -, .. -. , . -o .- - -.,-..-. A-.-,%& '-, - - -. k,- - -... . . -.- -.. . . . . , -- . .. . ..

% % ',. ,, .,-...:...... . . .,. .--.. ,. > .-, ; . -,- ,..-...,:% -.. - ... . ..:.-...,:,,- . .-... .:...:':....,'-



The main differences are shifts in energy and a splitting of bulk degeneracies at

nse edgs.

B. Bulk Solutions with Complex Wave Vectors

Another useful concept which relates the superlattice properties to those of

its constituent bulk materials is that of describing the superlattice electron or

phonon wave function in terms of bulk states with complex wave vectors. By

these are meant solutions to the bulk Schr5dinger equation with complex values

, of kx:
of

with i - , 2 labelling the two bulk semiconductors, It, the wave vector parallel

to the superlattice planes, and n labelling the allowed ks values for fixed It,

i, and E. Recently, a simple and efficient method for finding the complex kz

solutions to this equation has been developed within the tight-bhdin k-p, and

pseudopotential schemes (Chang and Schulman, 1982)
.ia ~The usefulness of the complex wave vector states is that the superlattice

Hamltoianaway from any disruption near the interfaces Is equal to the bulk

AHamiltonians of one or the other of the constituent mateials The superlattice

wave function in these regions, therefore, can be written as a linear combination

of bulk complex solutions with the same energy and t (Schulman and McGill

>' (1981), Schulman and Chang (1981a)).

- CVv() (2)

within material i. The solutions with complex values of ks represent evanescent

... ,., - , -,,,.. . . . -...........



states with decay lengths equal to (Im(k)) 1- .

c~: In general, a full calculation is needed to determine the exact linear corn-

binations in Eq. (M). There are enery ranges of interest, however, in which

symmetry or other considerations limit the number of complex k. bulk states

which contribute substantially to the superlattice wave function. In these caes

much can be learned about the superlattice wave function from an analysis of the

complex wave vector bulk states alone. In the more general cas, the coefficients

C(.4 In Eq. (2) give the mizing of the complex wave vector bulk states by the

superiltice potential. This vill be discussed in more detail in section IV C.

EL CALCULATION OF ELECTRONIC PROPEWIIE

'I,
.1

This section will discuss the methods which have been used to calculate

the electronic properties of semiconductor superiattices. In order of Increasing

computational complexity, these are the quantum well model, the two-band

approximation, the full tight-binding method, and the pseudopotential method.

The different methods rely to varying degree on empirical parameters which are

related to the bulk or atomic properties of the two constituent semiconductors.

K, The effects of this and of the other assumptions In the various models on the

calculated electronic properties will be discussed here.

8
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A. Band Ofets

The first three methods share a common empirical parameter whose value

must be found - the band offset. In all three methods the bulk band structure

of each constituent material, or at least that part of it which is of interest, is

independently determined with an arbitrary energy sero. The parameters which

produce the bulk band structures are then to be used in the superlattice calculs-

tion, but first the relative energy lineup, the band offset, must be determined.

Attempts to calculate the offsets theoretically have not been conclusive.

Several approaches have been taken. The simplest guide to the offiet value is

the electron afniy rule (Milnes and Feucht, 1972). This method locates the con-

duction band edge of each material relative to the vacuum using the experimen-

tally determined bulk electron afinity. Inaccuracies arise from experiment -

certainties (typically tenths of eV's), and the omission of surface and interface

effects Harrison (1960) used a unified tight-binding model to predict electron

affinities, and thus ofets, theoretically for several materials. Trends seem to be

qualitatively described, but the accuracy is limited by the omission of Interface

effects and self-consistency. Two more detailed, theoretical attempts to deter-

mine the offsets were the electrostatic potential matching scheme of FRensley and

Kroemer (1977) and the application of the self-consistent pseudopotential method

(Pickett t al, 1978, Ihm o&aL, 19T9) to the problem. As will be shown, these

methods also had limited success. It is possible that a more detailed structural

and chemical knowledg of the atomic lqets very close to the interface is needed

to produce more accurate values.

9
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o Tables 1, 2, and 3 demonstrate the variation in the values of the otets as

calculated by several methods. Also listed are experimentally determined values,

which for the Ga*s-Ga(l-x)AlxAs and hA,-GaSb superlattices are relatively

well determined& For example, Table 1 lists values for the GaAs-AAs valence

band maxima discontinuity as a fraction of the total difference in direct band gaps

between the two semiconductors (see Fig. 2). The generally accepted value is that

of Dingle, Gosard, and Wiegmann (197S), AR/AES - 0.15. This value was

originally determined by using a simple well model to fit features in the optical

absorption spectra of the GaAs-Ga(1-x)AlxAs superlattice. It has since then been

used succesdully in analysing optical spectra from superlattices, quantum wells,

and two.dimensional electron gases at the GaAs-Ga(1-x)AxAs interface. Only

the theoretical calculation of Pickett at .L, using a self-consistent pseudopotential

"4 method, is close to that of Dingle statL The electrostatic potential matching

scheme of FRensley and Kroemer (1977) and the unified tight-binding model of

Harrison (1980) both produce discontinuities which are substantially different from

Dingle's value.

The situation is similar for the InAs-GaSb heterojunction (Table 2). The

critical parameter here is E,, the GaSb valence band maximum energy minus the

InAs conduction band minimum energy (see Fig. 3). Several experiments have

been successfully analysed using values of E, between 0.06 and 0.15 eV. Using

electron atmnities to locate the conduction band edges relative to the vacuum

level seems to be accurate in this case (Sa-Halass at aL, 197T). It produces a

'value for E# of 0.14 eV which compares well with the 0.15 eV value deduced from

10
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.. analysing experimental superlatice enerV pP. with a simple two-band model

(Sai-Halau 44 AL, 19T8a). Madhular e L, (1979) fit the same data with a tight-

binding model and found a value of 0.06 eV for Ev. In this case Harrison's method

arees roughly with the en findings, while Fensley and Kroemer's does

not. The self-consistent pseudopotential method which seemed successful in the

GaAs-ALAs cae i less accurate for InAs-GaSb, perhaps due to the neglect of the

spin-orbit interaction (Ibm et al., g79).

The band offsets which have been most extensivey studied experimenuty

N are those of the Ge-Gams system (Table 3). The consensus of the more recent

experiments (raut t &l., 1980, MNnch et aL, 1960, Bauer, 1981) is that the

valence band discontinuity lies between 0.36 eV and 0.53 eV. The electron adinity

rule (Shay et aL, 1976) fails here, while the theoretical approaches give a large

range of values (Frensley and Kroemer, 1977, Pickett et aL, 19T8, Harrison, 1980,

Brad at Al., 197T, Kunc and Martin, 1960).

The CdTe-HgWe heterojunction and superlattice are at an early stage of

experimental investigation. Measurements by Kuech and McCaldin (1962) imply

a valence band ofet in this system that is not as small as that predicted by

electron affiniy argment They speculate, however that this mq be caused by

inversion at the interface and that the true offset may be smalL

B. Quantum Well Model

The electronic structure of superlattices of certain compositions and in cer-

tain enersy ranges can be obtained from a simple quantum well modeL For ex-

', " 11
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ample, the band offsets for the GaAs-Ga(I-x)AxAs superiattice are such that

the bulk conduction band minima and valence band maxima line up as shown in

.. Fig. 2. The band gap of the Ga(1-x)AIxAs forms a barrier to the electrons in the

r-.. GaAs conduction well and the holes in the GaAs valence well. The simplest cal-

culation based on this model uses the effective mass approximation and writes the

electronic wave function as a plane wave, just as in the Kronig-Penney problem

(Esaki and Tsu, 1970). The energy solutions form a series of minibands within

the conduction and valence wells.

It is clear that for values of x such that the Ga(i-x)AlxAs alloy has a direct

band gap, the band edges indicated in Fig. 2 should be the direct edges For

x greater than 0.4 , however, Ga(i-x)AlxAs has an indirect conduction band

minimum at the X-point. The quantum well model gives no guidance as to which

minimum to use. In general, a more detailed calculation which includes more of

- the band structure is needed.

This model has been widely used to analyze experimental data, especially

optical experiments. As long as the widths of the alternating layers are large,

> 50 A, the quantum well model should give an adequate description of the

electronic structure of the lowest conduction bands and highest valence bands.

This has indeed been the case for most of the superlattices on which experiments

have been performed.

Several steps can be taken within this framework to improve agreement with

experiment over the simple Kronig-Penney calculation and to extend the validity

of the model over a larger energy range. A major defect in the model is the as-

- 12



sumed parabolic bulk energ dispersion curves at all energies resulting from the

the effective mass appraimation. Since the accuracy in the determination of the

superlattice energy levels can be no better than that for the bulk semiconductors,

it is important to use bulk dispersion curves which are as accurate as possible.

Fig. 4 illustrates the deviation from parabolicity of the bulk GaAs and AlAs

energy bands in the fundamental band gap region. It shows parabolic dispersion

- curves superimposed on dispersion curves determined from a tight-binding cal-

culation with the same elective masses at the valence and conduction band edges

(Schulman and Chang, 1981a). In order for a superlattice state energ to be

Scorrectly computed from a Kronig-Pesney model calculation, it is necessary that

the energy lie within the parabolic regions of the GaAs and ALA bulk bands.

It can be seen that the GaAs conduction band parabolic curve begins to

* depart significantly from the results of the tight-binding calculation for energies

greater than roughly 0.5 eV above the conduction band minimum. Fortunat ly,

most recent experiments on GaA&.Ga(I-x)AxAs superlattices have investigated

electronic states which fall within this range of energy. For example a GaAs-Alks

superlattice made from alternating layers with widths of SOA each has a lowest

conduction band energy of only about 0.1 eV above the GaAs edge (Mende et

AL, (1981)). Thus, the departure from parabolicity in superlattices with thicker

-;. GaAs layers, or for superlattices with Ga(1-x)AIxAs layers replacing the ALAs

(which can also have small lowest conduction band energies) is moderate.

Also important is the effect of non-parabolicity in the Ga(i-x)AIxAs layers.

The lowest superlattice conduction band energy, while quite close to the GaAs

13
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conduction band edge, is, because of the band offsets, far from the Ga(I-x)AlxAs
,.,

conduction band edge at the zone center, except for small values of x. Thus,

the deviation from parabolicity in the Ga(1-x)AlxAs can be substantial. The

extreme case, shown in Fig. 4 for x = 1, results in a large difference in bulk kx

between the tight-binding and parabolic dispersion curves for energies close to the

GaAs conduction band edge. Again, many of the experimental results reported

in the literature which were analyzed using the Kronig-Penney model pertained

to GaAs-Ga(I-x)AlxAs superlattices with small values of x, so that large errors

would not be expected in those cases. Also, since the superlattice state in this

energ range is highly localized in the GaAs layers, the Ga(1-x)AlxAs dispersion

is less important in influencing the superlattice state energy.

An illustration of the error resulting from the use of a Kronig-Pewey cal-

culation for the quantum well model is shown in Fir. 5 (Schulman and Chang,

1981a). Superlattice conduction minimum dispersion curves in the z direction

calculated using the Kronig-Penney and tight-binding methods are shown for su-

perlattices with two layers of AIAs alternating with a varying number of GaAs

layers. Agreement between the two methods decreases for superlattices with

smaller numbers of GaAs layers because the resulting energies are further from

the GaAs conduction band minimum and the effects of non-parabolicity become

more important. The two methods have also been compared for higher lying

superlattice conduction states. These correspond to higher states in the quantum

wells. The discrepancies between the two methods follow the same pattern -

higher energies have greater discrepancies.
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Figure 5 also shows that for energies above ft0.52 eV the predictions of the

two methods diverge. The tight-.binding curves Blatten out at this eneruy, whereas

the Kronig-Penney curve continues to increase with increasing perpendicular wave

vector. Its significance is that It is the indirect conduction band minimum energy

at the X-point in both GaAs and AlAs (with the specified band offsets). Near it,

the superlattice state is more closely related to the bulk X-point states than it

is to the zone center states. The Kronig-Penney model ignores these states and

thus it fails completely here. Note that this energy is far below the AIM direct

conduction band minimum.

There have been several attempts to improve the Kronig-Penney model

while keeping within the same basic framework. Mukherji and Nag (1975, 1978)

- modified the very simplest model by using different effective masses for the two-

constituent semniconductors. They also artificially imposed a modification of the

parabolic dispersion curve using Kane's relationship for an energy dependent

effctive mass. GaAs-Ga(I-)AlxAs superlattice conduction band energies were

calculated for superlattices with x values of 0.2, 0.5, and 0.7. The GaAs lover

width used was 50A, while the Ga(j-z)AlxAs width varied from boA to iook

-~ They found that including non-parabolicity decreased the superlattice conduction

state energies (measured relative to the GaAs conduction band minimum) by as

muchas 15% forx =0.2 and 25%for x- 0.5and O.T.

In addition, Mukherji and Nag made the firt attempt to evaluate the effect of

the indirect Ga(1-x)AIxAs X-point conduction band minimum on the superlattice

4 conduction band states. They found that the lowest energy states were not related



to the X-point minimum, even for x values such that Ga(I-x)AIxAs is indirect.

They predicted additional narrow bands above the conduction band minim.m

which would be derived from the X-point states. This result is supported by the

tight-binding calculation, as shown in Fig. 5.

In general the simple Kronig-Penney model must be applied with special

care when analyzing experiments in which optical transitions between superlattice

states composed of bulk states away from the zone center are important. This

was attempted by Mendez et aL (1981) in their analyses of electroreflectance

spectra of In(l-x)GaxAs -GaSb(l-y)Asy and GaAs-Ga(l-x)AIxAs superlattices.

Not surprisingly, they showed that the variation of the optical transition energies

for transitions away from the zone center as a function of layer thickness in the

"Il-x)GaxAs -GaSb(l-y)Asy system did not follow Kronig-Penney behavior.

The more complicated behavior they did observe must be analyzed using Mukherji

and Nag's method or the more detailed tight-binding or pseudopotential methods

which can describe bulk band structures away from the zone center.

1" C. Two-Band Models

The two-band model is the simplest model which realistically incorporates

some elements of the band structure of the constituent semiconductors. The two

bands of interest are the lowest conduction band and the light hole band. It

provides two major improvements over a Kronig-Penney type calculation. First,

the bulk dispersion curves resulting from the model are parabolic near the gone

center, but contain the corrections to parabolicity for largr values of the wave
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vector. In fact, an excellent estimate of the departure from parabolicity of the

• bulk bands, and thus of the accuracy of a superlattice energy calculated using the

SKronig-Penney model, can be estimated using simple formulas derivable from a

.- Kane type two-band model (Kane, 1957). The bulk conduction and valence band

dispersion curves in this model can be written as (Schulman and McGill, 1981)

E = Eq + 112,y2 :f (3)

where

Here, Ev is the energ of the valence band edge, m- is the valence band effective

mass, m+ is the conduction band effective mass, and E# is the band gap. Other

two band models would produce slightly different forms for the dispersion relation

as compared to Eq. (3), depending on the bais set used (Sai-1Vlss 4l &L, 178).

The second improvement over the ronig-Penney model is that the two-band

model recognizes that Bloch states are matched at the interfaces. In the Yronig-

Penney model the states are plane waves with different normal components of the

wave vectors in the two alternating layers. No account is taken of the differences

in the periodic part of the bulk Bloch functions, which are ignored. The two-band

model allows the Bloch functions in each material to differ from each other. This

makes the boundary conditions at the interfaces more realistic, although more

complicated.

*Also, the use of Bloch functions in the two-band model includes the possible

mixing of bulk states from different bands in forming the superlattice state. This

-.. IT
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is an especially important effect in the InAs-GaSb superlattice in which the band

offsets are such that the InAs lowest conduction band is near in energy to the

GaSb valence band maximum. Superlattice states which mix the InAs conduction

band state and the GaSb light hole state would be expected (Sai-Halasz at aL,

1977). A similar effect occurs in the GaAs-Ga(I-x)AIxAs superlattice valence

bands where the light hole and spin-orbit split-off bands can interact. Section IV

will give examples of this miin.

There have been two types of two-band model calculations carried out for

superlattices: those based on a Kane type analysis (Sa-Haluz at &L, 1977, White

and Sham, 1981, Bastard, 1981,1982b) and those baed on the tight,-binding

method (Sai-Halasz at aL, 1978b, Ivanov and Pollmann, 1979). Sai-Halass 66

aL (1977) used Bloch functions obtained from Kane's two-band Hamiltonian to

replace the plane waves of the Kronig-Penney model. The superlattice dispersion

relation was then obtained by matching the wave function and its derivative at

" the interfaces. The resulting superlattice dispersion relation is

cos (kdo) -cos (k d cos (k2 d2) -- sin (k d) in (k2 d), (4)

- with

and

ik +
ik2 +92
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Here, k is the superlattice wave vector in the direction perpendicular to the

interface, do is the superlattice period, di and 42 are the thicknesses of the

alternating slabs, k1 and k2 are the wave vectors of the Bloch states in the

"- alternating layers, and u 1, u2, ul and 4 are the values of the periodic parts of the

Bloch states and their first derivatives in the alternatingl dabs at the interfaces.

The Kronig-Penney formula is recovered if the logarithmic derivatives are set

equal to zero.

The effect of including two bands in their calculation is clearly demon-

strated in Fig. 6. The superlattice dispersion curves for three In(1-x)GaxAs

-GaSb(l-y)Asy superlattices with three sets of x, y values: (a) xlO, y=O, (b)

z-O.75, y-O.15, (c) x-O.6T, y--O.TO are shown. The bulk conduction and

valence band edges and the band offsets are also indicated. In can (c), the dis-

- persion curves calculated using the Kronig-Penney and two-band models are al-

most identical. This follows from the large energ separation between the bulk

In(i-x)GaxAs conduction band and the bulk valence band of the GaSb(1-y)Asy

. Substantial deviation from the Kronig-Penney model is found for alloy super-

lattices (a) and (b) in which the conduction and valence bands of the different

materials are close in energy.

G. Bastard (1981,1982b) made use of the same Kane formalism and also ob-

tained Eq. (4). Investigating the boundary conditions in more detail, he expressed

the correction to the Kronig-Penney boundary conditions for the quantum well

model in a simple way. First, the effective mass envelope function is assumed con-

tinuous across the interface. Then, the derivative of the envelope function divided

.%

A19

4

. . . . . . . . . . . .

* . ,S. .-.S. . .. * .-*," , ". ,* , - .. % ,,,,' ",.' ... t. . " .. -,"." " , -" .5 . -... . ..... ", -''. •"..'',.,,. . . . . .-.. . .. " . -" . .'



by a simple function of the band energy is matched. This reduces to matching

the derivative divided by the effective mass at interfaces in which band mixing is

small, such as in the GaAs-Ga(1-x)AIxAs superlattice. For the interacting band

case, the InAs-GaSb superlattice, the full expression is used.

The other two-band calculation based on the Kane model is that of White

and Sham (1981). White and Sham derived boundary conditions which matched

light hole band and conduction band wave functions across the interfaces, b.t

not their derivatives. Bastard(1982b) has demonstrated the equivalence of these

-.1 boundary conditions with his own. Since both Bastard's and White and Sham's

methods produce reasonable agreement with experimental data, It is probable

that the inaccuracies in their boundary conditions are not significant within the

range in which the two-band model is applicable. As shown in section NY C, more

than two bands can contribute significantly to the superlattice wave functions

close to the interface, so that their boundary conditions would not be expected

'to be particularly accurate in general. In a recent development(Atarelli, 1982),

Altarelli has devised a new, very efficient method for calculating superlattice

electronic porperties within a similar two-band kane model framework.

A

There have been two two-band model calculations on superlattices based on

the tight-binding method, one for the InAs-aSb superlattice (Sa-Halass at &.,

1978b) and one for the GaAs-Ga(I-X)AlxAs superlattice (Ivanov and Polmann,

1979). Both use a basis set consisting of one s orbital on the cation and one p

orbital on the anion. The empirical parameters were chosen to reproduce the

*i .experimental bulk data on band gaps, effective masses and band offsetL Thus,
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thes models could be expected to describe the lowest conduction band and light

.~hole valence band welL In addition, Sai-Halass at aL included the dispersion

in the heavy hole band by allowing p orbitals on the cation to interact with

the p orbitals on the anion. Both calculations produced superlattice dispersion

curves and thickness dependent energy levels. Also, Sai-Halass st &L, used a

sef-consistent Thomas-Fermi approximation to investigate band bending in the

[nAs-GaSb superlattice.

A notable feature of both of these calculations is that unlike the conventional

tight-binding model the complexity of these calculations does not increase with

the thickness of the alternating superlattice layers. Sai-Halass st .L replaced the

Hamiltonian method with a transfer matrix approach. The superlattice bands are

found by examining the trace of the transfer matrix. Ivano and Pollmann used

an equivalent approach based on a resolvent technique within a Green's function

formulation of scattering theory.

The limitation of the two-band model is that it is valid only within a limited

energy range. A major improvement of the two-band model over the quantum

well model is in its ability to describe the bulk dispersion curve for imaginary

values of the wave vector, k,. As shown in Fig. 4, a GaAs-AlAs superlattice state

with an energy slightly above the GaAs conduction band minimum has an energy

which lies well within the AlAs band gap. The two-band model produces an

excellent approximation to the full tight-binding dispersion curve which connects

N" the conduction band minimum and valence band maximum across the ALks gap.

The two curves fall almost on top of each other in Fig.4. The superlattice
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dispersion curve which results is in closer agreement with that of the full tight-

binding cacut*ns than that of the quantum well calculation (Fig. 5) in both

energy location and in shape of the curve. The two-band model also fails, however,

when the superlattice energy approaches the X-point energy and for the same

reason: the bulk band structure away from Re(k.) = 0 is ignored.

The two-band model is obviously inadequate in describing superlattice states

in which more than two bulk states may be expected to contribute significantly.

For example, the band offsets in the InAs-GaSb superlattice are such that cer-

tain superlattice valence band state energies are near the InAs conduction band

minimum, the GaSb light hole band maximum, and the G&Sb spin-orbit split-off

band maximum. A more detailed model is thus necessary to include all three

bulk states.

.1' D. Full Tight-binding Models

The simplest model which incorporates a realistic description of the bulk

band structures is the tight-binding modeL Firit introduced for the GaAs-AlAs

superlattice (Schulman and McGill, 1977, 1979c) it has also been applied to the

InAs-GaSb (Nucho and Madhukar, 1978, Madhukar at &L, 1979, Madhukar and

Nucho, 1979), CdTe-HgTe (Schulman and McGill, 19T9a, 1979b, 1981), Si-GaP

(Madhukar and Delgado, 1981), and GaAs-GaAsP (Osbourn, 1982) superlattices.

As most commonly employed, the tight-binding method makes use of one s-orbital

and three p-orbitals per anion and cation. Thus, a total of eight bands, four

valence and four conduction, can be described. As in the two-band model, the
.4
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empirical parameters in the theory are chosen to reproduce features in the bulk

band structures such as optical transition energies and effective masses. The

valence bands are quite accurately fit in this way (Chadi and Cohen, 19T5). The

conduction bands are more troublesome, but can also be adequately described for

the purposes of a superlattice calculation by including second neighbor overlap

parameters (Schulman and McGill, 197T) or more orbitals (Schulman and Chang,

1981a).

The overlap parameters between orbitals on opposite sides of the interface

between the two alternating semiconductors must be considered separately. In

superlattices with a common anion, such as GaAs-AlAs, the As-cation overlaps

have been taken to be the same as for the bulk materials. The second neighbor

- cation matrix elements and the on-site As matrix elements were taken to be

the average of those for the two bulk materials (Schulman and McGill, 1977).

The lnAs-GaSb calculations made use of bulk InSb and GaAs parameters at the

4 interfaces (Nucho and Madhular, 1978).

These assumptions point out the main limitation of the tight-binding method:

the approximate description of the interface electronic structure. This model, like

the quantum well and two-band models, assumes a bulk-like potential right up

to the interface. No self-consistency in the electronic density or atomic rear-

rangement, which would modify the potential near the interface, is included.

Fortunately, as will be discussed subsequently, calculations which include a self-

'p consistent redistribution of electronic charge show that its effect is small and

.. of short range. Also, for lattice matched semiconductors with similar valence
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electronic structure little atomic rearrangement is expected.

As mentioned previously, the original formulation of the tight-binding method

for superlattices made use of a Hamiltonian matrix whose dimension grows linearly

with the superlattice unit cell length in the s-direction. This was a serious limita-

tion on the usefulness of the method, as superlattices of only about forty stoms per

u t cell in the i-direction could be handled. Recently, an equivalent reformula-

* tion of the method has been developed (Schulman and Chang, 1981a, 1963) which

employs a Hamiltonian of constant dimension. In addition, this method allows a

clear analysis of the superlattice electronic state in terms of the bulk Bloch states

of which it is composed.

In this method the superlattice state of energy E and specified It is written

as in eq. (1) and (2) as a sum of bulk Bloch states with complex values of k.. The

number of Bloch states needed is, for instance, sixteen for each material for a (100)

! superlattice when four orbitals per atom and up to second neighbor interactions

* are included (Osbourn and Smith, 1979). They can be found using the method

of Chang and Schulman (1982) or Schulman ind Chang (1983). The thirty-

two Bloch states thus form a basis in which the Hamiltonan matrix is written.

Diagonalizing this Hamiltonan gives the superlattice state energy and the correct

linear combination of Bloch states needed to describe it. Since the Bloch states

2 which form the basis are energy dependent, however, it is necessary to iterate

this method so that the energ resulting from diagonalizing the Hamiltonan is

the same as that used in finding the Bloch states. In practice, very few (two to

five) iterations are needed and the computer time involved is insignificant.
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EPsenooeta Method

The pseudoPotential method is the most sophisticated of the methods so far

described. Its principle advantage is that it incorporates detailed, albeit pseudo.

wave functions. With the pseudo-wave functions, the valence charge density and

the resulting electrostatic potentials can be estimated.

The pseudopotential model as it has been applied to superiattices, also

has empirical parameters that must be determined. The parameters in this

case determine the form and intensity of the atomic pseudopotentials. They

have been Ait by attempting to reproduce features of the atomic or the bulk

electronic structures or both. The empirical peudopotential method (Caruthers

and Lin-Chung, 1977, 1978, Andreoni at aL., 1978) uses these parameters to

create the superlattice potential by superimpoing- the atomic pseudopotentilh.

A basis set (usually plane wave) is chosen and the electronic properties are

calculad by diagonaliuing the Hamiltonian. The self-consistent psrndopotemtisil

method continues and calculates a new electrostatic potential based on the charge

distribution given by the wave functions.

The self-consistent pseudopotential method allows a direct determination of

the band offsets between the two semiconductors. The most common method for

*achieving this (Pickett at &1.41978, Ihmst &L, 1979, Kunc and Martin,9IM) is

to determine the average electrostatic potentials in the separate bulk materials

and then to determine them again on either side of, and awaqfrom, an interface

* formed by joining them. The shift in the diffrence between the potentials of the

two materials determines the offsets.
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The main disadvantage of the pseudopotential method is the computational

difficulties involved for superlattices with large alternating layer thicknesses. For

example, Caruthers and Lin-Chung in their non-self-consistent calculation found

that for a general wave vector the largest GaAs-AAs superlattice for which it

was practical to carry out their calculation consisted of just three layers of GaAs

alternating with three layers of AlAs (Caruthers and Lin-Chung, 1978). At the

sone center, they could treat a total of eighteen layers of GaAs and AIAs per

superlattice unit cell. It is possible that this limitation could be eliminated by

expanding the superlattice state in terms of bulk states with complex values

of ka, as was done within the tight-binding formalism. A method which finds

the complex k states within the pseudopotential and k.p formalisms has been

developed (Chang and Schulman, 1982), but it has not yet been applied to the

superlattice problem.

Another difficulty of the pseudopotential method is one it shares with the

tight-binding method. Similr calculations carried through based on somewhat
i..

different empirical pseudopotential parameters give conflicting results. This will

be discussed in more detail in Section IV.

The non-self-consistent pseudopotential method has an additional difficulty

when applied to the superlattice problem. As it has been applied so far, the

band offsets between the bulk semiconductors are a product, not an input, of

the calculation (Caruthers and Lin-Chung, 1978). However, Pickett St &L (19M8)

K have shown for the (110) Ge-G&As and GaAs-AlAs interfaces that the ofets

con change substantially when self-consistency is included. It is unclear whether
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the othets produced by the nonself-consistent clcultions agree with accepted

values.

K;-.

IV. ELECTRONIC PROPERTIES

In this section we will discuss a few of the electronic properties of semicon-

ductor superlattices which have been investigated theoretically uing the methods

of Section 13L Of special interest is the electronic structure in the energ range

of the band gap, for example, band gap dependences on superlattice parameters

and the charcter of the electronic states. Also to be discussed re the related

problems of the confinement of electronic states and the mixig of bulk states by

the superlattice potential.

The focus in this section will be on the two superlattice systems which have

been the most thoroughly investigated theoretically. These are the Ga-As-AlAs

and InAs-GaSb superlattices. Also to be mentioned is the CdTe-HgTe super-

lattice. This system has only recently been fabricated in the laboratory (Faurie,

1981). Prior theoretical calculations (Schulman and McGiil, 1979a, 1979b) predict

unique properties for this superlattice.

A. Interface Electronic Structure

The electronic properties of semiconductor interfaces have been studied ex-

tensively and reviewed elsewhere (Pollmann, 1960). There are two important
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results from these calculations which are most relevant to superlattices. The first

is the values of the band offsets. This has been discussed in Section IL The second

and related result is the effect of the interface on the electrostatic potential and

thus the superlattice Hamiltonian. If the presence of the interface disrupts the

potential at large distances away from the interface the approximation employed

by the quantum well, two band, and tight-binding models, consisting of using

parameters characteristic of the bulk materials close to the interface, is inade-

quate.

Fortunately, detailed studies of the interface potential show that the inter-

* facial disruption can be slight and highly localized within two or three atomic

planes from the interface. For example, Fig. 7 shows the potential averaged

over planes parallel to the interface near the GaAs-AlAs and Ge-GaAs interfaces

(Pickett at &L, 1978). It can be seen that the potential is indistinguishable from

bulk-like within two layers. The main effect of the joining of the two materials is

the shift in average bulk potentials brought about by the self-consistent iteration.

The effect is incorporated in the value of the band offset and thus can be included

empirically in the less sophisticated models.

I
The short range of the disruption near the interface is not surprising for two

lattice matched semiconductors with smilar chemical character such as GaAs-

AlAs, InAs-GaSb, and CdTe-IITe. Other pairs of materials may not be so simple

and could exhibit as yet unknown reconstruction and charge transfer.
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B. Band Gaps

Since the alternating materials out of which a superlattice is constructed are

semiconductors, it is not surprising that the superlattice itself is also usually a

semiconductor. Of practical significance is the fact that the superlattice band

gap is adjustable by varying the thicknesses of its alternating layers.

There have been several calculations of the superlattice band gap dependence

on layer thickness for the GaAs-AIAs, for the InA--GaSb, and for the CdTe-HgTe

systems. The GaAs-AlAs superlattice will be discussed first.

For large GaAs and AlAs alternating lIyer thicknesses, the band gap depen-

dence is smooth and monotonically decreasing with Ga4s layer thickness, just as

would be the case for a series of square wells sepwated by finite barriers. Both the

-conduction electrons and the valence holes in the GaAs layers near the band edges

are in these effective wells, as seen in Fig. 2. The Kronig-Penney, two-band and

, tight-bindinM g m odels all show this sim ple behavior down to very thin G aAs and

-. A lA s layer thickn esses - about I0 . So do tw o of the three pseudopotential cal-

culations performed on this system (Andreoni et &L, 1978, Pickett at aL, 1978).

The exception is the pseudopotential calculation of Caruthers and Lin-Chung

(1978). They find an almost flat variation of band gap with layer thickness for up

to nine atomic layers each of GaAs and AIAs (as compared with Kronig-Penney

behavior). Consistent with this result is that the lowest conduction band state in

their calculation does not resemble the state for a particle in a well Instead, it

has a large charge density very close (within two atomic layers) to the GaAs-AlAs

interfaces. They conclude that this is caused by an abruptly changing potential
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at the interface. Andreoni et aL(19V8), and implicitly all others who have calcu-

lated the band gap variation claim that Caruthers and Lin-Chung overestimated

the cationic potential difference and thus the abruptness of the change in the

'S." interface potential.

For very thin layers, the quantum well model does break down. Andreoni et

.L. find that the thin layer superlattices have band structures very close to that

of the alloy with the same composition. The tight-binding study of Schulman

and McGill (1979c) is in qualitative agreement, but predicts a faster decrease

in band gap with increasing thickness. This may be due to the inaccuracies in

the effective muses produced by the particular choice of parameters in the tight-

binding model. Indeed, subsequent studies using the tight-binding model have

been careful to ensure that experimental effective masses were obtained. This has

resulted in the more successful reproduction of experimental band gaps.

*:-. The InAs-GaSb superlattice band gap variation cannot be analyzed in quite

so simple a manner, but the well model still leads to a qualitative understanding.

Fig. 3 shows that the bottommost conduction states should be localized in the

InAs layers while the topmost valence states would be mostly in the GaSb layers.

What is not obvious is the relative energy positioning of the lowest InAs and

highest GaSb like state. For large layer thicknesses, in fact, the states cross: the

InAs state has a lower energy than the GaSb state. When this occurs, the super-

lattice becomes a semi-metal (Chang at &L, 1979, Guldner at &L, 1980). Rough

agreement for the thickness at cross-over exists among theoretical calculations

(Sal-Hass 46 aL, 19Tb, Madhukar st &L, 1979, Chang, 1980) and experiment
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(Chang at aL, 1979) - about IOOA each of InAs and GaSb.

The problem with the quantum well model as applied to the InAs-GaSb

superlattice is that the well limits are not well defined. For example, the bottom-

most conduction state, which is mostly localized in the InAs layers, will decay

into the GaSb layers. However, the effective well edge which governs the decay is

not simply the GaSb conduction band edge, because the InAs state can join onto

the GaSb ight hole state as well as the GaSb conduction minimum state.

A similar situation exists for the CdTe-HgTe superlattice. Due to their

common anions, band othets for this superlattice have been conjectured to be

such that the valence band maxima of bulk CdTe and HgTe are very close in

energy (Schulman and McGill, 1979a), Fig. 8. The sero band gap of HgTe

and the small value of the valence band discontinuity lead to unique band ga

behavior. The state at the conduction band minimum in the superlattice is

made up of conduction band states in the HgTe layers, as the simple quantum

well model would lead one to expect. However, the large (1.6 eV) conduction

band discontinuity does not confine the electron. The close proximity of the
Mi.

CdTe valence band maximum to the HWTe conduction band minimum allows the

elecdvons to tunnel through the CdTe layers with relative ease (Schulman and

McGill, 1981). This superlattice also exhibits an interesting transition from an

* alloy-like conduction minimum electronic structure for small layer thicknesses to

quantum well behavior as the layer thickness increases (Schulman and McGill,

1979b). This is manifested by a transition in symmetry of the conduction band

minimum state as the layer thickness increases. The overall dependence of band
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gap on layer thickness follows the trend explained by the well model (Schulman

and McGill, 1T9a; Bastard, 1982b). The gap goes to zero for large HgTe layer

* thicknesses, and increases with decreasing HgTe layer thickness or increasing

CdTe ("barrier') thickness.

C. Superlattice Wave Functions

As discussed previously, the short range of the interfacial disruption of

the otherwise bulk-like potential allows the superlattice state to be accurately

described as a linear combination of bulk states in each material with complex

wave vector values. In this section the decomposition of the superlattice state

into its bulk state components will be illustrated. As a particular example,

several valence band superlattice states at the Brilloun zone center of the (100)

GaAs-AlAs superlattice consisting of 50A (seventeen atomic double layers) of

GaAs alternating with the same amount of AlAs will be examined in detail.

The theoretical framework used is that of the empirical tight-binding method

(Schulman and Chang, 1981b).

Typical types of superlattice states are the following. The simplest of the

states are similar in form to Kronig-Penney well type states. These are states

in which just one bulk state from near the bulk zone center dominates in each

material. Spatial plots of these states have distinctive single or multiple peaked

structures which are basically discrete lattice versions of sine waves. Other

superlattice states have more than one bulk state contributing significantly. Their
.€

spatial plots are correspondingly more complicated. Bulk states with non-sero
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16'. real and imaginary parts play an important role in mapy superlattice states. Even

when they decay rapidly away from the interface (large Im(k.)) they can represent

a significant contribution close to the interface Itself and, therefore, are important

in determining the matching of bulk states across the interface. This implies that

models that omit these states, such as the Kronig-Penney and two-band models,

may not describe the boundary conditions at the interface realistically.

The complex wave vectors of the bulk states which make up the superlattice

state are shown in Fig. 9. The complex band structures of GaAs and AIM are

displayed in the same manner as in Fig. 4. The spin-orbit interaction is included

here. The complex wave vectors for a superlattice state with a given energy can

be seen by finding the bulk complex states with the same energy. For example,

the state in Table 4 with energy -0.06 eV is composed of bulk complex states

at that energy in Fig. 9. It shows that there are four distinct bands at energy

-0.06 eV in GaAs and four in AIA& There are actually a total of twenty bands

for each material, but they are related to the four shown by negating or complex

conjugating the wave vector, or by other symmetries peculiar to the (100) direction

-9in zineblende materials (Chang, 1982). Two of the four GaAs wave vectors are

purely real - those in the light and heavy hole bands. The spin-orbit split-off

band wave vector is purely imaginary, and the state emanating down from the

9.conduction band minimum near the X point is complex. The light and heavy

hole AlAs wave vectors are purely imaginary.

Table 4 lists all of the superlattice state energies at the zone center between

-0.41 eV and 1.56 eV (the energy zero Is the bulk GaAs valence band maximum).
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K.>. Also indicated are the bulk GaAs and ALAs states which give the dominant

contribution to each superlattice state. They are labelled by the bulk complex

bands to which they belong. conduction, heavy hole, light hole, or spin-orbit split-

offbands. There is some ambiguity in assigning these labels to the complex bands,

because there are no band Saps in complex wave vector space. For example, a

band originating from the conduction band minimum connects with the light hole

bend maximum. Points on this curve with energies closer to the conduction band

mineum are labelled as being conduction band states in Table 4.

An example of a superlattice state in which one bulk state is dominant is

the state with energ -0.06 eV. Bulk GaAs and AlAs light hole states contribute

substantially more than the others in this case. A spatial plot of the wave function

shows that the state resembles closely a bottommost light hole quantum well state.

The same state plotted with the coefficients of the bulk GaAs states other than

the light hole state set equal to sero is only slightly different. This demonstrates

.that the one band quantum well model would be a reasonable approximation

in describing the state. Similarly, the state with energy -0.02 eV is found to

be the bottommost heavy hole quantum weU state. The states with energies

between -0.02 and -0.22 eV all resemble heavy or light hole quantum well

states, including excited states.

The next state, with energy -0.27 eV, is low enough in energy so that

it is below the AlAs valence band edge. It has a dominant heavy hole band

contribution in the AlAs layers with a purely real Alks wave vector. The wave

function thus has a substantial amplitude in the ALM as well as the GaAs layers.
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This is true of all the states with energies between -0.27 eV and -0.39 eV. In

addition, the states with energies of -0.29 eV, -0.35 eV, and -0.39 eV have

more than one bulk state with substantial coefficients, as indicated. The state

with energ -0.40 eV, as shown in Fig. 10 is interesting because it corresponds

to the ground state spin-orbit split-off band quantum well state, although this

is not obvious from examining its spatial plot. Only when the coefficients of

the bulk states other than for the split-off state are set equal to sero does theA
'! characteristic well state appear. Thus, the one band, quantum well model would

not be expected to describe this state accurately. The state with energy -0.41

eV is an excited light hole band well state.

V. PUONONS

Lattice vibrations in superlattices exhibit many of the same phenomena

associated with the new superlattice periodicity as electrons do. The additional

S" periodicity shows up as a folding of the phonon dispersion curves onto a Brillouin

zone decreased in size along the superlattice repeat direction. This folding process

results in additional modes at the zone center.
c..

This phenomenon has been explored theoretically by Tsu and Jha (1972),

Barker at &L (1978), and in a continuum model for the acoustic modes by Colvard

at &L (1980). The effects of phonon folding can be illustrated by considering the

results of Barker at aL(1978). They considered a one-dimensional model of a
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(100) GaAs-ALks superlattice as illustrated in Fig. 11.

The force constants for AlAs and GaAs were taken to be the same, only the

masses were assumed to be different. The force constants were chosen to give a

"good" fit to the phonon dispersion curves of GaAs. The resulting phonon disper-

sion curves for the monolayer and bilayer GaAs-AAs superlattice are presented

in Fig. 12. The additional dispersion curves- those over the four expected for

bulk GaAs or AlAs-are due to the phonon folding. Of course, some small shifts

in the frequencies also occur.

An important quantity determining infrared optical spectra is the infrared

absorption strength S. Rt is given by

S 2 = fe2(W) dw
%.W

where e2 (w) is the imaginary part of the dielectric constant, and the inteai is

taken over the absorption from a given transition. Using their one-dimensional

model for the lattice vibrations and an appropriate value of the effective charge,

Barker at aL(19TS) calculated S for all the q - 0 phonon modes. The results of

this calculation are given in Table 5. Some important points should be noted from

the results in this table. First, the intensities of the modes which are analogous

to the bulk modes are rather large. Second, modes which are produced by the

folding are very weak, where they are allowed.

Further, these authors estimated the relative Raman intensities for modes

which can produce scattering with the incident light incoming along the (100)

direction, the s-direction, and polarized along the z-direction. The detected

photons are outgoing in the s-direction with polarization in either the x (R23) or
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y direction (R,,). The results of these are presented in Table 6. In contrast to

the case of the infrared absorption some of the additional modes are predicted to

be rather strongly Raman active. This difference is due simply to the rather large

difference in the bond polarizabilities for AlAs and GaAs which appear in the

Raman scattering Intensities in contrast to the rather small difference between

the effective charges in GaAs and AlAs.

As noted by Merlin at aL (1980), the .simple theory of Barker et &L(1978)

did not take into account the long range forces acting on the superlattice polar

phonons. They note that one should observe additional phonon modes which

result not just from the decrease in zone size but also from the differences in

the polar phonons propagating normal and parallel to the superlattice layers.

They examined the problem using a simple theory for the dielectric function of

a layered medium (Rytov, 1956a). If el and e2 are the dielectric constants for

layers with thickness d, and d2, respectively, then

d d l + dge2 (5)

(d, + d2 )

t E 2(d + d2)"iI !  el MW =+ (6)
d, de 2 +d 2 e,

For superlattices with the symmetry D2 ,, there are two modes. a singly degenerate

B 2 mode and a doubly degenerate E mode. The LO and TO phonons of both B 2

* and E types are given by the zeros and poles of the appropriate dielectric func-

tions: B2 (LO) is the zero of eL; B2 (TO) is the pole of el; E(LO) is the zero of

j.L, and E(TO) Is the pole of q. This long range effect alone can produce

p two phonons of each type, whereas in the case of the bulk rn-v semiconduc-

S tor, we would nd only ome mode of each type. The pysics associated with

,~0~ ST
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these additional modes is different from that producing the dispersion curve

folding. The first is due to the dielectric anisotropy, while the second is due

to the changes in the local periodicity.

A model similar to the Kronig-Penney model has been applied to the long

wavelength acoustic phonon modes (Colvard et &L, 1980). In this calculation one

considers a layered elastic medium characterized by densities and sound velocities

appropriate to the direction under consideration. Using the results from Rytov

(1956b), they find that the dispersion curve, f0 vs q, for LA phonons in the (100)

direction is given by

'd1+k 2 -- d os d2-o~d cos EL cos -d2 sn - sm I
C1  C ~ 2k CI Z7

where k n (C1jp)/(C2 p2 ), with C1 and C2 , and p, and p2 being the sound

velocities and densities appropriate for the two layers, respectively. The widths

of the individual layers are d, and d2, and d is the total thickness. This formula

for the dispersion curve results in a number of branches. They correspond to the

LA acoustic branch of the bulk material folded into the smaller Brillouin zone of

the superlattice.

Recently Ren and Dow(1982) have treated the effect of the dispersion curve

folding on umklapp processes that influence thermal conductivity. They find

that the additional umklapp scattering processes can produce rather substantial

decreases in the thermal conductivity.

While most of the fundamental physics has been mapped out in these simple

model calculations, detailed calculations of comparable sophistication to the tight-

binding and pseudopotential calculations for the electronic spectra have not been
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carried out. These could provide the kind of detailed insight provided by similar

calculations of the electronic spectra.

VL OTHM PROPEIMIES

The elementary excitations discussed above result !n a number of observable

properties of semiconductor superlattices. In this section, we address some of the

properties that have not been discussed earlier.

Many of the useful properties of semiconductors are due to the properties

of impurities in the semiconductors. In superlattices the properties of the stan-

dard shallow dopants as well as deep leveb are modified substantiaDy from their

properties in the corresponding bulk materials. Bastard (I98fa) and Mailhiot

and coworkers (1982ab) have considered the case of a Coulombic center in a

quantum well. Bastard assumed that the carrier was confined in an infinite well.

He finds substantial modifications in the binding energy in that the binding is

found to increase as the well thickness is decreased. Malihiot at &L (1982ab)

have treated the case of a donor in a GaAs layer sandwiched between two layers of

Ga(I-x)AlxAs. The properties of the Ga(I-x)AxAs layers are included explicitly

by taking account the finite band offset and the differences in effective muses and

dielectric constants. The results of their calculation for an impurity at the center

of the GaAs well are given in Fig. 13. They find that, while the binding energy

at first increases due to the confinement of the donor wave function in the layer,
r4&
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for thin layers the properties of the Ga(1-x)AlxAs layers dominate leading to

binding energies that are the same as those for the Ga(1-x)AlxAs alloy. Both

Bastard, and Mailhiot and co-workers studied the variation of the binding energy

due to position in the layer. Both find that there is substantial variations in the

binding energy due to moving the impurity about in the well.

The current theories make use of the effective mass approximation which

is valid for the case of donors in GaAs-Ga(1-x)AIxAs as lons as x is such

that the Ga(l-x)AlxAs is direct(Ando, 1982). However, for acceptors or donors

in other systems, it will be necessary to include explicitly the bandstructure

of the quantum well structure Instead of simply applying the effective mass

approximation.

Excitons in superlattices can be quite different from those in normal bulk

semiconductors. For the case of GaAs-Ga(i-x)AlxAs; where the electron near

the conduction band edge and hole near the valence band edge are confined in the

same layers, the behavior of the binding energy is very similar to that found in

the case of impurities. In the limit of very thin layers and total confinement the

-. 9 binding energy should approach that of a two-dimensional exciton which binds

four times as strongly as a three dimensional exciton (Bassani and Parravicini,

1975). Calculations on the the infinite well model by Bastard fA aL(1982a) give

the expected results. In superlattices, other cases are also possible. For example

in the case of InAs-G&Sb (Bastard at aL, 1982), the electron and hole are in

different layers and the binding energy of the exciton is reduced over the three

dimensional value.
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One theoretical study suggests that nonlinear optical properties of super-

lattices could be quite larp (Tsu, 1971). The additional dispersion due to the

shortened Brillouin zone can produce a substantial nonlinear optical response.

While this phenomenon has been studied theoretically it has not been explored

in detail. In particular the role of scattering which will tend to suppress this

phenomenon has not been included.

Much of the transport theory for heterostructures has dealt with the transport

along the interface between the GaAs and Ga(1-x)AlxAs and hence do no involve

true superlattice effcts. The original suggestion by Esaki and Tsu(1970) of nega-

tive resistance for currents perpendicular to the superlattice layers due to the cur-

vature in the mini-bands has not been explored extensively. The mean free

path of the carriers are sufficiently small that they reduce this effect substantially.

Ktitorov and coworkers(1971) have suggested that one might observe Stark

ladders(Wannier, 1960) in superlattices. However, the scattering of the carriers

and the large inter-subband matrix elements due to the applied electric field are

likey to make it difficult to observe such a phenomenon.

Chin and coworkers(1980) have proposed that a superlattice structure would

have widely different electron and hole impact inonization rates. This proposal has

led to other suggestions for ways to control the impact ionization phenomenon(Blauvelt,

et aL, 1981; Tanoue and Sakal, 1982).

The collective excitations of the carriers In semicouducors superlattices have

been explored by Des Sarms and Madhukar(191) and Das Srms and Quinn(1982).

Das Sarma and Quinn have explored the optical plasmons, acoustic plasmons,
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magnetoplasmons, helicon, and Alfvin waves as the superlattice parameters are

changed in such a way as to go from the two-dimensional to the three-dimensional

limit.

YB. CONCLUSIONS

Techniques have been developed for treating the electronic spectra of ideal

superlattices using both first principles and empirical techniques. The empirical

techniques (two-band model, tight-binding model) are very successful in treating

the properties of superlattices since they allow the extrapolation of our knowledge

of the band structure of the bulk semiconductor to the properties of superlattices.

Calculations based on these techniques have provided results for the electronic

band structure of abrupt superlattices. Perhaps more importantly these tech-

-niques provide a method for treating some of the questions about transport, im-

purity states, excitonic states, deviations from.an ideal abrupt interface (L e.,

' grading), alloys, etc. Self-consistent calculations allow the examination of the

charge densities at the interface and hence give some information about the in-

terface region.

The lattice vibrations of superlattices have not been treated in as much detail

as the electronic properties. The techniques for treating these problems at the

same level as the electronic properties are available but have not been applied.

The properties that are of real interest are those that can lead to novel
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applications. A partial list of these novel applications would include linear and

nonlinear optical properties, and transport properties. As discussed in this chap-

ter some of the interesting transport properties include widely different impact

ionization rates and negative resistance phenomena. Here a great deal remains to

be done. The theorist can hope to make precise calculations based on experience

with bulk semiconductors. Theoretical investigations of these properties should

indicate which superlattice systems should be studied.

In this chapter, we have not addressed the very important question presented

by realistic interfaces and their preparation. These include the character and

stability of the interface in the superlattice and the mechanisms of growth. For

these problems, theoretical work is difficidt but essential in guiding the experimen-

tal studies in the field.

Z:
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TABLE 1. GaAs-ALAs heterojunction band offsets expressed as AE,/AEg where
AE, is the Ga&s valence maximum enerp minus the ALks valence band maz-
mum eneu and AE# is the Als direct band pp minus the GaAs direct band
pp. Specific orientations are indicated.

Source A,/IAE,

Frensley (1977) 0.56

Pickett (1978) (110) O.1T

Harrison (1980) 0.03
Dingle (197S) (loo) 0.15
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TAM 2 IDAs-GaSb heterojunction band offsets expressed as Ev, the GaSb

valence band maximum energy minus the InAs conduction band minimum energy.
:--. Specifi orientations wre indicated.

Source Ef

Frensley (1977) -0.14
Thm (1979) (100) -0.21
Harrison (1980) 0.10
Madhukar (1979) (100) 0.06
Sai-Halass (1979a) (100) 0.15
Sai-Halasz (1977) 0.14

%"2

.m4

4.
4"
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TABLE 5.Ge-GaAS heteroj unction band offsets. AEV is the Ge valence band
maximum minu, the Gaks valence band maximum energy. AE, is the GaAs
conduction band minimum minus the Ge conduction band minimum energy.
Specific orientations are indicated. Values in parentheses assume AR, + Ae~
.75 eV.

Source AE, E

F~ensley (1977) 0.71 0.07
Pickett (197) (110) 0.35 0.40
Harrison (1980) 0.41 0.35
Banaff (1977) (100) (0.75) 0
Kunc (1980) (100) -0.03 0.78
Perfetti (197) (100) 0.25 0.50
Kraut (1980) (110) 0.53 (0.22)
Mofnch (1980) (110) (0.36) 0.39
Bauer (1981) (110) 0.4 (0.35)
Shay (1976) 0.69 0.06
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*TABLE 4. Gj5As-AUk (100U) sueatti sate at teBiounzecnerfor

50A of GaAs alternating with 50A of ALM between -0.42 eV and 1.56 eV. The
complex wave vectors of the dominant bulk states are given in units of a
where a is the conventional lattice spacing. The GaAs valence band maximum is
the zero of enery. The symbols c, hh, lh, and so stand for the bulk conduction,
heavy hole, light hole, and split-off valence bands.

Energy GaAs AlAs

1.56 eV c-(0.29,O) C-(0,0.93)
-002 hh-(.28,0) hh-(0,1.12)
-006 Ih-(0.19,0) lh-(o,o.4.s)

*-0.08 hh-0.5T,0) hh-(,0.96)
-0.17 hh-(.82,0) bh-(0,0.64)
-022 lh-(0.48,0) l(0,0.15)
-027 hh-(1.o5,o) hh-(0.45,0)
-029 so-(0,.28),Ih-(0.64,O) hh-(0.87,0),so-(0,0.79)
--. 35 hh.(1.22),lh-(0.7%,o) hh-(0.87,O),so-(0,O.79)
-0.38 bh-(1.28,0) hh-(i.00,O)
-0.39 hh-(1.29,0),lh40.88,0) %-.(o.51,0)
-0.40 so-(0.24,0) so-(0,0.63)
-041 lh-(0.%4,) so-(0,O.57)
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.TABL S. The tansverse phonon frequencies vi and infrared strengths Sj for
modes in the model bulk GaAs and AJAs; the one-on-one superlattice; and the
two-on-two superlattice. The results are from Barker et aL(1978).

GaAs ALAs
,.:,1- ) si v(cm- ) s

269.0 1.93 6.20

Monolqyer (1,I) Bilayer (2,2)

85.2 0.008T S7.5 0.0
262.8 0.82 59.0 0.0039
357.8 1.13 86.2 0.0

260.4 0.0
"266.2 0.90
354.6 0.0
360.5 1.06

.
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TABLE 6. The longitudinal phonon frequencies mi and Paman strengths for bulk
GaAs and ALAs; the one-on-one superlattice; and the two-on-two superlattice.
The results are from Barker at &L(198).

GaAs AlAs
4vj(cm - R) Rx R8 , vj(cm- 1) Rg R8 ,
289.0 0.0 6.7 391.4 0.0 0.72

Monolayer (1,1) Bilayer (2,2)
201.4 32.7 0.0 118.4 24.5 0.0
241.3 0.0 2.41 120.8 0.0 0.11
372.1 0.0 1.18 201.4 0.0 0.0

236.4 3.02 0.0
277.3 0.0 2.86
356.1 1.03 0.0
381.8 0.0 0.68
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FIGURE CAPTIONS

FIGURE 1. GaAs-AlAs superlattice bands in the 1001] direction for GaAs slab
thicknesses of ST, 85, and 114A Solid lines: II AlAs slab thickness.
Dash-dotted lines: 85A AlAs slab thickness. Dotted lines: folded
bulk GaAs band structure.

FIGURE 2. Line-up of the GaAs and AlAs conduction and valence band edges
in the GaAs-AlAs superlattice. AE, and AEv are the valence and
conduction band edge discontinuities.

" FIGURE 3. Line-up of the InAs and GaSb conduction and valence band edges
In the 1nAs-GaSb superlattice. Ef is the energy separation between
the GaSb valence band maximum and the InAs conduction band
minimum.

FIGURE 4. Complex band structure of GaAs and AIAs near zone center along
11001 direction. R.(kx) is plotted to the right of each figure, Im(k,)
is to the left. Solid lines: tight-binding model. Dashed liner. two-
band model Dash-dotted lines: Kronig-Penney model The GaAs
conduction band minimum is the energy zero. The AIAs valence band
maximum is close to -1.7 eV. From Schulman and Chang (1981a).

FIGUIE L Superlattlce conduction band minimum dispersion curves in theZ
direction for superlattices with two layers of AIM alternating with
N lare of GaAs, for N = 3,4,5,8,10,15,20 as indicated. Solid
curve: tight-binding model Dashed curve: Kronig-Penney model.
Dash-dotted curve: two-band model Energy is relative to the GaAs
conduction band minimum. L is the total number of alternating
GaAs and AlAs larers. From Schulman and Chang (1981a).

FIGURE 6 Upper part: E vs.ks relationships for three In(l-x)GaxAs -GaSb(l-y)Asy
superlattices consisting of four laers each of In(l-x)GaxAs and GaSb(l-y)Asy
together with their potential profiles. The z and y values are given
in the text. kg, = r/do where do is the bulk lattice constant.

-'-S

-. ,.." Solid curves: two-band model. Dashed curve: Kronig-Penney model.
Lower part: enery gaps vs. layer thickness. From Sai-Halasz at aL
(1977).

FIGURE 7. Empirical and self-consistent potentials, averaged parallel to the in-
terface, for the (110) interfaces of (a) Ge-GaAs and (b) AlAs-GaAs.
The large arrow denotes the geometric interface, while the smaller
arrows show the positions of atomic planes. From Pickett ot al.,i'"!(1978).
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FIGURE 8. Proposed line-up of the CdTe-HgTe conduction and valence band
edges in the CdTe-HgTe superlattice. HgTe is a zero band gap
semiconductor.

FIGURE I. Complex band structures of GaAs and AlAs along the [1001 direc-
tion. Both the real bands (Im(k5 ) - 0) and the purely imaginary
bands (Re(k.) - 0) are denoted by solid lines. The complex bands
(Re(k.)iO and Im(kx)#O) are denoted by pairs of dashed lines.
The lines associated with Re(kx) and Im(kz) are plotted in the right
and left portions of each figure, respectively. Energy is relative to
the GaAs valence band maximum.

FIGURE 10. Zone center electronic state with energy -0.40 eV relative to the
GaAs conduction band minimum in a GaAs-AlAs superlattice with
50A GaAs and ALAs layer thicknesses. Filled circles: anion. Open
circles: cation. Solid line: total state. Dashed line: light hole bulk
state contribution only. The left half is in the GaAs layers and the
right half is in the AlAs layers. From Schulman and Chang (1981b).

FIGURE IL The linear chain model for the GaAs-AlAs superlattice. The springs
and appropriate spring constants are indicated. The values of these
parameters are given in Barker at aL(1978).

FIGURE 1M. The phonon dispersion curves for the one-on-one and two-on-two
GaAs-AlAs superlattices obtained in the linear chain approximation
(after Barker st &L 19"8).

FIGURE L The binding energy of a donor in the center of a GaAs well sur-
rounded by two layers of Ga(1-x)AlxAs . The ordinate is the num-
ber of GaAs layers. The alloy concentration x is varied from 0.1 to
0.4(from Mailhiot et &L (1982b))
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Advantages of the HgTe-CdTe superlattice as an Infrared detectoi Publication 2

D. L Smnt
HbnepwU ys mns and Awam Cmnte Mln epmolir Minnesota 5540

T. C. McGM
T. J Waton. S. Laboret of Applied Physicm California Institute of TechnoloV , Pasadena, California
9112J

J. N. Schulman
Depanment of Physna and Asmtonomy, Unauty of Hawaui, Honolulu, Hawaii 96822

(Received I I February 1983; accepted for publication 29 April 1983)

The HgTe-CdTe superlattice is found to exhibit properties superior to those of the (Hg, Cd)Te
alloy as an infrared detector material. A calculation shows that the superlattice tunneling length is
shorter than that of the alloy with the same band pp. For a given cutoff wavelength tolerance, we
fnd that less fractional precision is needed in the superlattice control parameter (layer
thicknesses) than in the alloy control parameter (composition). Also, p-side diffusion currents are
expected to be reduced due to the larger superlattice electron effective mass.

PACS numbers: 85.60.G , 73.40.Lq, 73.40.Gk. 78.20. - e

There is at present a major effort to construct rrays of energy range described by real superlattice wave vectors.
photovoltaic detectors for the purpose of infrared imaing.' The effective masses are obtained by differentiation and the
The (HgCd)Te alloy is the material most often used to fabri- tunneling lengths by finding the imaginary superlattice wave
cate such detector arrays. Large tunneling currmnts and the vector in the band-gap region. The tunneling length is de-
extremely prcise composition control required to accurate- fined as the reciprocal of the maximum magnitude imagi-
ly determine the band gap (or equivalently the cutoff wave- nary wave vector of the dispersion curve connecting the con-
length A) are two major difficulties in making the detec- duction-and minimum and thejalence-band maximum. The
tos.' These problems are especially severe for long alloy is also described using the two-band k.p approach in a
wavelength ( AZ 10#am) detectors. Here, we show that the virtual crystal-type approximation. The CdTe and HgTe
HgTe-CdTe superlattice potentially offers inherent advan- r 6 - Fa splittings are taken to be 1.60 and - 0.303 eV and
tages compared with the (HgCd)Te alloy as an infrared de- ther ,, -- r, splittings as 6.01 and 5.58 eV, respectively."
tector materal in that (1) tunneling currents in the superlat- The r 6 to light hole momentum matrix element ( -3 the
tice are found to be much less than in the alloy of the same F, -F,, 1 , value)istakentobe2.54. 4(ef81and the
band gap, (2) the fractional uncertainty in the band-a p - Fcon. to heavy hole momentum matrix element as 2.30

* trol parameter (layer thickness for the superlattice, composi- go. This value gives a heavy hole effective mass of 0.55
tion for the alloy) permissible in the superlatice is greater mo (Ref. 9) in the constituent materials. A lattice constant of
than that permissible in the alloy for fixed band-gap toler- 6.472A was used.' ° The offset between th ce and HgTe
ance requirements, and (3) p-side diffusion currents in the 6.472 was us te o beweet anH
superlattice are expected to be less than in the alloy of the valence bands was taken to be zero .'e
same band gap. These potential advantages of the superlat- In Fig. 1 we compare calculated cutoff wavelengths for
tice are greatest for the smaller band-gap materials.

The HgTe-CdTe superlattice was originally proposed
as an IR material in Ref. 2. In that work, it was shown that 3

the band gap of the superlattice could be controlled by select- q,. xCdxTe 2 -Te - CdTe
ing the superlattice layer thicknesses and that most of the 2 8

AllOy 2 uoelottce
useful regions of the IR spectrum could be sampled. It was 24 24

predicted, however, that very thin layer superlattices were 00d, T. :(1

required. Very recently, the HgTe-CdTe superlattice has x'c
been fabricated -  Although relatively thick layer struc- (g.m) '--
tures were grown, this work is extremely encouraging and 2_
suggests that the difficult problems ass tiated with growing 8
this superlattice can indeed be solved.

The calculations are performed using the two-band k.p _. _ _ j
approach for the conduction and light hole band. The 02. 4
heavy hole band dispersion is treated by including a momen- Cono~os,,on x Layer Thc ess a d1

tuhm matrix element with the r,,1 conduction-band states. FIG. 1. Cutoff wavelength a function ofalycomposition lf adfoThe result of this formal approach is an analytical expression theftg -fCdoTe alloy (frmRef.In left plen for

theHI _,Cd Tealy(from Re.Ia T - 77 ICI and cutoff wavlength
for the superlattice dispersion relation including complex as a function of layer thickness I right panel) for the HgTe.CdTe superlatttce

wave vector values. The band gap follows by finding the with equally thick HgTe and CdTe layers.
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superlattices with equal CdTe and HgTe layer thicknesses two panels. In the superlattic, this effective mass takes on
- with those of the alloy. Layer thicknesses of the superlattice values comparable to effective masses in Si. These modest

:" (d) and composition (x) of the alloy are varied. The results for values of the effective mass suggest that electron transport
the alloy are taken from Ref. 11 for 77 *K. Notice that a large normal to the layer plane should occur fairly easily. How-
part of the IR spectrum can be sampled by the superlattice ever, the superlattice effective masses are much larger than
without going to extremely thin layer spacings. Although the extremely small values which occur in the alloys, par-3 qualitatively similar to the results of Ref. 2, the results ticularly in the largeA, regime. The larger superlattice effec-
shown in Fig. I differ in an important quantitative way. We tive mass will reduce the electron diffusivity of the superlat-
predict that useful regions of the IR spectrum are obtained tice as compared with the alloy with the same A,. This in
with much thicker layer superlattices (thus, easier to fabri- turn should reduce the p-side diffusion currents in a photo-
cate) than was predicted in Ref. 2. For example, forA A = 12 voltaic device made from the superlattice (we assume that
/m. we predict a 73-A layer thickness superlattice is re- the diode structure is such that the plane of thep-n junction
quired while the result of Ref. 2 would be 20 A. This differ- is parallel to the plane of the layers"). Perhaps more impor-
ence comes about because the tight binding parameters used tantly the larger effective masses strongly suggest signifi-
in Ref. 2 gave energy bands with too little dispersion or, candy reduced band-to-band tunneling currents across the
equivalently, too large effective masses. t, The HgTe conduc- junction.
tion-band effective mass is the most important here. The The superlattice effective masses are somewhat sensi-
experimental value for this parameter is about 0.026mo (Ref. tive to the value of the assumed valence-band offset but the
8) whereas the tight binding parameters used in Ref. 2 gave a value of this parameter is not well known. The most recent
value of about 0.27mo. experimental results are consistent with the zero offset as-

An important point implied from Fig. 1 concerns the sumed here, but are not definitive.' 5 If the offset is a signifi-
K precision with which the control parameter must be deter- cant fraction of the CdTe band gap, the superlattice perpen-

mined to fix A, with a given tolerance. Because the A, versus dicular effective masses will be larger than those shown in
composition curve for the alloy diverges atx-0. 14 (Ref. 11) Fig. 2.
(where the band gap goes to zero), extremely precise control To examine the tunneling question in more detail in
of the composition is required at the larger values of A,. The Fig. 3 we compare the tunneling lengths of the superlattice
A, vs d curve for the superlattice does not diverge for finite d and alloy as functions of A. The tunneling length of the
(the band gap asymptotically goes to zero as d approaches superlattice is seen to be significantly shorter than that of the

S"infinity) and less precise control of d is required to fix A,. For alloy. This difference in tunneling lengths is more significant
example, if A, must be 12 ± 2 /m, Ax/x must be less than for larger A,. For example, the superlattice tunneling length
about one part in 20 whereas Ad /d must be less than about inAt = 12/ummaterialisabout 50 A which is comparable to
one part in seven. This advantage of the superlattice is more the alloy tunneling length in theA = 4.5 pm alloy material.
significant as larger A materials are considered. The tunneling length in A, = 12 pm alloy material is about

In Fig. 2 we compare the calculated results for the elec- 130,A. over two and a half times that in the superlattice with
tron effective mass normal to the plane of the interface in the this cutoff wavelength. The tunneling length gives the length
superlattice as a function of A, (controlled by changing d )3 scale over which the wave function decays exponentially into
with the electron effective mass of the alloy as a function of a forbidden energy region such as occurs at ap-n junction. In

. ~A, (controlled by changing x). Note the scale change in the calculations of tunneling currents the tunneling length ap-
pears in a decaying exponential " Thus, the shorter tunnel-
ing lengths predicted for the superlattice as compared with""(M:/m o ) (m .,, Imo )

' 0.04 0.4- the alloy with the same A, strongly suggest much smaller

0.4Hg,. ,,Cdx Te HcTe-CdTe

:::i:. 2- c T0.05 Aloy 0.3 superlottice 320 320-
dCay~r 28028

"- |;HT
0.2240 AUoy 240 SupLO111tce

£200 200 %UT. IO

1J 60- 60.

1280

,'. i i I t a i I40 - 40

2 6 12 14 08 22 2 6 10 14 18 22 26
Cut-Off Woveleflth X C( Um) 2 6 It I4 18 22 2 6 10 14 18 22 26

: FIG. 2. Electron effective mm as a ftuinof cutoff waelength for the Cut -tOff Woven r ( t om)
i Hl &Cd)lTe &Hoy (Wft pael) ant for the HSTe.CdTe superlattie (right pa- FIG. 3. Tunneling length as a function of cutoff wavelength for the
al). The dectron effective mass for the superlattice is anistropic. the com- (HgICcl)Te alloy (left panel) and for the HITe-CdTe superlattice I right pan-poem normal to the layer p is shownor
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tunneling currents in device structures made from the super- lattices offer an attractive alternative to small band-gap zinc

lattice than in corresponding structures formed from the al- blende materials in devices, such as JR detectors and

boy, sources, which require small band-gap materals.

Summarizing, we have found that (1) HgTe-CdTe su- The authors wish to acknowledge valuable discussions
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HgTs-CdTe SUPERLATTICES

D. L. Smith and T. C. McGill
California Institute of Technology

Paadena, California 91125

Rdsumd- Nous prisentons une itude thiorique se rapportant aux propri~tds 6lectroniques
des super-riseaux HgTe-CdTe. Nous calculons, en fonction de la pdriode du super-
rseau, les valeurs de gap dinergie, de masses effectives normales aux interfaces et de Ion-
gueurs caractristiques d'effet tunnel. Les mimes quantit6s sont ausui calcul6es pour
un aliage (HSCd)Te et compardes avec celles obtenues pour le super-r~seau HgTe-
CdTe. 11 et dimontit qu'en gintra1, les supet-r6seaux HgTe-CdTe possbdent des
proprit ts supdrieures k celles des alliages pour les applications en ddtection infra-rouge.

Abstract- We report on a theoretical study of the electronic properties of HgTe-CdTe
-: "superlattices. The band gap as a function of layer thickness, effective masses normal

to the layer plane and tunneling length are compared to the corresponding (Hg, Cd)Te
alloys. We find that the superlattice possesses a number of properties that may make
it superior to the corresponding alloy as an infrared material.

-% I-JLtroduction

Superlattices formed of HgTe and CdTe have been proposed as materials for application in the
infrared /1-3/. In the last couple of years a number of groups have made serious attempts to
fabricate these superlattices /4-6/.

In elemental and alloy based (HgsCd-.Te -Hg Cd--. Te) superlattices, the material is made
up of alternating layers of the compounds or aloys. Ihe simplest case is illustrated by con-
centrating on the elemental superlattice. In this case, the superlattice can be viewed in a
Kronig-Penney square well model like that schematically illustrated in Fig. 1. In drawing this
figure, the valence band offset has been taken to be zero. This value is consistent with all of the
measured results and the few empirical ideas for estimating valence band offsets /T,8/. In thisschematic the holes do not experience a barrier in going from one layer to another. However, the

electrons ee the full difference in the band gaps. As noted originally in Ref. 1, this superlattice
has the property that the band gap is dependent on thickness of the layers. In the limit of very
thick HgTe layers the band gap is zero since it originates in the HgTe. As the thickness of the
-gTe layer is reduced, the band gap increases as a result of the confinement of the conduction
band wavefunction. In the limit of very thin.layers the superlattice bandgap approaches that
of the alloy with the same composition. Another property of such a structure was noted in the
original papers by Schulman and McGill /1-3/. The close proximity of the valence band edge of
CdTe implies that the tunneling length in the CdTe for electrons at the conduction band edge
is quite long and that the masses for electrons at the conduction band edge normal to the layers
is relatively small. For thinner CdTe layers, the superlattice can behave as a three-dimensional
bulk materials as opposed to the two dimensional character of many of the other materials and
systems.
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1.6 eV * °

K F.-HgTe - Cd Te-
Fig. 1- Schematic illustration of the HgTe-CdTe heterojunction. Repetition of this heterojunc-
tion produces the superlattice. The valence band offet is taken to be zero.

In this paper we report on a more accurate study of the near band edge properties of the
HgTe-CdTe superlattices and make detailed comparisons with the corresponding properties of
the allCys. Section II contains a brief description of the theoretical technique used to make the
calculations. Section I gives the results and compares them with those corresponding to the
alloys. Section IV presents our conclusions.

"-Caleulatoaal Method

In the original papers by Schulman and McGi /1-3/, the calculations were carried out using
the empirical tight-binding technique. This technique had one difficiency in that it aimed
at reproducing the optical transitions for the HgTe and CdTe but did not give an accurate
description of the near band edge properties such as effective masses. In this report, we give the
results of k-p calculations that reproduce the near band edge properties very accurately. The
calculatlonal approach is similar to those reported by White and Sham /9/, and Bastard /10/.
A two-band k-p approach is applied to the conduction and light hole band. The heavy hole
band is also treated using this formalism. It is taken to connect through the momentum matrix
element with the r 15 conduction band states. The potential is assumed to be constant in the two
layers with a discontinunity at the interface for the s-like potential (the conduction band offset).

* An analytical expression for the superlattice energy-wavevector relation is obtained. The alloy
is also described using a 2-band k-p approach. The parameters in the k-p are obtained using a
virtual crystal type approximation.

The splittings re-rs and rFs;g-rs are takta to be 1.60 eV and 6.01 eV for CdTe and -0.303
eV and 5.58 eV for HgTe. The re to light hole momentum matrix element is taken to be
2.54,V/m0 and the r1 s;c to heavy hole matrix element is taken to be 2.30 /V6 , resulting
in a heavy hole effective mass of 0.55mo in both materials. The lattice constant was taken to
be 6.472 A. The valence band offset was taken to be zero.

The effective masses are obtained by differentiating the resulting energy-wavevector relation.
The tunneling length is obtained by finding the imaginary superlattice wavevector in the
bandgap of the superlattice.

].Results

In Fig. 2 we present the results for cutoff wavelength as a function of composition for the alloy
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and layer thickness for superlattices in which the thickness of the HgTe is the same as the CdTe.
The result for the alloy shows the characteristic singularity at z - 0.14. In contrast the result
for the bandgap of the superlattice shows no such singularity. The cutoff wavelength smoothly
approaches infinity as the thickness of the HgTe layer approaches infinity. This result implies
an obvious advantage for the superlattice. To reach a given cutoff wavelength, the parameters
which must be controlled are the thickness of the layers. Since in the case of the superlattice
the cutoff wavelength is not singular in this parameter, the precision with which this parameter
must be controlled to reach a given cutoff is much less in the superlattices than in the alloys.

32 Hg .. Cd Te 32- HgTe-CdTe

28 28-
Alloy Superlattice

24 24- dCd -, d~gT-, 2d
>C 20 20-

( 6m) 16 6-

12 128t 8 "

4 4

= I - , I ' I I 1
0.2 0.3 0.4 40 60 80 100 120 140

Composition X Layer Thickness d (.)

Fig. 2- The cutoff wavelength or the reciprocal of the bandgap for the alloy as a function of
compostion and the superlattice as a function of layer thickness. The thicknesses of the HgTe
and CdTe layers in the superlattice are assumed to be the same.

One characteristic of narrow-band-gap, zincblende-crystal-structure material is the very small
effective mass /11/. In Fig. 3, we have plotted the effective mass of the conduction band for
the alloy and the superlattice normal to the layers as function of the cutoff wavelength or the
reiprocal of the band gp. To illustrate our point the results for equal HgTe and CdTe layer
thicknesses are presented. This figure shows a very interesting property of the superlattice as
compared to the alloy. The effective mass of the superlattice is much larger than that for the
corresponding alloy.
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0.04 0.4-

Hg,._ xCdxTe HgTe-CdTe

0.03 Alloy 0.3- Superlattice
. dcd. dHgT@

0.02 0.2-

* 0.01- 0.1

2 6 10 14 18 22 2 6 0 14 18 22 26
Cut-Off Wavelength Xc(I.m)

Fig. 3- The electron effective mass as a function of the cutoff wavelength for the alloys and a
superlattice with equal thicknesses of HgTe and CdTe. The effective mass for the superlattice
is that normal to the layers. Note the scale change on the effective masses for the two graphs.

.'j

In most device structures employing narrow band gap semiconductors, the very small electron
effective mass is an obvious disadvantage. The small effective mass leads to large diffusion
currents and large tunneling currents through the depletion region of the devices. In the case
of the superlattices the effective mass and the band gap are not strongly coupled. Hence, one
can obtain values for the effective mass in the appropriate direction that are large compared to
those for the same band gap in the alloy.

To illustrate this point quantitatively, we have plotted a characteristic length governing the
tunneling as a function of the cut-off wavelength for a superlattice and alloy in Fig. 4. We have
selected the characteristic length to be the reciprocal of the imaginary part of the wavevector
at its mauimum in the forbidden gap. Again for convenience we have chosen the case when the

.superlattice is mode of layers of HgTe and CdTe with the same thickness. The important point
to note from this figure is the rather large values of the tunneling length for the alloy that are
obtained when the cut-off wavelength is large and the rather small values that are obtained in
the superlattice.
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Hg, x Cd x Te HgTe - CdTe
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240- Alloy 240- Superlattice
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80- 80-

40- 40
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2 6 10 14 18 22 2 6 10 4 18 22 26

Cut -Off Wavelength (.m)

Fig. 4- The tunneling length as a function of cutoff wavelength for the alloy and superlattice.
The tunneling length is defined to be the reciprocal of the imaginary part of the wavevector at
its maximum if the forbidden gap. The superlattice consists of HgTe layers and CdTe layers
with the same thickness.

IY-Coaclusons

In this short note we have presented an accurate study of the narrow band edge properties of
the HgTe-CdTe superlattices. The theoretical results suggest three very important properties
of this superlattice as an infrared material: First, the band gap is cbntinuously adjustable
from the value of the alloy to zero for a fixed ratio of HgTe to CdTe. Second, for moderate
thicknesses of the CdTe layers, the superlattice can behave as a three-dimensional material
with a reasonable value for the mass of the electrons normal to the layer. Third, the electron
tunneling is significantly reduced compared to that for the alloy of the same bandgap.

These properties make the superlattices of HgTe-CdTe one of the most exciting recent develop-
ments in infrared materials.
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In their seminal paper on superlattices, Esaki and Tsu' indi- more, they find that the band gap of the superlattice can be
cated that superlattices involving 1I-VI compounds and determined with less fractional precison in the layer thick-
their alloys, could be of interest along with superlattices in- ness than the fractional precision in composition required
volving group IV and III-V semiconductors. Independent- for the alloy. This makes it easier to reach a given cutoff
ly, Schulman and McGi 12 identified the HgTe-CdTe super- wavelength with the superlattice than with the alloy.
lattice as an interesting case to study. HgTe and CdTe have They also find that the CdTe layers in the superlattice tend
the same crystal structure and lattice constant to 0.3 to confine the electronic wave functions for energies in the
CdTe is a conventional zinc blende semiconductor with a forbidden gap better than in the alloy. To illustrate this
band gap of about 1.6 eV; HgTe is a zero band gap semicon- point, we have plotted the complex band structure for
ductor Hence, HgTe-CdTe superlattices are expected to H&, -,Cd, Te alloys in Fig. I and that for HgTe--CdTe su-
span a wide range of properties. perlattices with the same band gapp. The important point to

Schumlan and McGII12"4 carried out extensive theoretical be noted here is the much larger value of the k, for the super-
studies of this superlattice and concluded that this superlat- lattice as compared to the alloy with the same band gap. This
tice could have significant application in infrared devices, difference in the imaginary part suggests significantly re-
For fixed Hg to Cd ratio, they found that the band gap of the duced tunneling in junctions formed in the superlattice as
superlattice could be adjusted from zero in the limit of thick compared to those in alloys. Hence, the HgTe-CdTe super-
HgTe layers to a value that is approximately that of the cor- lattice has a numberof properties that could make it interest-
responding alloy for thin HgTe layers. This band gap vari- ing in comparison to the alloy for infrared applications.
ation should be contrasted with that of the alloy where a The fabrication of these structures is difficult owing to the
single value is obtained for fixed Hg to Cd ratio. One could high Hg vapor pressure. A number of groups have been at-
also make superlattices from alloys H,_ , Cd2 Te-H&t - tempting to fabricate HgTe-CdTe superlattices. Very re-
Cd,Te. Hence, one could vary both the thickness of the two cently Faurie and co-workers" have reported the first
layers andx andy. These four independent parametes can be growth of these structures. Using molecular beam epitaxy,
used to control the materials properties. this group has succeeded in fabricating as many as 100 lay-

An important question is the value of the offset between ers. The thickness of the HgTe layers ranged from I80- 1600
*, the valence band in the two materials. This parameter is Aand the thickness of the CdTe layers ranged from 44-600

particularly important in governing the properties of the su- ,. While these experimental results are very preliminary,
perlattices. Classical arguments based on the electron affin- they indicate that HgTe-CdTe superlattices can, in fact, be
ity differences," the common anion rule,' and Harrison's
model7 suggest that valence band offsets should be small. -- , e ,Te- j- e
Schulman and McGill found that if they took the band off-
set between the valence bands of the HgTe and CdTe to be
zero, then the decay of the wave function near the valence , ** ,,~~~~band and conduction band edges into the CdTe was slow. :- - "'

Therefore, transport normal to the layers was possible even "
for rather thick layers of CdTe in the superlattice. Hence, the -

material would behave as a true three-dimensional material, - . -

in that transport normal to the layers would take on area- - *.

sotable value. Experimentally, the value of the band offsets , I ,
for this structure has not been determined unequivocally. Ie

However, the result- of experiments by Kuech and McCal- - - :°' - "
din9 suggest that tie band offsets for the valence band may - -

indeed be small. :-,, ,'.Q.evevor k, :' -
In a recent pape, Smith, McGill, and Schulman"' have FIG. I. Complex band structure of the Hg, - Cd, Te alloy and the HgTe-

presented a number of reasons for considering HgTe-CdTe CdTe superlattice. The abscissa is the imaginary part of the wave vector
superlattices for aprication in the infrared. Using a much which governs the decay of the wave function in the forbidden energy range
improved calculation of the band gap of the superlattice as a which is given on the ordinate. The results for a number of different alloy
function of the layer thickness, they find that interesting cut- compositions x are given. To make comparison possible, the results are also

given for the superlattice with -qual amounts of CdTe and HgTe. with the
off wavelengths (8-12 Mm) can be reached by working with thickness of the layers adjusted to give the same value for the band gap as for
superlattices with thickness as great as 55-75 A. Further- the alloy.
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We present the results of a theoretical study of the variation of the binding energy for shallow
donor states in quantum well structures consisting of a single slab of GaAs sandwiched between
two semi-infinite slabs of Ga, _,AI,As. The alloy composition. x. is varied between 0. 1 and 0.4. In
this range, the Gal _,AI,As is direct and the single-valley effective mass theory is a valid
technique for treating shallow states. Calculations are carried out in the case of finite potential
barrier determined by realistic conduction band offsets. We find that the binding energy varies
from about 5 meV at infinite GaAs slab thickness to a maximum value between 15 and
5 monolavers depending on the alloy composition. The maximum binding energy vanes from
about 12 meV for the x=0.1 alloy to about 16 meV for the x=0.4 alloy.

I. Introduction

The unique nature of electronic states associated with semiconductor super-
lattices has been the subject of a great deal of interest [1-31. In view of the
potential applications of these structures [4-71, the understanding of impurity
states found within these systems is an issue of technical as well as scientific
importance.

In this paper. we report on a study of donor states in a single GaAs-
Ga, -,AIAs quantum well, i.e.. a structure formed with a central GaAs slab
(well material) flanked by two semi-infinite Ga,-,AIAs slabs (barrier
material). The binding energy of a donor state centered in the GaAs slab is
studied as a function of the width of the rectangular potential well formed by
the conduction band offset at the GaAs-Ga, - ,AI, As interface. The effect of
the alloy composition. x, in the barrier material is also investigated. We find
that the binding energy is considerably modified as :he dimension of the
confining quantum well is varied. Since we treat a single quantum well. the
results discussed below should apply to superlattices in which the Ga, ,.At, As
barriers are thick enough so that there is little overlap between the states
confined within adjacent GaAs quantum wells.

* Work supported in part by the Army Research Office under Contract No. DAAi24-80t-C-o103.
Supported by the NSERC of Canada and by the Fonds FCAC of Quebec.
Present address: Department of Physics. University of Illinois. Urbana. Illinois 61?OI. USA.
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2. Calculation method

Calculations are based on the effective mass approximation. The composi-
tion of the Ga, _.AlAs alloy was varied in the range where the alloy remains
direct, so that single-valley effective mass theory still holds. Realistic conduc-
tion band offsets of finite values were used, thereby allowing the wavefunction
to penetrate into the barrier material.

Taking into account the finite magnitude of the potential barrier, the
-effective mass Hamiltonian corresponds to that of a Coulomb center at the

middle of a finite quantum well of width 2a (along the z direction) and height
V0:

-h2v
2  e2

H 2m7 i ur forIzI<a,

:: ' -A 2v 2  e2

H 2 2 VO for 1 I> a. (ib)

mr and el refer to the bulk GaAs values and m2 and t. refer to the
interpolated values in Ga -, Al, As. Since the dielectric constants of the two
semiconductors are similar, the potential energy contribution due to the image
charges of the impurity ion [8] was found to be at most of the order of 3% and
were therefore neglected in the piesent calculation. The conduction band
offset. V0, was taken to be 85% of the difference in the band gaps of GaAs and
Ga, - Al, As [9). Since the alloy composition range studied was such that the
alloy was direct (x < 0.45) [91, both the effective mass m* and the conduction
band offset Vo were determined using the r-point values in Ga,-,Al.As.
Using room temperature values, we obtain for GaAs and Ga, -_AlAs [91:
mT =0.067m0 , m2 =(0.067 +0.083x)m 0 , el = 13.1l, t2 =(13.1(1 -x)+
10.lx)t 0 , and V0 = 1.06x eV. where m0 and to are the free electron mass and
the vacuum static dielectric constant, respectively.

A The calculations made use of the variational principle. The basis set used

consists of solutions to the one-dimensional finite quantum well Hamiltonian
multiplied by a set of nineteen two-dimensional Gaussian-type orbitals. The
boundary conditions imposed on the one-dimensional solutions to the finite
quantum well were continuity of the wavefunction and of the velocity operator
since the two effective masses differ across the well boundary. The donor state

envelope function is allowed to leak into the barrier material as the width of
the well is reduced. To confirm the validity of this basis set, we have also
carried out the calculation using another basis set [10], consisting of three-
dimensional Gaussian-type orbitals defined in an ellipsoidal coordinate system
so as to retain the non-spherical character of the Hamiltonian (eq. (1)). This
basis set has the advantage of reproducing reasonably well the Coulomb center
at large slab thicknesses where the cosine-like character of the well states basis
set does not produce a good description. For slab thicknesses less than about
40 GaAs monolayers, this ellipsoidal basis set produces results similar to those
reported here.

A%
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Fig. I. Variation of the energy measured with respect to the first subband for the donor around

state in GaAs-Ga&..AlAs quantum well structure as a function of the GaAs slab thickness.
Calculations were carried out for four alloys compositions. The dash-dotted line indicates the
binding energy for bulk GaAs. A GaAs monolayer is 2.83 A thick.

.-

3. Resfts

The energy of the ground state with respect to the first conduction subband

as a function of GaAs slab thickness is shown in fig. I for four alloy
compositions: x = 0.1, 0.2, 0.3, 0.4. The binding energy versus GaAs slab
thickness curve presents a maximum whose magnitude and position depend on
the alloy composition of the barrier material. The position of the maximum
varies from about 15 monolayers to about 5 monolayers as the Al content in
the alloy is increased from 10% to 40%. The corresponding maximum binding
energy increases from about 12 to about 16 meV as the Al content in the alloy
is augmented from 10% to 40%. Greater Al concentration in the barrier
material leads to larger conduction band offsets and therefore more effective
confinement of the donor envelope function. Since a greater confinement of
the donor state leads to a more sharply peaked wavefunction around the
impurity center, the attractive Coulomb potential is more effective in binding
the donor state when the Al content in the Ga._- Al .As barriers is increased.

4. ConcduIos

We have calculated the binding energy of shallow donor states in GaAs-
Ga, _.AlAs quantum well structures using the effective mass approximation
scheme. Realistic values for conduction band offsets were used. The impurity

i ~~~~~~~~~~. . .. .. . . ... b."...'.'..%-.....%". ""....,.. ""..'.."."...'%.*v .*..
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*, 0 center was located in the middle of the GaAs slab. The variation in binding
energy of the donor ground state was studied as a function of the central GaAs
slab thickness. Calculations were done for four alloy compositions of
Ga ,AlAs in a range in which the alloy remains direct.

It was found that the binding energy of the donor ground state is consider-
ably modified as the thickness of the GaAs slab containing the impurity was
varied. This variation in binding energy should be easily observed experimen-
tally since molecular-beam epitaxy (MBE) techniques [lI I now allow for the
fabrication of superlatti cs consisting of alternating slabs of few monolayers of
GaAs-Ga,.,AlxAs. It seems then possible to adjust the binding energy of a
Coulomb center in a superlattice by varying the thickness of the slab contain-
ing the impurity -enter.
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Energy spectra of donors in GaAs-Gal , AlAs quantum well structures
in the effective-mass approximation
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-. We present the results of a study of the energy spectrum of the ground state and the
low-lying excited states for shallow donors in quantum well structures consisting of a sin.
gle slab of GaAs sandwiched between two semi-infinite layers of Oa,_..AIAs. The effect
of the position of the impurity atom within central GaAs slab is investigated for different
slab thicknesses and alloy compositions. Two limiting cases are presented: one in which
the impurity atom is located at the center of the quantum well (on-center impurity), the

., other in which the impurity atom is located at the edge of the quantum well (on-edge im-
purity). Bot the on-center and the on-edge donor ground state are bound for all values
of GaAs slab thicknesses and alloy compositions. The alloy composition x is vaied be-

4 tween 0.1 and 0.4. In this composition range. Gal, AI.As is direct, and the single-valley
effective-mass theory is a valid technique for treating shallow donor states. Calculations
are carried out in the case of finite potential barriers determined by realistic conduction-
band offsets.

I. INTRODUCTION varied. Both the on-center and the on-edge donor
energies with respect to the first conduction sub-

The unique nature of electronic states associated band versus GaAs slab thickness present a max-
with semiconductor superlattices has been the sub- imum (in absolute value) whose magnitude depends
ject of a great deal of interest both from the on the alloy compoition. The on-edge impurity
theoretical'-6 and experimental 7'- 0 viewpoints. In produces a more shalow donor ground state than
view of the potential applications of these struc- the on-center impurity. This reduction of binding
tures, 1-14 the understanding of impurity states of the on-edge donor ground state results from the

, found within these systems is an issue of technical fact that the repulsive barrier potential tends to
as well as scientific importance, push the electronic charge distribution away from

- **. In this pape we report on study of the energy the attractive ionized center thereby leading to a
spectrum of shallow donor states in a single reduced effective Coulomb attraction. This finding
GaAs-Ga_..Al, As quantum well, i.e., a structure is in accord with previous calculations carried in
formed by a central GaAs slab (well material) the case of infinite confining potential.' s

flanked by two semi-infinite Ga-, AIAs layers In Sec. 11 we present the calculation techniques.
(barrier material). The energy spectrum of a donor We discuss first the effective-mass Hamiltonian
state located within the GaAs slab is studied as a used for treating the shallow states and its validity;
function of the width of the rectangular potential then we describe the basis orbitals on which the
well formed by the conduction-band offset at the donor state is expanded. In Sec. III, the main re-
GaAs-Ga -,Al, As interface. The effect of the al- suits are presented. First we discuss the energy
loy composition x in the barrier material as well as spectrum for the on-ceniter impurity; then we treat
the position of the donor atom within the well are the case of the on-edge impurity. A comparison is
also investigated. To illustrate the effect of the po- made between these two limiting cases. A sum.
sition of the donor on the electronic spectra, two mary of the results and a conclusion are presented
positions of the donor ion were studied: (1) donor in Sec. IV.
ion at the center of the quantum well (on-center
impurity) and (2) donor ion on the edge of the
quantum well boundary (on-edge impurity). We I. CALCULATION METHOD
find that the donor energy spectrum, both for the
on-center and the on-edge impurity, is considerably Calculations are based on the effective-mass ap-

* modified as the dimension of the quantum well is proximation (EMA). The GaAs-Ga, .Al 1As sys-
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teon was, chosen since the EMA is known to hold
to a high degree of accurucy for shallow donor
St"te in GaAs.I6 AS Shown by Ando and Mori,17  0n A* As Ga~s G,,* Ai. As

the oundary condition tha the donor envelope
function and the pacula current are continuous (a) -

acro the interface is suftiient in the case of
GaAs-Ga, AlAs quantum well structures. For
other systems, one would have to go beyond the
EMA and use the complex baind structure of the Z
superlattice' to provide a complet theoretical

durption of shallow donor ststes.' Since wej*
treat a single quantum well, the results discussed Mb a a

belowi should apply to superlattices in which the FIG I. eometr of a Coulomb center located at a
Gal ,Al . 5 As barriers an thick enough so that distance c fromi the cnter of a finite quantum well of
there is little overlap between the statn confined to width 2a (aimn the I direction) and height V0. (a) phys
adjacent GaAs quatum wells. In the mue of thin ica structume M Quantum well potential profile along
superlattaces, one should take into accounat the the I axis normal to the intrface.
spreding of the dlonor envelope function into the

The composition of the Gal ..,AIAs alloy wasl+V ()(a
vanied in the range where the alloy remais direct, 2nm 'Ia
so ha the i*gL5D53? effetive-mais theory al ireon(1),
b old. Reaisti dcti-n ofatsof fnite

mgituade wcued, threy allowing the2-±~2
function to peanrte into the berneti material aslA V2 (UPI+ V b
the dimensions at the confining quantum, well are2m2
reduced. The use of finit- caductPio.m-bund offset& in region (2), and
baal a large effect on the binding energy of the
donor state in the thin GaAs alab limit and should M+VII+V ()
be compared with approximate calcuilationes carried2m2
out using infinitely high barrier height (quantum

*box cue." 3- For eiapl, as first shown by in region (3), where m * refers to the bulk GaAs
Layimi hydrogmaic: donor staue at a semaicon- (well material) effective mass and m* refers to the
ductor surface cannot exist unless the sum of the interpolated effective mass in Gal, AlAs (barrier
Coulomb quantum numbems I + m, is an odd in- material). Since the bulk dielectric constants of
tewe if the potential discontinuity is asumed to be GaAs and Ga, ..,AI.As el and e2, respectively,
infinite at the surface. In this case, the ground differ slightly, the Hamiltonian must include terms
stat corresponds to a 2p, hydrogenic: stae In due to electrostatic image charges? 2' The poten-
particular, spherically symmetric states are not &I- tials VIO(R) V2( FI, and V3(F) represent the
lowed since the donor envelope function is required Coulomb interaction between the electron and the
to vanish at the interface. When finite conduc- impurity ion as well as the ion image charge.
tion-band offsets, are taken into account, the condi- When the origin is taken to be on the ionized
bion that the wave function vanish at the interface donor, the left and right boundaries of the quan.
is reaed and penetration in the barrier material is tum well are, respectively, zo - -(a -s0c and
allowed. The infintite barrier men should be viewed zo-(a -0). We let the dielectric mismatch be-
as a limiting cue valid only for very wide quan- tween GaAs and Gal- .. Al, As be expressed as
tum well for which the penetration of the donor ( 6

44 ~state into the barrier material is small. ,C-2 (2a)
* The effectivemass Hamiltonian corresponding (6, +62)

to aCoulomb center located at adistance cfroim ____ 2
the center of afinite quantum well of width 2a P (l+2)(b
along the I direction (the f ais is normal to the in-(6+)

* terface plane) and height V0 (see Fig. I for and the positions of the ion image charges along

geometry) is the t axis to be

I* %........ %..
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",. lterms.
z('l)l21 n- - (a +c) The condution-bmnd offset V0 was taken to be

85% of the difference of the k -0 band gaps of
1n+1l 1 GaAs and Gat-, AlAs.'4 Since the alloy compo-

+ -T (a -c) , (3a) sition range studied was such that the alloy was
2 Jdirect (x <0.45)14 both the effective mass m'n and

-'j U+l jthe conduction-band offset V° were determined us-
zj'(n)= - 2  -- (a +c) ing the k'=0 values in Gal-,AlAs (Ref. 24):

Imt =0.067m0 , (5a)
n m =(O.067+0.083x)mo, (Sb)

(3b) el = 13. leo, (5c)

where e2=[13. !(I -x)+ 10. Ix]o, (Sd)

[x]=intx . (3c) Vo=1.06x eV, (Se)

Letting where mo and eo are the free electron mm and the
vacuum static dielectric constant, respectively.

p=(x+y) (4a) To calculate binding energies, we must solve for

and the Hamiltonian defined in Eqs. (1) without the
impurity potentials V,(frl, V2(r), and VY(tr). That

• .:(p2+z )'/2, (4b)) is, we must find the ground state of an electron in

the quantum well without the impurity potential.
the potential energy in region (i) can be written as The Hamiltonian for the particle in this problem is

V()- -1+(F)+vr) , (4c) given by

where2m'

I, .2 ujp pIp 2 +[z--z(n)]2 1 2 , (4d) in region (1),

*2 fio(2) ~ VO (bu 1 --(F e pip 2 -. z-z" n)] 2
, (4e) 2 (Eb)r- 4 1e .g

for the electron-ion potential. in region (2), and
In region (2), the potential energy can be ex- #

pressed as +o(3= -i-7 V+ V0  (6c)

-= . p' p2+[z-ZJ(n)]21 - 1/ 2 (4f)
,ire2- .- o ' in region (3). The energies (E) of the Coulomb

for the electron-ion potential. states with resp~ect to the first conduction-subband
[oregione(3),-he potential, eneredge are given by the difference between the donorIn region (3), the potential energy can be ex- eeg ()adtesbadeeg ( )

pressd asenergy E(12) and the subband energy E(H0o):pressed as

I _[ - (n)] , E-E(H))-E(Ho). (7)

,,,E2 -a WOSince the Hamiltonian without the Coulomb
(4g) center, Ho, is even with respect to reflection

for the electron-ion potential. through the xy plane, eigenstates of fo must have
A finite number of image charges were included definite parity. In particular, eigenstates of HO be-

in the expansion of Eqs. (4). Since the dielectric longing to odd-number subbands (n = 1,3,5. ... )
mismatch p is at most of the order of 5% for the must be even with respect to reflection through the
x-0.4 alloy, the contributions due to higher-order xy plane. Eigenstates of H0 belonging to even-
image charge terms are negligible. In the present number subbands (n = 2,4,6.... ) must be odd with
calculation, we included only four image charge respect to reflection through the xy plane.

4~ . &
. . . . . .. . . . . . . ...
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Calculations were carried out using a variational the form of Gaussian-type orbitals (GTO's) defined
method. To preserve the cylindrical geometry of in an ellipsoidal coordinate system and shifted with
the system, the trial basis orbitals on which the respect to the ionized donor taken to be at the on-
donor-st te envelope function is expanded are of gin

-":S (F' In/m ).~,.(F')- Ni~n,l)[r(Adt)"a]exP{ - ,(n,l)r(X d)' 2 ] Yr'(fl'),(8
iinl1,2.3

where (.,dt)'n[x+y 2 + )z-dt)]" 2 , and of GaAs-Ga_,A 1 As quantum well structures.
N(nl) is a nornmalization constant. The index The donor envelope function I 1) is expanded

i = 1,2,3 labels the region of space where the GTO on this set of trial orbitals:

orbtal is defined. The boundary conditions that W) - I C(nim)InIM), (10)
both the wave function and the particle current are
continous across the i on t cns deteins N where the set of basis orbitals I nim ) are the el-
tiams between the normalization constants NMn,) lisia GTOs defined above in Eq. M8.
and the orbital exponents, (n,l), in the barrier Tpoble m o fsving the in Scq. (8)
material (=2,3) in terms of those in the well m- e proble n of solving the EMA Schrudincger
terial (- 1). To produce an accurate description of equation for the donor envelope function
the donor envelope wave function, a shape parame- Rj 9)=E(R)I '> lI)
ter, or eccentricity (1), a wel as a shift parameter
(dr), were incorporated in the variationa basis sot reduces to that of solving the generalized eigen-

I aim ) 1. The shape parmeter X determines the value problem

compression of the envelope function along the I ( (im I I n'm')
quantum well axis (0). The shift parameter d,
determines the location of the electron charge dis- E(R)(nim I n'l'm')]C(n'l'm')=O,
tribution when the impurity ion is moved towards
the quantum well edge. In the calculation present. (12)
ad here we chose (1) d, nO in the case of the on-
center impurity and (2) do0 #) for 1-0 and dt-0 for the eigenenergy E(H) and the expansion coeffi-

for 100 in the case of the on-edge impurity. The cients C(nim) appearing in the expansion equation

TO orbital exponents C1(,) appearing in Eq. (8) (10).
e fied and taken to be of the form, in atomic Calculations were carried out using both s-like

rydbere units 2 o (1=0) and p-like (= 1) OTO's. In the case of the
on-center impurity (c=0), the Hamiltonian in Eqs.

CO (9) (I) mixes only orbitals whose angular momenta I

b(nX+I)' differ by an even integer. For the on-center impur-

ity, only s-like GTO's were included in the expan-
with b(n)- 11,2,4,8,16,32,+ 1 and o-8/(9') sion equation (10). However, for the on-edge im-
bobr- 2. The choice of Co is dictated by the fact purity (c -a), the mixing between s- and p-like or-
that if one solves the hydrogen-atom Hamiltonian bitals becomes appreciable and must be included to
for the ground state with a trial Gaussian orbital provide an accurate description of the neutral
of the form Nexp(- O2 ), then one essily finds donor. For the on-edge impurity, seven s-like
that the orbital exponent Co that minimizes the ex- OTO's and seven p-like GTO's were included in
pcai value of the energy is Co-8/(9ir) bohr- 2. the expansion equation (10). The calculation of the
To make the particle current continuous, we im- subband energy E(Ho) was carried through using
pase continuity of the wave function and of the seven s-like GTO's. As mentioned above, eigen-
velocity operator across the quantum well boun- states of 120 belonging to the first conduction sub.
dar. 2 , The boundary condition that band are even with respect to reflection through
( 4. "m)/m0 must be continuous across the inter- the xy plane and thus the donor envelope function
face is required since the difference in effective can be fairly well described by s-like basis orbitals.
masses was taken into account in the expression of For each value of GaAs slab thickness (2a), impur-
the Hamiltonian. As shown by Ando and Mori,'7  ity position (c), and barrier height V0, the shape
there are adequate boundary conditions in the case parameter X as well as the shift parameter d, were

,s. - . . . . ............................. '.-, . * ... ,, ...
.
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detemind byminmizig te enrgyexpectation 11 EU7

lamb center at both the small (a -0) and the large on-edge impurity case (c =a). Comparisons are
(a - w ) slbthickness limit where the binding en- made between these two limiting cases.
erl reuei-h ao h ncne donor, to Figure 3 shows the on-center donor ground-state

thtofte arermteilorte elmaterial eneoefnto hog h olm etrand

an alos hebasis orbitals to reshape themselves Greater Al composition produces higher conduc.
ioretominimize the total energy. The in- tion-band offsets which, in turn, tend to localize
clso fa shift parameter d, in the variational the donor envelope function more effectively. As

bass st llos he letroicchagedistribution shown in Fig. 3, for very thin GaAs slab, the en-
.socated with the donor ground-state envelope velope function leaks appreciably into the barrier

function to be shifted away from the position of material (Ga,A ,s) In the limit of very thin
the impurity ion. This degree of freedom appears GaAs slab thicknesses, one should recover the
to be most important in the case of the on-edge binding energy corresponding to bulk

do"where the Coulomb potential tends to pull Gal-,. Al. As. Conversely, for large GaAs slab
th hredistribution towards the ionized center thicknesses, the on-center donor ground state is

whesthe repulsive barrier potential tends to mostly confined within the quantum well and one
psitaway from the ionized center.

Fiue2shows the eccentricity (shape parameter WAV =UCM -m0.4
X)frteon-cenlter donor state as a function ofVESS- 0.

th Gi sa thickness for different alloy compo- POSITONa-.

siinx sshown in the figure grester values of e--
x (e.,greterconduction-buind offset) result in

lage shape parameter and therefore tighter 1. (a)FieGs
GTO's. Furthermore. the shape-parameter -versus W.2 'Mono ioyet 5

-slab-thickness curve presents a maximum corre-
sponding to a maximum confinement of the donor 0.9
envelope function around the impurity atom. For 0
both very large and very small slab thicknesses, the
shape parameter XL reduces to unity as it should in 0.3 As. Ga4 6As GchAI, As
order to describe the isotropic caue corresponding 0 r I L I
to bulk GaAs or bulk Gal- I~s respectively. 0A -2 -t 03

WIVE FUMCT*J

.POSITON .

C' :#t1CfVO ass'a" 
0.1ol

1 1 on'*Cil"., Gro.nd Slate for.
3-fte'ien, Ga ,A). As Comiin,no; (b) Eleven GaAs I

640.9 / Monoiayers

- 040.6- /

0.3-

Z0.0--
2 60,.,AI, As GaAs Go,., AlAs

IAI 0.3f
2CZ 40 ac so .00 -90 -6 -0 0 so 50 90

Nurnber of GaAs MOrM0IoyerS Z (A)

FIG. 2. Eccentricity (shape parameter) )4 of ellip- FIG. 3. On-center donor ground-state envelope func-
soidal Gaussian type orbitals as a function of GaAs slab tion plotted along the axis normal to the interfaces for

d.thickness for four alloy compositions, x =0. 1.0.2.0.3,0.4. different GaAs slab thicknesses and four alloy composi-
of Osl, Al,As. tions. x =0. 1.0-2.0.3.0.4. of Ga .. Al, As.

a,%
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A should recover the binding energy for bulk Ga&s. slab thicknesses the effect of the alloy composition
As mentioned above, the EMA Hamiltonia for x or, equivalently, of the barrier height V0. on the
the on-center impurity mixes only orbitals whos on-canter donor ground-state energy and wave
anpglar moments I differ by an even integer. As function is greatly reduced since the envelope funtc-
shown in Fig. 3, the total on-center impurity wave tion is strongly localized around the impurity ion
function does not acquire a p-like character. in the center of the quantum well and does not feed

Figure 4 shows the energy, with respect to the much the repulsive barrier potential.
rust conduction subband, for the on-center donor Figure 5 shows the energy, with respect to the
ground state a function of GaAs slab thickness first conduction subband, for the on-center low-
for four alloy compositionsx-O.,OiO.3O.4. For lying excited states of even panty as a function of

theon-ontr mpuity te eerg wth espctto GaAs slab thickness for four alloy compositions,
the first conduction subad verus GraAs slab x-0O.0LO.2,..4. The qualitative dependence of
thickneas presents a maximum (in absolute value) the GaAs slab thickness on the energy with respect
whbose magnitude depends on the alloy composition to the first conduction subbland of the even-parity
of the barrier material. Greate Al composition in excited states is similar, though niot as important,
the barrier material leads to large conduction-band to that of the ground state as can be seen by comn-
offsets andl thereore more complete confinement paring Fgp. 4 and S. The envelope functions cor-
ad the donor envelope functon. Since peste Con- responding to these excited states are even with
fisnnent of the donor state leads to a more sharply respect to reflection through the xy plane since
peaked wave function as the envelope function theme are made up from states derived from the
builds up amplitude around the impurity ion, the first conduction subband.
attractive Coulomb potential is more effective in Figure 6 shows the on-edge donor ground-state
binding the donor state when the Al content in the envelope function through the Coulomb center and

Ga, A 1 As barrier is increased. For lage GaAs normal to the intierface plane. As mentioned

Energy wisth Respect to Energy with Respect to
0- ist Conduaction Subband 0.4- ItCnuio Subband

Onl-Centse Donor Ground State On-Center Donor Eitcited States
-2 -0.0-

*SBul', GaAs Dowo Ground State

-10.2

U0.5

-o-'.6 -. 0.4

-2.0

-2.41

1 0 4 0 s 0 2 20 40 60 so 00 2'C'

Number ot GaAs Morloilers J.Mrbef of 3J.S Mlonoo'es

FIG. 4. Energy of the on-center donor ground state FIG. 5. Energy of the on-center low-lying excited
with respect to the first conduction subband as a func- states of even panty with respect to the first conduction
tion of Ga~s slab thickness for four alloy compositions, subad as a function of GaAs slab thickness for four
x =.,.2..30.4, of Gal -.AI3 As. Calculations are alloy comnpositions. x=.1.2..3.0.4. of Gal -.. IAs.
carried through using seven s-like ellipsoidal Gaussian- Calculations are carried through using seven M-ike ellip-

4 type orbitals as defind in the text. soidal Gaussian-type orbitals as defined in the text.
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above, although the on-center donor wave function envelope function includes more of these higher-
is entirely s-like, the on-edge wave function energy states, the on-edge donor ground state be-
develops a strong p-like character. The p-like char- comes more shallow than the on-center donor
acter of the on-edge wave function increases as the ground state. Furthermore, in the case of the on-
height of the conduction-baind offset V0 increases, edge center, the repulsive barrier potential tends to

Figure 7 shows the energy, with respect to the push the electronic charge distribution away from
*first conduction subband, of the on-edge donor the ionized donor, leading to a reduced Coulomb

ground state as a function of the GaAs slab thick- attraction. For the on-edge impurity, the results
* ness for four alloy compositions, x-=0.1,0.2,0.3,0.4. presented here using finite conduction-band offsets

The on.edge donor energy curve presents qualita- are qualitatively similar to the case where infinite
tively the same features as the on-center donor en- conduction-band offsets are assumed,'5 thereby
ergy curve. In the thin GaAs slab limit, the ener- preventing the donor envelope function from leak-
gy curves for the on-center and the on-edge donor ing out of the quantum well. The dashed line in

Sare very similar. In the thick Ga&s slab limit, the Fig. 7 indicates the binding energy in the limit of
on-edge donor is lesa tightly bound than the on- large GaAs slab. The boundary conditions on the
center donor. This is mainly due to the fact that, wave function at the interface in the finite conduc-
as the impurity ion approaches the quantum well tion-band offset case gives the donor envelope
edge, the donor ground-state envelope function function a d-like character as the slope of the wave
should be constructed more and more from Bloch function is vanishingly small on the donor center.
states derived from the Gal .. Al, As conduction- In the large slab limit, the p-like character of the

%*
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donor envelope function is las important for the as the on-center ground state. The reduction in the
finite conduction-band offset cae and the donor binding for the on-edge impurity is a direct conse
ground state mostly consists of shifted s-like orbit- quence of the repulsive interface potential which
als. tends to push the electronic charge distribution

away from the Coulomb center.
For both the on-center and the on-center impuri-

IV. SUMMARY AND CONCLUSION ty, it was found that the energy spectrum of the

donor ground state and the low-lying excited states
We have calculated the energy spectrum of shal- is considerably modified as the thickness of the

low donor states in GaAs-Ga -, AlAs quantum GaAs slab containing the impurity was varied.
well structures using the effective-mass approxima- This variation in binding energy should be easily
tion scheme. The variation in energy with respect observed experimentally since molecular-beam epi-
to the first conduction subband of the donor - taxy techniques"l now allow for the fabrication of
ground state and the low-lying excited states was superlattices consisting of alternating slabs of few
studied as a function of the central GaAs slab monolayers of GaAs-Gal ,Al s As. It seems possi-
thickness, the position of the impurity atom within ble to adjust the binding of a Coulomb center in a
the GaAs slab and the alloy composition x of superlattice by varying the thickness of the slab
Gat_.AlzAs. Calculations were done for four al- containing the impurity center.
loy compositions of Gal -,AlAs in a range in
which the alloy remains direct (x <0.45). Realis-
tic values for conduction-band offsets of finite ACKNOWLEDGMENTS
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Enrgy spectra of donors In GaA-Oa, _,AliAs quantum well str,
the effective mm approximation
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We present the results of a study of the energy spectrum of the ground state for shallow donors in
quantum well structures, consisting of a sngle slab of GaAs sandwiched between two semi-
infinit layers of Gal -. Al.As. The effect of the position of the impurity atom within the central
GaAs slab is investigated for different slab thicknsses and alloy compostions. Two limiting cases
are presented: One in which the impurity atom is located at the center of the quantum wel (on-
center impurity), the other in which the impurity atom is located at the edge of the quantum well
(on-edge impurity). Both the on-ceter and the on-edge donor pround state are bound for all
values of GaAs slab thicknesses and alloy compositions. The alloy composition x is varied
between 0.1 and 0.4. In this composition range, Ga, - Al, As is direct and the single-valley
effective mass theory is a valid technique for treatmin shallow door states. Calculations are
carried out in the ease offinite potential barriers determined by realistic conduction band offsets.

PACS numbers: 73.40.Lq, 71.2SJd, 71.55.Ht

L INThOOUTflO In Sec. 11, we present the calculation techniques. We dis-
The unique nature ofelectromnic states associated with semi- cuss frst the effectve mass Hamiltonman used for treating
conductor superlatti-es has bon the s ofa great deg of the shallow states ad its validity, then we describe the basis
interest both from the theoretical" and experimental' orbitals on which the donor state is expanded. In Sec. IL the
vewpoit In view of the potential apoications of thse iDUr mults am presented. Frst, we discuss the energy spec-
structuivs,1"-1 the undertau- lg of impurity states found trum for the on-center impurity, then we treat the cae of the
within these system is an iss oftecikal a wel a scienti- os-edge impurity. A comparnon is made between these two
fi p limiting cases. A summary ofthe results and a conclusion are

In this paperwe repor on a study of the energy spectrum pesmted in Sec. IV.
of shallow donor states in a single GaAs-Ga._.AIAs
quout m wll, i.e., a struct fmed by a central GaAs slab
(wai material) fIanked by two sei-ingnite Ga, _.A1.As IL CALCULAT AL METHOD
layers (barrier material). The enerng spectrum of a donor C-aaulations are based on the effective mas approxima-
sote located within the GaAs sabisstudiedasafbnctionof tion (EMA). The GaAs-Gal, AlAs system was chosen
the width of the rectangular potential well formed by the since the EMA is known to hold to a high degree of accuracy
conduction band offet at the GaAs-Ga , AL As interface for shallow donor state in GaAs." As shown by Ando and
The effect of the alloy composition x in the baier material, Moi,'7 the boundary conditions that the donor envelope
as well as the position -of the donor atom within the well, are function and the particle current are continuous across the
also investigated. Two positions of the donor wae studied: interface are adequate in the cae of G&As-Ga, - AIAs
(1) donor ion at th center of the quantum well (on-center quantum well structures.
Impurity) and (2) donor ion on the edge of the quantum well The composition of the Ga, -, AlAs alloy was varied in
boundary (on-edge impurity). We find that the donor energy the range where the alloy rema direct, so that the single-
spectrum, both for the on-cemer and the on-edge impurity, valley effective mas theory still holds. Realistic conduction
is cooddeably modified as the dimnsion of the quantum band offets of finite magnitude were used, thereby allowing
wel is varied. Doth the on-me and the on-edge donor the wave function to penetrate into the barrer matrial as
enal-s, with respect to the frt conduction subband versus the dimensions of the confining quantum wel ar reduced.
GoAs slob thickness present a maximum (in absolute value) The use of finite conduction band otets has a large effect on
whome magnitude depends on the alloy composition. The on- the binding energy of the donor sate in the thin GaAs slab
edge impurity, produces a more shallow donor round state limit and should be compared with approximate calcula-
than the on-center impurity. This reductim ofbindi i if the dons carried out using infinitely high berri height (quan
on-edge donor ground state rests ft fac' Athe tum box,1" in which ce the donor wave fnction is re-
repulsive barier potential teds to p. be . ctronic quired to vanish at the interfmc. When finite conduction
charge distribution away from the atracti -- onizsd cona, band abets are taken into account, the condition that the
thereby leading to a reduced effective Cmlomb attraction. wave function vanishes at the interface is relaxed and pene.

* This finding is In accord with previous calculations carried tratIon in the barrier material is allowed. The infinite barrie
in the oe of infinite confining potential.'s  c should be viewed a a limiting cue valid only for very
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where mo and e are the free electron mas and the vacuum
static dielectric constant, respectively.

Ga, As Gas Go,-. At,, As To calculat energies with respect to the Amrs conduction
subad, we mumt solve for the Hamiltonian in Eqs. (1) withi-

(a)out the impurity potentials V#(). V2(r), and V3(rl. Letting Ho
(a) - 0 abe the Hamiltonian without the impurity potential, the ener-

gies (.E) of the Coulomb states with respect to the first con-
duction subband edge are given by the difference between
the donor en~ergy E ),and tesubband energy
E (H.)E -E (H) - E(Ho).

Calculations were carried out using a variational method.
-C-4To preev the cylindrical geometry of the system. the trial

"9 (b a ~basis orbitals on which the donor state envelope function is
expnde is of the form of Gaussian-type orbitals (GTO's),

-' deinedin an ellipsoidal coordinate system and shifted with
Flo. 1. Gomesy of a Cooulmb cente hazed a a dhbflaI Cha the respect to the ionized donor taken to be at the origin
coneeraf ahmitquoatm veilof widt2. a=g theddleadad height
v. (a (yib tuc m bwmv Apaelto apwom s the Iazis (r'IinM M (r. ) -, SN(n) [ 441)"1
automd th do smehmJ1.

wide quantum wells for wich the penetration of the donor exp{ - C, n.1) [ 4A4,' 2 ] I Y;*f12 ), (3)
state into the hmm ematerial issmall. where PAd)'[2+),+ A 2 (Z _d) 1 2 , and N,(nj) is a

The Eective mass Hamiltonian corresponding to a Cou- normalization constant The index i - 1.2,3 labels the reio
lomb center located at a distance c from, the center of a finite of space where the OTO orbital is defined. The boundary
quantum well of width 2a along the I direction (the I axis is conditions that both the wave function and the particle cur-
normal to the interface plane) andl heigt V0 (see Fig. 1 for rent are continuous acros the interface 24 determine rela-

* geometry) is tions between the normalizaton constants N,(nd) and the
_=±V2+ V& orbital exponents ,(n4) in the barrier material (i - 2,3) in

H11) - - 2  V,(r in regioni() 4  fIa) term of those in the well material (i -1). To produce an
2I~I' accurate description of the donor envelope wave function a

H(2).Z9~V2+2 4r)-V. nreion() b) shape parameter (A),as well as ashift parameeW,)wr
2m*2 incorporate in the variational basis set aI nm) 1. The shape

V2 +V3(r + ~ ~ *(3) Ic) parameter A determines the compression of the envelopeH 13 - =±V + jr)+ V inregon 3). 110 function along the quantum well axis (2). The shift paramete
2m2 d, determines the location of the electron charge distribution

when the impurity ion is moved towards the quantum well
* where m? refers to the bulk GaAs (well material) effctve edge. In the calculation presented here we chose: (1) d, O0

mass and m? refers to the interpolated effective mass in in the case of the on-center impurity and (2) d0 #00 for I =0
Gal - ,AlAs (barrier material). The origin of the coordi- and d, =-0 for! #:0 in the cam of the on-edge impurity. The
nas is taken on the ionized donor. Since the bulk dielectric OTO orbital exponents ClnI) appearing in the Eq. (3) are
constantsof GaAs and Ga, - 5A1,Ase £ and e2, respectively, fixed and taken to be of the form (in atomic Rydberg units~s)
differ slightly, the Hamiltonian must include terms due to ;,(n,) = ob (nX1I+ 1),withb (n)= 11,2,4,8,16,32,1/21 and
electrstati image cWW2UI.~ The potentials V4(r), 14r), ;0 _ g/49w) bohr-2. The donor envelope function lip) is ex-

and 1r) represent the Coulomb interaction between the panded on the set of basis orbitals- ainm) I defined in Eq. (3).
electron ua the impurity ion as well atthe ion image charge. We then solve the DMA Schrddinge equation for the donor
The expressions for the electronion potential [VI (r)] will be envelope function
given dehere.2

The conduction band oet VOwas taken tobe85% of the TH V - E(k^)i1P), (4)
* difference of the k-O= bond gaps of GaAs and foteieee Ek)

Gal-. AMAs.2 Since the alloy ompositio range studied Calculation were carried out using seven s-like (I =0) and
was such that the alloy was direct (x < 0.45),I both the effec- seenp-ike (I -1) GTO's. In the case of the on-center impu-
tive mass m20 and the conduction band offset V0 were deer riy (c - 01, the Hamiltonian in Eqs. (1) mixes only orbitals
mined using the kt - 0 values of Ga, -,A1l5As' whose angular momentum I differ by an even integer. For

-r 0.067 Mo. (2a the on-center impurity, only s-like GTO's were included in
the expansion of the donor wave function. However, for the

mr- (0.067 + 0.083x)m& (1b) on-edge impurity (c - a), the mixing between s- and p-like
- 13160(2c) orbitals becomes appreciable and must be included to pro-

viea cuaedscito ftenura oo.Teclu

- (1.1( x)+ 10 lxu 0  2d) latio of the subband energy E (HO) was carred through us-
Vm 1.0fxeV, (2e) ing only s-ike GTO's. For c value of GaAs slab thickness

!4l !
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(UL) impurity position (4L and barrier height Po, the shape
parameter A, as well as the shift parameter d, were dter-
mied by mnimirn, the enag epectationvlue in the Energy with Respect to
ground state E Ad). 0 Ist Conduction Subband

This shifted ellipsoidal Gaussian st has the advantage of
reproducing reaisonably well the Coulomb center at both the On-Center Donor Ground Stote
small (,") and the large (a--cc) slab thickness limit where -2 -
the binding energy reduces, in the case of the on-center do.
nor, to that of the barrier material or the well material bulk
values, respectively. At the -me time, it retais the nons- -4-
pheical character of the problem and allows the basis orbi- -Bulk GaAs Donor Ground State
tab to reshape themselves in order to mmize the total
energy. The inclusion of a shift parameterd, in the variation- -6-
aQ basis set allows the electronic chap distribution associat- 0. 1
ed with the donor ground state envelope function to be shift- t x =0.2'

- ed away from the position of the impurity ion. This degree of a -8- x =0.3

freedom appears to be most important in the case of the on- 0.4

edge donor where the Coulomb potential tends to pull the
charge distribution towards the ionized center, whereas the -10
repulsive barrier potential tends to push it away from the
ionized center.

"" -12

IIL RESULTS
We first treat the results obtained for the on-center impu- -14

rity case (c - 0). Then we treat the on-edge impurity case
(c = a). Comparisons are made between these two limiting
cases for the donor ground state. -16

Figure 2 shows the energy, with respect to the first con- Number of GaAs Monol1yers

duction subband, for the on-center donor ground state as a

function of GaAs slab thickness for four alloy om m Fto.I Enagy o the on-ceer doom pound s" with tto the A
x =0.1,0.2,0.3,0.4. For the on-center impurity, the energy condction subead " a ffnction of GaAs slab thickates for fouir alloy
with respect to the first conduction subband versus GaAM compo ns - 0.1.0.2.0.3.0.4, ofo, _ AlAs. Caculaam are mried
slab thickness presents a maximum (in absolute value) whose through using sevut s-Wm eflipaaidil Gausuian-tye obitaK as defined in
magnitude depends on the alloy composition of the barrier the text
material. Greater Al composition in the barrier material
leads to larger conduction band offsets and therefore more well edge, the donor ground state envelope function should
complete confinement of the donor envelope function. Since be constructed more and more from Bloch states derived
greater confinement of the donor state leads to a more sharp- from the Gal, Al, As conduction band edge. These states
ly peaked wave function as the envelope function builds up lie above the GaAs conduction band edge by an energy equal
amplitude around the impurity ion, the attractive Coulomb to the conduction band offset between GaAs and
potential is more effective in binding the donor state when Gal - Al. As. As the on-edge donor ground state envelope
the Al content in the Gal _, Al, As barrier is increased. For function includes more of these higher energy states, the on-
large GaAs slab thicknesses, the effect of the alloy composi- edge donor ground state becomesmore shallow than the on-
tion x or, equivalently, of the barrier height V0, on the on- center donor ground state. Furthermore, in the case of the
center donor ground state energy and wave function is great- on-edge center, the repulsive barrier potential tends to push
ly reduced since the envelope function is strongly localized the electronic charge distribution away from the ionized do-
around the impurity ion in the center of the quantum well nor, leading to a reduced Coulomb attraction. For the on-
and does not feel much the repulsive barrier potential. edge impurity, the results presented here using finite con-

Figure 3 shows the energy, with respect to the first con- duction band offsets are qualitatively similar to the case
duction subband, of the on-edge donor ground state as a where infinite band offsets are assumed, 'S thereby prevent-
function of the GaAs slab thickness for four alloy composi- ing the donor envelope function from leaking out of the
tions x = 0.1,0.2,0.3,0.4. The on-edge donor energy curve quantum well. The dashed line in Fig. 3 indicates the energy
presents qualitatively the same features as the on-center do- with respect to the first conduction subband in the limit of
nor energy curve. In the thin GaAs slab limit, the energy large GaAs slab. The boundary conditions on the wave func-
curves for the on-center and the on-edge donor are very simi- tion at the interface for the finite conduction band offset case
lar. In the thick GaAs slab limit, the on-edge donor is less gives the donor envelope function a d-like character as the
tightly bound than the on-center donor. This is mainly due slope of the wave function is vanishingly small on the donor
to the fact that, as the impurity ion approaches the quantum center. In the large slab limit, the p-like character of the

J. VaN. I" ToenwL, Vi. 21, No. 2. July/Aug. 1E -. .
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the donor ground state is not as tightly bound as the on-

Energy with Respect to center ground state. The reduction in the binding for the on.
1st Conducti'on Subband edge impurity is a direct consequence of the repulsive inter-

0- On-Edge Donor Ground State fac poten1tial which tends to push the electronic chag
distribution away from the Coulomb center.

------- -------------- For both the on-center and the on-edge impurity, it was

''-2- "Thick GaAs slab limit found that the energy spectrum of the donor ground state is
0:.1 considerably modified as the thickness of the GYsM slab con-

0.2 taining the impurity was varied. This variation in binding
.4- 0.3energy should be easily observed experimentally, since mo-

0.4 lecular-beam epitaxy (MEBE) techniques2' now allow for the
fabrication of superlattces consisting of alternating slabs of

> -6 - few monolayers of GaAs-Ga, -, Al, AL It seems possible to
adjust the binding of a Coulomb center in a superlattice by
varying the thickness of the slab containing the impurity
center.
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Tunneling and propagating transport In GaAs-Ga, _,AI.A.-GaA#
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We present a study of the transport characteristics of electrons through abrupt
GaAs-Ga,_,AI, As-GaAs(100) double heterojunctions. The theoretical apparatus uses
complex-k-band structures in the tight-binding approximation and transfer matrices. States on
each side of the Ga, _,AI, As central barrier are expanded in terms of a complex-k-bulk state
basis so as to provide a description of the wave function at the GaAs-Ga, _,AI, As( 100) interface.
We treat the case where the incoming state in GaAs is derived from near the conduction band r
point. Transmission through the Ga ,,AI., As barrier is either tunneling or propagating
depending on the nature of the Bloch states available for strong coupling in the alloy. States

* derived from the same extremum of the conduction band appear to couple strongly to each other
across the GaAs-Ga, _ , Al.As interface. Transport characteristics of incoming states derived
from near the conduction band F point are examined as a function of the energy of the incoming
state, thickness of the Ga, -, Al, As barrier, and alloy composition x. Transmission through the
Ga, - AI, As barrier is either tunneling or propagating, depending on the nature of the Bloch
states available for strong coupling in the alloy.

PACS numbers: 73.40.Gk, 73.40.Lq

1. INTROOUCTION states at an abrupt interface using complex-k-band struc-
ture. cast in a tight-binding band calculation scheme, has

The introduction of new device fabrication technologies has been addresed in the past. , It is only recently that an expe-

allowed the realization of planar electronic devices in which dient method, applicable to tight-bindings peudopotential,

the dimensicii perpendicular to the growth plane is of the and k'p band calculation formalisms, has been devised to

order ofa few lattice spacings. The understanding of electron reduce the problem ofcalculating the complex-k-band struc-

states at semiconductor interfaces is of great importance re- ture to that of an associated eienvalue problem.5"

garding the performance of these very small-scale electronic The paper is organized as follows: In Sec. I1, the basic

, devices. The work presented here is concerned with the ingredients of the technique used to calculate the transport

transport of electrons through a GaAs-Galt_Al, As- coefficients are presented. The major results are discussed in

GaAs 100) double heterojunction structure(DHS). Sec. II. A summary and conclusions are given in Sec. IV.

The mode of transport in these structures is either tunnel-
ing (energy less than the potential barrier height) or propa- I CALCULATIONAL METHOD
gating (energy greater than the potential barrier height). In The system studied consists of a barrier of Ga, - Al, As
the former, the Bloch states available for transmission in the located between two semi-infinite layers of GaAs. Figure I

- Gal - A], As are evanescent and the wave vector k is com- illustrates the, system studied. An electron incoming from

plex. In the latter, the Bloch states available for transmission bulk region I (GaAs) at an energy E, above the GaAs con-
.,in the ahloy are propagating and the wave vector k takes on duction band minimum, is scattered at the boundaries of the

real values, barrier region II (Gal - ,AI As) and is finally transmitted in
The theoretical framework exploits the bulk properties of another bulk region III (GaAs). The /-point conduction

the constituent semiconductors forin 8 the DHS. The band potential barrier at the interface, AE r , is taken to be a

transport of electrons through a region of space in which the fraction of the difference in the r-point band gaps between
energy of the electron is such that free propagation is not GaAs and Ga, _ A, As. Depending on whether we de-

.allowed is best described in terms of the complex-k-bulk scribe the total wave function in a bulk region or a barrier

band structure. The breakdown of translational invariance region, different representations are used accordingly. We
induced by the interface implies a new set of boundary condi- now discuss these two representations.
tions that do not exclude the component of the wave vector k Systems which exhibit two-dimensional periodicity are

normal to the interface to take on complex values. The bulk best described in a planar orbital representation. ' - '° A
Bloch states associated with complex k provide then a suit- planar orbital is a two-dimensional Bloch sum consisting of

"-able batsis for a full description of the wave function. The localized atomic functions. Let i be the direction normal to

problem of calculating the transport coefficients of Bloch the interface and k, - ik, + tk, be the two-dimensional

M J.Vs.Ii.TeewsoL5(12),Aw.-JAine S 0734-21 X 3/02044OS.oo.0o V i93 Anmwren Vacumi SoMe I 43
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d -grow away from the interface, if Ia(k,) does not have the
proper sign, or are propagating in the wrong direction when
k, is ral.

Let the incoming Bloch state 0(kq ,Jk0 with real wave vec-
tor /co be incident from the left in GaAs onto the

E r GaAs-Gal _AI As interface. The total wave function on a
given layer a can be written as'

(k , ,EV;o = 0(kh )coka

A"+ ~A(kE)kfkAa) in region!, (la)

Y(kn ,E;o) - B 1 '(~k),Ea.(kq ,;a, in region II, (lb)

Y'',"' VA " 'I)ck ,k-'o in region III. (Ic)
-GaAs. o-.1 Al. As -4----:GoAs '-ioJ A!(,,)~9k.;) n ein11.(c

At fixed energy E and parallel wave vector 14, we denote
by A (k ,E) and TA(k%,E) the k,-resolved reflection and

GaAs o,{ Al. As GaAs transmismon coefficients corresponding to the Bloch state
0(ki,kA), The total transport oedicients R (k1 ,E) and
T(k,E) are just the sum of the transport coeficients
RtA(kffE) and TA~k#,E). Flux conservation requiresR (k,,E} + T k,) = 1.

FG. L. Enuuy band diaramni of GAs-Ga 1 AAJA*- a DM3 and cor- As shown in Rd. 1. the transmission coefficient for the
'rapaudin phyuim sc r. elumra.W is da fro *e Ga s r Bloch state 0%kq,kA) vanishes when the wave vector of the
point md haa to we ry £ mared with rapct to tb GaAs r-pmmt incoming Bloch state ko approaches a critical point such that
cooducim band minimum. The r-pmt conductim band oibe as indic- [JE (k)/dk,]. I k, - =0. In that case, the incoming state is
ad by ASr Tb. t, hidiwu ofthe o _ AI,As batin, is d. identical with the reflected state. At this critical point, the

incoming state okq ,ko) carries no momentum across the in-
terface and does not couple to any Bloch states in

wave vector parallel to the interface. Let #4. (k;o) designate Ga-, A, As. Therefore, transmission starts to occur as the

the planar orbital corresponding to a given atomic orbital incident wave vector ko moves away from the critical point.
type a within the layer a. The Bloch states 0 ,k,}, labeled The transport states originate in the complex-k-band
by the wave vector k = 14 + lk,, are expanded in terms of structure of GaAs and Gal -. Al, As. The complex-k-band
this set of planar orbitals 1 (14;o1. For interface systems, structure for GaAs and AlAs is well known. t ' We havek. is Complex in ytneraes used similar techniques to obtain the complex-k-band struc-

Where the total Hamiltonian is buldike, the wave func- ture for Ga , Al. As within the virtual crystal approxima-
tion is expanded in a set of bulk Bloch states 0(1 ,k,)1 On tion. Witbin the ten-band tight-binding description used
each sides of an interface connecting two bukike regions, here, the GaAs r-point conduction band minimum is at an
the wave function is described in a planar orbital representa- energy E3'=.51 eV above the GaAs r-point valence
tion (. (kq ;o) 1, and transfered across the interface using a band maximum, and the GaAs X-point conduction band
transfer matrix. The connection between the bulk Bloch valley is at an energy E'=0.52 eV above the GaAs r.
states representation k1 ,k ,)I and the planar orbital repre- Point conduction band minimum.

sentation, 1#4. (kp ;ujj is described in Ref. 6 and will not be Wedenote the bulk states with k, = kA in spatial regionu
r here. by 4k, ,k f). In the discussion that follows, the incident

The total number Nof Bloch states q(1k,kA) with k, . kt Bloch state is derived from near we GaAs conduction band
(A - l,...,N)correspondingtoagiven parallel wave vectork9 r point with real wave vector koak o , e.g.,
and energy E depends on the particular tight-binding model *k ,ko})I=k. ,k '-). The k, values of interest are those near
used and on the orientation of the interface plane. More spe. the conduction band extrema I ( cr) and X (kx ). In the ener.
cilcally, the total number of Bloch states 0kl ,kA) with real y range between the bottom of the GaAs conduction band

."or complex wave vector kA is equal to the product of the and the GaAs X-point valley, k is real and k is complex
number of atomic orbitals per atom times the number of such that 04kp ,k '-) has a traveling character and 0(k.. ,k X)
layers interacting with a given layer.' In the tight-binding has an evanescent character. However, in the energy range
representation used here, we have five orbitals per atom above the X-point valley, both k.- and k I are real such that
(s*,J,p 5 ,p,,p,)" and only first nearest-neighbor interac- Ok,,pk.) and #4r,,k X) have tr:.veling character. Similar
tions were included. There are, therefore, ten Bloch states considerations apply to the Bloch states available for trans-
(N- 10) foreach parallel wave vector k1l and total energy E. port in the alloy Gal _.AI, As.
Half of the states have to be discarded because they either For an alloy composition x < 0.45," Gal _., AIAS is di-

J. YVe. SO. T, mL. 3, V L 1, Na. 2, n. 13 ... .. .
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rect a ~ ~ ~ E Ga '" 'i hscomsiton oteG~ conduction band minium. We cnsider the
raneThrugou th clclaton, te onuctonbad cseofvanishig parallel -aevco 4=0 adcompost-

offt AEr was taken to be equal to 85% of the difference of tion of x - 1.0. Calculations were carried out for different
r-point band gaps between GaAs and Gat - ,Al As. 13. 1 AlAs barrier thicknesses.
The dependence on the alloy composition x of the F-point For energies of the incoming states near the GaAs con-
energy edge in Ga, Al.As is, in the virtual crystal approx- duction band F point, transmission through the AlAs bar-

*imation: E~ 1.35x eV, above the GaAs F-point rier occurs mostly via the coupling to evanescent states that
conduction band um connect to the AIMs conduction band at the r point. In the

energy range considered, no propagating Bloch states are
Ill. RESULTS available in AlAs and the wave function has an evanescent

We present the main results for the tansmission coeffl- character in the barrier. The AIMs F-point minimum is at an
* ~cients of electrons through a GaAs-Gal Al, A-GaAs ee~ r-15VaoeteG~ odcinbn

-. DHS. The incident Bloch state is derived from near the minimu1=1m. As mentioned in Sec. II, the transmission coeffi-
Ga~sconucton and pont ithrealwav vetor cient vanishes for incoming states derived from near the con-
Ga~sconucton and pont ithrealwav vetor duction band F point at an energy equal to E~am. At this

4.komk ~,e.g., ; k 0)m0(kj k ~..We discuss the transport it racostenr a Ga A srrira ucino h energy, the component of the group veloct normal to the
energy E, of the incoming Bloch state 0(,40 thickness of inefc aihs[E()drI~ -~adteicmn
the barrier and alloy composition x in the central state 04k ,k A ') does not couple to any states in AIMs.
Ga, Al, AAs barrier. We now examine the different transport regimes. Figure 3

shows the total transmission coefficient T(k,, E) as a func-
A. QuMUMlat faftre of Vrsipr tion of the number of monolayers forming the central

Figue 2shos te toal ranmisionand efictin cd.- Ga, - Al. As barrier. Layers are measured in units of a/2,
Figren 2~jE shows theE talrassio an eflctiohenrgy E where a is the GaAs lattice constant. Energies of the incom-

ficintsT~kE)andR ( 11,) a a uncionof he nery E ing Bloch state 0(k,,k 11) range from 0. 19 eV4E<0.69 eV,
* ~of the incoming Bloch state. Energy is measured with respect mauewihrsct toteGr odcinbn ii

mum. The alloy composition is x = 0.3 and kfl =0. The al-
_______________lo y is direct and the F-point energy edge of Gal AlAs is

Alloy composition: x s .0
Incoming state: Conductin band
in GaAs near r along (100)

Alloy composition: x z0.3
"t, :0 Incoming state: Conduction band inl

GaAs near rolonig (100)

*.1.0 - -- - - - - 1.0

-. s-0

0.20.2 E 0.29ev

-, .1- E0.19ev

0.0 000? -i 00.6 0.9
0 4,SO

Fic.~~~~~ ~~~ 0.T0l.ion(oi ie adrfeton)e ie NME FG,. ,sLYR
cinsT)1 and R k_,jsatnto fth nryLtteicdn

Z 0.tt4- 0.4fo U.rntG,..Isbrir hcnses~ ~ Fc 3 oa rasiso cefcet ~..1asafntono eta
19alycmoi noW .. Eegyi esrdwt epc oteG~s G,-,AA ae hcns o dfeeticmn nre.Teicm
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E- r"O.-= 4 l CV. Transmission through the
Gal - . Al. As barrier is either tunneling or propagating, de- Allay cmsc.,: x -1.0
pending on the nature of the Bloch states available for strong ncomn state: coclon bnd in
coupling in the alloy. For energies of the incoming state less 7- r r 00o

than the available states in the alloy are gap
states (k ' complex) and-the wave function is damped in the Energy: E*0.5eV

barrier. However, for energies of the incoming state greater

than E r' -'A"', the available states in the alloy are band
states (k '! real) and the wave function is not damped in the
barrier.

Generally, when an incoming state in GaAs is derived I ,
from a conduction band extremum, say A, such that Icmk 1 0.8- .8
and 0k# ,ko=0( ,k ') the mode of transport (i.e., tunnel- z
ing or propagating) appears to be determined by the nature - 0.6

of the states in Gal -, AI, As derived from the same conduc- Q

tion band extremumn ok1 ,k Al). For energies of the incoming -j
state lesa than the alloy conduction band edge E ,A . ,-

'p the states that couple strongly in the alloy are gap states
II-[0(kfl,kA') evanescent] and hence the wave function is 0.2- "0.2

damped in the barrier. However, forenrso the inom
ing state greater than the alloy conduction band edge0.
E , A" the states that couple strongly in the alloy are 0o a 6 24 32 40 48

band states [Nk1 ,k A") propagating] and hence the wave func-
tion is not damped in the barrier. NUMBER OF GaozxAlx As LAYER [

In the tunneling regime of transport, transmission occurs
mostly via the coupling to the alloy P-point evanescent states
(k 1 complex). As seen in Fig. 3, the evanescent character of FW. 4. Total tmmmr on solid line) andleci (das line) coe.
the wave function in Ga -,Al, As is reflected in the fact cieuea T(k,.5) adA (k,.E)-W-a function ofcentral AWstaria thickm
that the transmission coefficient T(k ,E) is an exponentially for an emrgy of E -0111V. Energy is manu with respec to the Ga*s
decaying function of the Gal_ ,Al As barrier thickness. conductim bad m ,,imum and k, -0. Aloy cmpoutm: x - 1.0. In-
These observations are similar to those obtained from the COW1 sWte Condcton band GaAs near r alg (10).

thick-arrier WKB approximation. Is.'i For incoming states
with energy greater than E o'ff , transmission occurs
mostly via the coupling to the alloy P-point propagating incoming state derived from near the conduction band P

states (k real). The transmission coefficient is unity when point has vanishing parallel momentum k, = 0. At this en-
the thickness of the Gal, - Al, As barrier contains an inte- ergy the states available for transport in AlAs are propagat-
gral number of half-wavelengths (determined by k 7) in the ing states near the X-point extremum (k I reall, and evanes-

barrier region. Under these resonant scattering conditions, cent states connecting to the P point (k 7 complex) at higher
the states derived from the conduction band r point couple energy. Here again it is found that, for incoming states de-
strongly to each other and channeling into Bloch states de- rived from the GaAs conduction band r point, transmission
rived from different conduction band extrema is found to be through the AlAs barrier occurs niostly via the coupling to
small. This observation is supported by the original work' evanescent states that connect to the AlAs conduction band
on the transport of Bloch states at a single at the r point. At small AlAs barrier thicknesses, transmis-
GaAs-Ga, -, Al, As heterojunction. For energy of the in- sion of conduction band/'-point incoming states is governed
coming state above E06' -"" ', the transmission coefficient by tunneling. In this regime, the incoming state 0(k, .k I-)
is a periodic function of the Gal _ Al, As barrier thickness. tunnels through the AlAs barrier by coupling to the evanes-
Since the wave vector k 11 increases with incident Bloch state cent Bloch states 0ik,,k ") associated with the conduction
energy, the period of the transmission amplitude decreases band P-point minimum. However, it was found that under
with the energy of the incident Bloch state. The off-reso- energetically favorable conditions, transport could exhibit
nance transmission amplitudes increase with increasing inci- very sharp resonance scattering through available propagat-
dent energy. The general qualitative behavior of the trans- ingX-point states Ok,, .k .This mode of resonant transport
port is similar to that exhibited by plane wave states incident occurs for thick AlAs barriers when the tunneling through
on a rectangular quantum-mechanical barrier. ' P-point-derived evanescent Bloch states is negligible. Reso-

Figure 4 shows the total transmission and reflection coef. nance scattering through phopagating X-point Bloch states
ficients T(k, ,E) andR k, ,) as a function of the number of appears to be very sharp due to the weak coupling between
monolayers forming a central AlAs barrier. The energy of 0(k, ,k 'r) and Ok, ,k .). Similar regimes of transport have

" the incoming Bloch state rk 1 ,k .) is E - 0. 5 1 eV, measured also been reported in the case of GaAs-GaAs, P, -GaAs
with respect to the GaAs conduction band minimum. The strained (100) double heterostructures.

*. . .. , * t..... 1104
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IL Adj~gMj of ItaIeI of differen symrnmi As the Al content of Ga, - Ali As increases, transmission

*We now analyze the relative contributions of the X-point into the propagating X-point Bloch states 0I(k,,,k .1 in-
and the r-point conduction band Bloch states to the tran- creases but remains rather small. States derived from the
mitted wave function as a fuin of the alloy composition same extremnum of the conduction band appear to couple
x. Figur 5 shows the transmission coefficients Tr(k,,,E) strongly to each other across the GaAs-Ga, -.AliAs inter-
and Tx(k1 .1) as a function of alloy composition, for two face. However, states derived from different extrema of the
different Gal - ,Al, As barrier thicknesses. The energy of conduction band appear to couple weakly across the
the incoming state is E = 0.69 eV measured with respect to GaAs-Ga, -,, Al. As interface.
the GaAs conduction band minimum For the range of alloy
compositions studied, this energy is greater than IV. SUMMARY AND CONCLUSION

r"- At this energy the '-point and X-point states in We have calculated the transport coefficients of Bloch
GaAs&and Ga, Al,,As arePrPCagatin r (k I-,k 1-,k 11 real, states through GaAs-Ga, -. Al. As-GaAs double hetero-

* and k Ik~, ! el.TeicoigBohsaehsk 0 junctions. The model uses complex-k-band structures and
As mntinedaboe. he -pont nery ege Orl- A'.s . transfer matrix methods in the tight-binding approximation.

sas mionedl abovh the oycopositienrg ede Eompoitio With these techniques, k, -resolved transport coefficients

xcals lierly wihrhealopmrstion.l tote iThrer opoito at cab calculated. This, in turn, allows for a better under-
th iterefor proortilt the ro -lo positiarrierdheigha standing of the transmission coefficients of Bloch states de-
the rint nergyo tedrage of allo compsitions studid rived from different extrema of the conduction band in
tey pinth enryge of Gao -"mA11 As ves, apoi-h GaAs. The incoming electron is derived from the GaAs con-

maey nth ane0 VE~ ~(.4 Vaov h duction band r point. Calculation of transport coefficients
GaAs r-point conduction band minimum. For an energy of associated with various conduction band valleys were car-
the incomin sameof E -0.69 eV, the transport regime for nied through as a function of (1) energy of the incoming

inomn states deried from the conductilon banld r point is Bloch state, (2) thickness of the central Ga, - .Al. As barrier
propagating since the coupling states in the alloy are propa- and, (3) alloy composition x in the central Ga, Al, As bar-
gating Bloch states. Since the energy of the incoming state tier.
lies above the r-point energy edge of the alloy, the tranganis- States derived from the same extremum of the conduction
sin. amplitude is a weakly dependent functioln of the barrier band appear to couple strongly to each other acros the

*height. GaAs-Ga, - Al1 As interface. Transmnission through the
Gal -1 Al. As barrier is either tunneling or propagating de-
pending on the nature of the Bloch sgates available for strong

Emmg i I .69W~ coupling in the alloy. For energies of the incoming states
AnY,., stle Caato isw in near the GaAs conduction band r point, transmission

Gonar owwauq (i00) through the Ga, 1Al. As barrier occurs mostly via the cou-
k,* 0 piing to states (evanescent or propagating) that connect to

the alloy conduction band at the r point.
Id the propagating mode of transport, resonances in the

transmission could possibly be used in GaAs high-speed
low-power electronic devices. In an operational mode, it is

0.- .20 desirable to populate the low-mass high-velocity GaAs con-
0 duction band P-point minimum and to depopulate the high-

9. 0.8-306 7 mass low-velocity X and -L valleys. These results could pro-
0 n. vide the basis for an interesting filter for use in high-speed

0 devices.' 5
I. 0.12
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*We present hire a study on ths transport charcteriutics of L-point and r-poit derived electrons
through abrupt GaAs-Gal - A4 A-GaMaI 11)U double hetsuanctioms, Themus of complea-k
baud structures an the tlght-binding approzination and transfer matrices provide a reasonably
accurate description of the wave function at the GaAs-Ga, -, Al4 As interface. A representation
of the waveld fuci n termaofbulk complex-1k Bloch states. sued in the GaAs reioens where the
potential is builiket. A representation of the wave function in term of planar orbitals. is used in
the central Gal -. Al. As ropom where the potential deviates fromn its bulk value (iLe., interfacial
rspen). Within this theoretical framework, reslodtc band structure elects are taken into account
and no autilcial rules regardcing the comnection of the wave function acoes the interface are
introduced. The ten-bend tight-bindling model includes; admixture in the total wave function of
states deried from diffren extremea of the GaAs onoduction bend. Stae derived from the same

4.. extremum of the conducion bend appear to couple strongly to each otheir, whereas stte derived
from minrt extrem are ftound to couple weekl. Transport characteristics ofmicoming: L-point
and F-point Block stas are examined a a function of the energy of the incoming stame thicknes
of the Ga, - 5A1,As berrier, and alloy composition x. Transmissin through the Gal -,AJ.As

berrier ithe tunneling or propegatig depending on the nature of the loch stte available for
strong coupling in the alloy. Sinm Bloch stae derived froml different extrema of the conduction
band appear to couple weakly to each other, it seem possible to rect the low velocity L-poit
component of the current wile transmitting the high velocity f-point component

PACS numbers 73.40.Lq

*L UINhOUCINO coupling: available for transmission in the Gal Al. As bar-
rier are evanescent and the wave vector k is complex. In the

The introdouton of new device fabriction technologies has latter, the loch state with strong coupling available for
- ~ allowoed the realization of planar eectronici devices in which transmision in the alloy are propagating and the wave vec-

the dmenson perpendiula to the growth Plan is of the tor kt takes on real values.
order of a few lattice spascins The understanding of the In the following, we examin DHS in which the perpendi-

N transport of eletron through semiconductor interlfa is of cular dimension of the central barrier region is of the order of
- grat importance regarding the performance of these very a few atomic: layers. Since the potential varies over distances

small-scale electronic devices. The major rumso that mukes on an atomic scale, a theoretical approach beyond the effec-
GaAs a primae candidate for high speed electronic devices is tive-mass theory is needed. The theoretical framework used
the very high velocities that can be achieved by electrons here exploits the bulk properties of the constituent uemicon-
derived from the JI-point conduction bend inimilum. The ductors forming the DHS. The transport of electrons

* small value of the r-poit effective mnos is in major pant through a region of space in which the energy of the state is
rsosble for the very high velocities that can be achieved such that free propagation is not allowed is best described in

by teeelectrons. At higher energies, electons start to pop- term of the coplex-k bulk band structure. The breakdown
'P Wese the low velocity L-point and X-point GaAs conduction of translational invariance induced by the interface implies a

bind valleys, therefore reducing the population of the high new set of boundary conditions that do not exclude the coin-
velocity F-point minimum. This has the direct effect of set- ponent of the wave vector k normal to the interface to take

*ting an upper limit to the speed at which the device can on complex values. The problem of calculating the transport
* .operate. The study of transport of electrons associated with coefficients of Bloch states at an abrupt interface using corn-

the various GaAs conduction band valleys is therefore of plex-k band structure, cast in a tight-binding band calcula-
crucial importance. The work presented here is concerned tion scheme, has been addressed in the past. 1- The major

*with the transport of L-point and F-point derived electron result of the following theoretical study is that the mixing
states through a GaAs-Ga, ],, As-GaAs4l 11) double between L-point and P-point states appears to be small.
heterojunction structure IDHS). The transport in these Therefore, there seems to exist two distinctive energy bar-

.4structures is either tunnelic I or propagating depending on riers for L-point and P-point electrons. Given an alloy corn-
the nature of the states with sti'ong coupling available for position of the Ga, - Al, As barrier, there is a range of ener-

dtransmission in the Ga, - Al. As barrier ti.e.. evanescent Or gies for which the electrons incoming from the P-point

propagating). In the former, the Bloch states with strong minimum of GaAs are mostly transmitted. whereas the elec-

837 J. Vse.$L TheGWAie0 Ph ()Jutv4e. 1003 0734-211 X/83/030637-06801.00 i 1963 Amerlcan VaciaM Soe"t 637
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trans incoming from the L-pomt extremum of GaAs are tion band offset tEr is a fraction of the difference in the r-
mostly reflected. It seem then possible to reflect back the point conduction band gaps between GaAs and
low velocity L-point component of the current while allow- Gal _. Al, As. Depending on whether we describe the total

ing the high velocity /-point component to be transmitted. wave function in a bulk region or an interfacial region, differ-
The paper is organized as follows: in Sec. II, the basic ent representations are used accordingly. We now discuss

ingredients of the theoretical technique used to calculate the these two representations.
transport coefi ients arepresented. The major results are Systems which exhibit two-dimensional periodicity are
presented and discussed in Sec. III. A summary and conclu. best described in a planar orbital representation. 5 ° A
sions are given in Sec. IV. planar orbital is a two-dimensional Bloch sum consisting of

localized atomic functions. Let i be the direction normal to
IL CALCIJLATIONAL METHOD the interface and k = ikU, + #k, be the two-dimensional

wave vector parallel to the interface. We assume that spaceThe DHS studied consists of a region of Gas FiurI, lattice matching at the interface is such that ko is a good"located between two semi-infinit layers of GaAs. Figure 1 qatmnumber for the planar orbital. Let 6 (kH ;') desig-

shows the energy band diagram and the physical configura, qat t he planar orbital . eto l ivnaomi desi-
tion m ofc nate the pla orbital corresponding to a given atomic orbi-tin teDS heeeg eddiga fte tal of symmetry a within the atomic planej of the layer '.
indicates the relative positions of the P-point and the L-point thl c tats the atom labe by the avector
codcinbn-de o n lo opsto f=.m The bulk Bloch sates 0(kl ,k,), labeled by the wave vector, €conduction bend edges for an alloy composition ofxz=0.3 in k---kI k,, are expended in term of this set of planar

the Ga, - Al. As barrier. An electron incoming in the bulk o Lk are For in tems is complexai

region I (GaAs) at a total energy E above the GaAs P-point orbitas {.(kn;aJ}" For interface systems, k, is complex in

minimum is scattered at the boundaries of the barrier region eevu.
11 (al At As an isfinllytrasmitedin noter ulk Wherever the total Hamiltonian is bulklike, the wave

. II (Ga, -_,Al, As) and is finally transmitted in another bulk function is expended in a set of bulk Bioch states { (k .k, )}.

region III (GaAs). The incoming electron is derived from the t te GsxaA s intrfacst ten is no
r-on rfo heLpiti as Terpm odc At the GaAs-Gal _,AI. As interfaces, the potential is no
,.- point or from the L point in Ga~s. The/-point conduc. longer bulklike and a description in terms of bulk Bloch

states is prohibited. In the interfacial regions, the wave func-
tion is described in a planar orbital representation
. .{ (k ;oJ}. The connection between the bulk Bloch states

representation {0k1 .kJJ and the planar ori repre ta-
L tion {¢(k 1 ;aj} is described in Ref. 6 and will not be repeat-

....... ed here.
The total number N of Bloch states 0(1 ,k,) with

- - - - - k. - k(A -l,...,N ) correspoding to a given parallel wave
E vector k, and total energy £ depends on the particular tight.

r binding model used and on the orientation of the interface

r plame More specifically, the total number of Bloch states
(kw ,kA) with real or complex wave vector kA is equal to the

product of the number of atomic orbitals per atom times the
m number of layers interacting with a given layer. I In the tight-

binding representation used here, we have five orbitals per
atom (a = ssp, qP, q,) 11 and only first nearest-neighbor in-
teractions were included. There are therefore ten Bloch
states (N - 10) for each parallel wave vector k, and total

--- GaAs SGo.,, AI. As -.- GaAs total energy E. Half of the states have to be discarded be-
-. Scause they either grow away from the interface, if Imik,)

does not have the proper sign, or are propagating in the
wrong direction when k, is real.

Let the incoming Bloch state 0(kl ,k0) with real wave vec.

GaAs l. As GaAs tor ko be incident from the left in GaAs onto the
rS As-Ga, - ,AI As interflce. The total wave function on a
given layer ucan be written as':

Y(k1 ,1E;o) - 0k 1 ,ko;a
Fl. 1. Energy banddiagamof0&As-0a1 , _A]As-Osais DKSanld cr. V '' ~~,,;j einI
mpondin physical u"ucture. The electrmis detwed from the rpoint or + , (k

4  
)i ,kAa, moon I (I&)

0from the L.pom- t and has a total amr, £ measUred with respect to the
0".s r-,omt conduction bend miaimum. The relative positim of the r. Y(k 1 ,E;o")
poInt (solid linel and the L-point (dotted lime conduction bad edges are
alsoshown for aafloycopmitiooofz=0.3in theOa,.,AAsbrrier. -" B -B7"(kf1 E,o#,(k11;oJ, interface I-lI (ib
ThIr.point condction lnd 0tm is WdiN 4£. 'Ii
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;A IkuThroughout the calculations, the conduction band offset
~~~gRq(k~Auregion II (1c) AEr is taken tobe equal to 85%of thediference of the .

A point band gap between GaAs and GaAs-Ga, l.. As. '

* ~ (k-E~O) The virtual crysta approximation is used to weight the tight.
binding parameters of Gal -,Al.,As according to the alloy

m ~ 7 g U) 1intrface 1141 (Id) composition x. In the folowing, we consider alloy composi-
tns in the range x <0.3, for which Gal , 1Al, As is direct.
Within this composition range, the dependence of the F.

;, *n1.EOkk~) region M. (lel point and L-point energy edges inGal, Al, Ason the alloy
composition x is. in the virtual crystal approximation:

MW expansio ,,~int A1kjE f , __d E ' l.3x eV andL
The@X~U~iU O~fO~itS A (0.50 + 0.65x)eV, above the GaAs F-point conduction band

A 4kJ,E IE are associated with the bulk Bloch state repe- miimum
seniaton {$(kj k.)) in regions, 1-41 respctively. The ex- Throughout this study. we neglect carrier scattering by

cou onefficients B I'k f.Xoj andi B l"'(k,.Ea) ar -j the electron-phonon intraction and by the alloy disorder.
sociated with the plainar orbital r epreetto Such, ~} scattering would undoubtedly occur in the structures
acr. the interfaces. At An1d totad enaV~ E and parallel we consider here and will have some influence on the traws
wave vectork, we denote byA(14,E) and TA (kiE) the k, port in them We point out, however, thai the thickness of
reovd reifto and trnmim coeffcints corL the barrier in the structures we discuss aless than the scat-
sponding to the Bloch state 0(k1 ,kA) in GaAs. The k.-re- taring mean free pauL" The scattering processes could be
solved transport CoefficaMia RA (1I ,E) and TA (1 ,E) ame discusd in perturbation theory using thL- wave functions
related to the expansmo coefficients in the bulk Bloch state we calculate here as the unperturbed states.
Repe ttoA ("(1 .E) and A 14M1 N E). respectively. Thbe

'I total transport couficientsaR %k1 ,E) and T(k, ,E) are just the Ill. RMSLTS
-uz of the transport coefficients RtA(k,.E) and TAPkuE)

Flux conservation require R(k,,E) + T(k,,E) = 1. We presenit the mai results for the transmission coeffi-
As shown in Ref. 1, the transmission cefcnt for the cients of electrons derived from the L point and F point of

Bloch state #N~ kA) vanishes when the wave vector of the GaAs through the GaAs-Ga, AI2As-,G#aAs( 11)DH3.
MCincminh c state, ko, approaches, a ciritwWa poknt such We discuss the transport acoes the central Ga, -,A1, As
that (M (ktVAk _. -0. In that eue, the incoming state barrier as a fuinction of the total energy E of the incoming
is identical with the reflected stat At this critical point, the state thickness of the Gal -. Al2 As barrier, and alloy corn-
incoming stat 011k,,k 2 ) baa no component of the group vs. position x.
locity perpendicular to the interface and does not couple to The different transport regimes (tunneling and propagat-
any Bloch state in Ga, - AlAs Therefore, transmission ing) can be demonstrated by studying the transmission coef-.
starts to occur as the incident wave veor ko moves away ficiesat for fixed barrier thickness as a fuinction of the energy

complex-kca pont of the incoming state. Figure 2 shows the transmission coef-
The transport states in the cmexkbnstuurof ficient T(k,,,E) as a function of the energy E of the incoming

GaAs and GaAs-Ga, _- AlAs. The complex-k band struc- Bloch state. The incoming Bloch state is either derived from
ture for GaAs and AlAs is Wenl known.1.1 We have used the GaAs L point (kmk 1), or from the GraAs r point
s=milar techniques to Obtain the complex-k band structure (komk 1r). Energy is measured with respect to the GaAs I-
for Gal -. AlflAs within the virtual crystal approximation, point conduction band minimum. We consider the case of
Within the ten-band tight-binding description used here, the vanishing parallel wave vector k,, - 0. Calculations were
GaAs F-pout conductio band nmmum is carried out for an alloy composition of: = 0. 1 and a barrier

So"" - I .5M9eV above the GaAs F-point valence band thickness of seven Gal, AllAs layers. For the x = 0.1 al-
maximum and the Ga&s L-point conduction band valley is loy, the Gal, All As F-point and the L-point energies are:

at an maery EL~m =-0.50 eV above the GaAs r-point con. Eas' - ='m0. 13SeV, and E G" 'U-' 0.6 eV, above
s uction band minimum the GaAs F-point conduction band minimum. For eege

The propagain or evanescent nature of the Bloch states of the incoming states near a given Ga&s conduction band
dapsade on the rea Or Complex charate of the wave vector extremumn (L or r), transmission through the Ga, - , Al, As

* k. nonmal to the (Il11) interface plans Propagating Bloch barrier appears to occur mostly via the coupling to states
StaMe ar asociated with real values of k, whereas evanes- that connect to the alloy conduction band at the same extre-
CMi Bloch states are associated with comiplex values of k,. mum in the Buillouin zone (L or F). Since the Bloch states
WOedmw ebulk stafte with k- - kA in spatial region A by derived from different extrema of the conduction band ap-
^t,,k I). In the discussion that follows, the incident Bloch pear to couple weakly to each other, the energy barrier for

4 stat a derivd eother from near the GaAs conduction band the states derived from the L point is different than the eater-
L point with real wave vector kmk IL, eg., gV barrier for the states derived from the F point.
o(k, ,)im1 3 k L , or fro the GaAs conduction band F The figure clearly demonstrates that there seem to exist a
PON With rel wave vector komk r, e.g., range of energies above the Ga&s L-point valley (E 0-4- and
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mostly reiected. Generally, when an incomaing state in
I*o* lt:Cnuto odi Ga.M is derived Irom a conduction bend extremum,. say A,

port (Le.. tunneling or propagating) appears to be determined
-: by the oature ofthesmumsin Gal , 1MAs derived from the
----- : tsame conduction band extremum, ON1 Ak A For incoming

state energies l.s than the alloy conduction band edge
AllaY - m, Mt z*0.1 EA8 -i the state that couple strongly in the a&loy are

* S~~wrir mcu:? Iyigap stae [ (k1 k Is evanescent ] and henc the wave fuac-

Tao tics is damped in the barrier. However, for incoming state
.en greater than. the alloy conduction band edge

1.0-- -- ------------- A SO the states that couiple strongly in the alloy are
band mans [ ^,k 11 propagating ] and hence the wave

A snot damped in the barrier.
0.8a We now discuss the energy dependence of the transmis-

sac for incoming electrons derived from the GaAs L-point
* valley. As mentiond in Sec. IL, the transmission coefficient

vaunishes for incomning state derived from the L point at an
I energy equal to the L-point extremum of GaAs. E a At

0o.4- this energy, the component of the group velocity normal to
CCteitrfc a)h [aElkVakI, O and tein-

0. omnstate 0(1,k a) does not couple to any Bloch states in
Gal -. l ALM The overall energy dependence is found to be
similar to that of plane waves incident on a rectangular bar-

0.0 05 .5 .2 066 00 07 er as derived from a one-dimensional quantumn-mechanical
0.50 0.5 0.8 O2 O 0.0 074 ntmnt.16 or ncoingstate derived from the GaAs L

pohint: [eth enrg beo0.565 eV, transport
Faa.2. raumioca~csntT(% )mfu~damolhenwwlofsh. through the barrier is tunneling and the transmwision is

boalmdogiuwas.Th idumliefwdetda'mheO&sL small. Howeve, for inig sate derived froma the GaAs
hi h4 morhtm ibO hArpoinimbm a).Tlav mpma- L point with energy above E~)-'' transport through

Weoe orpett h & -pwcntd m iktlisw the barrier is propagating and the transmission becomes im-
kv -0.portant. For a Aixed barrier thickness, propagating transport

ehibit maxmu transmission whenever the energy of the
incoming% state is such the thics of the Gal , .AlAs

below the Gal -. Al.As L-point Valley (1' r A) such barrier contains an integral number of half-wavelengths in
that transmission is Iarg for incomig Bloch sawe derived the barrie regio. At energies r> E Lao - -'--, the transmis-
from the f point and small for incoming Bloch states derved sion oscillates as a function of energy and is maximum at
from the L point. In this energy range, resonance. The of-resonance transmission amplitude in-
Er <E < G - -Ij-" Bloch states incoming from the r creases with increasing inicoming energy.
point in GaAs couple mostly topropqafbgl-point states in The differenit transport regimes (tunneling and propagat-
the barrier (k 11 real), and Bloch state incoming from the L- ing) can also be demonstrated by studying the transmission
point in Gas couple mostly to emvawcenu L-point stae in coefficient for fixed incoming energy as a function of the
the barrier (k "' complex). The energy range for which the barrier thickness. Figure 3 shows the transmission coeffi-
transmission 0(k,k Ir +.01k1 ,k 111) is much greater than the cient T(k4,E), as afunction of the number of layers forming
transmission 0(klkL ,k_-.Ok 1,k 11) roughly corresponds to the central Gal , ,Al, As barrier for various energies of the

*the composition-dependenit L-point energy barrier that the incoming Bloch state. The alloy composition is x - 0. 1 and
incoming L-pointfBloch states have to overcome in order for It, = 0. Layers are measured in units of a/Vs, where a is the
them to become propagating jk " real) in the barrier. For the GaAs latice consant. For the~ x= 0. 1 &Houy, the F-point and
x at 0. allHoy, the L-point valley of the alloy lies at L-point conduction band energies in Gal, AlMEAs are:

E " ''-0.565 eV above the GaAs conduction band E Ora - A'-44 -0.135 eV and E "" , - 0.565 eV, above
minimum, and OW.1,k A L)-.Okl k ') transmission will re- the GaAs r-point conduction band minimum. The incom-
main small below this energy, whereas 0ik,, ,k lr4-4(k 1 ,k 111) ing Bloch state is either derived from the GaAs point L
transmission will be important. Thus, for a given (k)mk I ), or from the GaAs r point (/c0mk I ). For the case
Gal -,aA1, As composition x, there is a range of energies, where the incoming Bloch state is derived from the GaAs L-
roughly E£ , -- <£ EGo - 'AA for which electrons in- point valley, the different types of transport itunneling and
coming in GaAs from the r point are mostly transmitted propagating) are shown for an energy E - 0.54
whereas electrons incoming in GaAs from the L point are eV < Ec"' - '"A",' in which case the transport is tunneling
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641 UsII, Iib, IfmU Tmulim utu 64

mined by ej) i the barim repom. Since the wave vector qn
Incoming state: Conduction bond in incres with the energy of the incoming L-point Bloch

WAs st, the peid of the tralimusion amplitude decres
~~ with the energy of the incident L-point electron The off

rai-omce tanibmiIon amplitudes ncmse with in i
-- c-..o..- - r- oint es (iI) inident energy. The general qualitative behavior of the

a xmporst ula to that exhite by plane wave M
Allo c~mesltsn: Oicident on a rectangular quatum-mechanical barrier. Si-

.o mlr regmes of transport have also been reported for in-
state near the GaAs r pown for

a ,_.P,0iAs strained (10)DHS and for
I.L aAs O -Gal-. Al, A-GaA( 100)DHS. 1

Also shown in Fg. 3 is a comparison between the tns
0.6 mumaainfor incomg electrons derived fro~m the GaAs r

0.8-point and from the GaAs L point at the same energy, naml
z E - 059 eV. At this enargy, k Ir and k u areal and, come.
i) 0.6Q quently, the Block state # ,k ni) and k u m r poW.

Ugating At agijven layer thickness the transajid is pleate
- for states incoming frm the GaAs rpont than for the tates

0.4 derived frlm the L point Til; is due to the fa that, for a
"igiven energy fE -0.9eV, ther-point mates lie at an mar.

'0.54eV gy ofabout 0.46 eV above the r-point minimum of the alloy,
0.2 E '' - -0.35 eV. On the other had, the L-point

states les at an energy of only 0.03 eV above the L-point
0 o valley of the alloy E - -- 0.365 eV. As seen in the

0 2 4 6 a 10 fiue, it p l to a th wn oft
Number of Ga,.,AlAs layers along [111] Gal _,AJAs barrier in such a way a to reduce the trans-

ms ~ion for the incoming state derived fro m the GaAs L
Fo.3. ThMe uuu aoui I X M a u cO the 116O point while the transmission for the rpoint remains cce to
aymr lemft fthew Gol Al As~ barrie for oanm 8i Of unity.

Seisu ss fithe ause ofmu in uiscwdurfnw eOaieL Fe 4 show the tra, idson coefficient T(k tE) as a
pom thllid Gortam.pGin rpa ldybI henli regmo function of alloy composition for two diferent
duct bta d .imMM k, LaYesm e Mond i ccur oft4l. Ga - AlyAs barnier thicknesses. The incoming Bloch stat
whee a is t G&a ince a t n x v is either derived from the GaAs L point (kstk In, or from

the Gas r point k k 'r). The incoming Bloch state hasl

1, ef0. The energy of the incoming state is E = 0.50 eV

and for an energy E = 0.59eV> Eng in which s above the GaM s-point conduction band minimum. As
the transport is propagating. mentioned above, the r-point and L-point energy edges,

We discuss first the case of incoming electrons derived E Or '~ and E 8 ''s scale linearly with the alloy
from the GaAs L-poinr valley. In the tunneling regime of composition for x<0.3. The composition x is therefore di-

transport (E < r' o transmission occurs mostly via rectly related to the r-point and L-point barrier heights at
mthe coupling to evanexent states (k 1 complex) derived from the interface. For the range of alloy compositions studied,

the L point of Ga i AlnAs. As seen in Fig. 3, the evanes- he- t -poinre<Er" so a t isreal

cent character of the wave function in Ga , Al.As is re- the range 0 eV<E a" 0.40 eV and
fiected in the fact that the transmission coefficient T(k,,E) 0.50ueVE disusst0.7h eV, above the GaAs r-point
is an exponentially decaying function of the Gal - ,AIAs conduction band minimum. For a fixed energy of E = 0.501
barrier thickness. Thes results are similar to those obtained eV, the transport is propagating for Bloch states incoming
fro-m the thick-barrier WKD approximation. ""' In the from the r point although it is mostly tunneling for Bloch
propagating regime of transport (> E - - ,w transmis- states incoming from the L point in the composition range
sion occurs mostly via the coupling topropagating states (k 11 x 0.3. This is due to the fact that, in this composition range,
real) near the conduction band L point of Ga, - Al, As. For we have £r* s - ''E <E r 1 - 'AI' so that k "I is real
energies of the L-point incoming electron greater than whereas k "~ is mostly complex.
EGO' -,A-" the transmission coefficient is a periodic func- We first discuss the case of incoming electrons derived
tion of the Gal _,Al. As barrier thickness. The retiod is from the GaAs L-point valley. As the Al concentration in-
determined by the wave vector q"mk 2L - k "~, where k q is crease, the L-point energy edge in
the L-point Brillouin zone edge. The transmission coeffi- Ga -,AIAs, L E" Aincreasandsodoethemagni-

cient is unity when the thickness of the Ga -, AI, As barrier tude of Im(k 'L) Therefore, the L-point derived states have
contains an integral number of half-wavelengths (deter- smaller decay lengths and tunnel less efficiently across the
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the use of complex-k band structures and transfeati
Incoming state: Conduction band in GaAs methods reasonably well. Within this theoretical frame-

work, k,-resolved transport coefficients can be calculated.
- L -pon aln (11 This, an turn, allows for a better understanding of the trans-
---- r- pont awsiq mission coefficients of electrons derived from different ex-

* trema of the conduction band in GaAs. Calculation of trans-
Ergy: E 0.501 eV port coefficiets associated with varilous coniduction band

valleys were carried out as a hinction of ( 1 energy of the
.0incoming electron. (2) thickness of the central Gal Al, As

1.0 - --- -barrier, and (3) alloy composition x in the central
2.0 -- - - -Gat - ,Al. As barrier.

- - = =States originating from the same extremum of the conduc-
S0.8 2 waers -. S/ tion band appear to couple strongly to each other, whereas

o 4 ir states derived from different extrema are found to couple
* Vi weakly. For energies of the incoming states near a given

* CA 0.6 2 lawes GaAs conduction band extremumi (L or F), tasiso

~ Athrough the Gal -. ,, Al.. As barrier occurs mostly via the cou-
0.4- pling to states (evanescent or propagating) that connect to

* 4 Layers the alloy conduction band at the sam extremium IL or r').

0.2. Transmission through the Gal - .Al, As barrier is either
tunneling or propagating depending on the nature of the
Bloch states available for strong coupling in the alloy. Since

OD 02 . thermixing between L-point and Fr-point states appears to be
Composition x in Ga1..,Al2, As small, there seems to exist two distinctive energy barriers for

'9, L-point and F-point electron. This observation may lead to
FiG. 4. Transmission coeficient T(k, XE) as a function of alloy composition interesting effects in GaAs high speed low power electronic
for two diffrent al, Al, As barrier thicknesses. The incoming electron devices whereby the low velocity L-point component of the

* is either derivtd fom the GaAs L point (soli line), or from the GaAs r current could be blocked (i.e., svallI transmission below the
*point Idaheo line). 71e energy of ther incoming suma is 9 - 0.301 eV &ba L-point barrier) while the high velocity F-point component

the GaAs F-paint conduaction band minimun and It, 0. IAyers are men- could be transmitted (i.e., large transmission abov the r-
sawed in units of a/13. where a is the GAAS lattice CODOW~iL point barrier).

balrrier. This, in turn, implies an increased reflection prob- ACKNOWLEDGMENTS
* ~~ability for the L-point derived states. At a given alloy compo. n fu C)hsbe upre yteNECo

sition x, the transmission is greater for the states incoming Onnadafand byMtheaFo bdsnFCACpore'd byte N R soti f l
from the GaAs F point than for the states derived from the L Cnd n yteFnsFA otPiee esuiniI

*point. This is due to the fact that the F-point states are trans- recherche of Qu6bec.

.1mitted in the propagating regime (E > E 'r - -A-) whereas
the L-point states are transmitted in the tunneling regime "Work supported in part by the Army Research Office under Contract No.
(E<E Ga -AI~s~ DAAG29-80-C-0103.
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A ILTS study of deep levels In n-type CdTe
R. T. Collin T. F. Kuachs , and T. C. McGill

CWtbuxie I "ae of Tducnbp Pasodena CaUIfwx 91125

(Received 13 November 1981; accepted 11 February 1982)

We report the results of a DLTS study on the majoriy carrier deep level structure of three samples
of n-type CdTe and the efects on the deep level structure of indium doped CdTe due to H2
"..nealing. H2 annealing did not qualitatively change the deep level structure of the annealed
sample. It did cause the shallow level concentration to decrease with a proportional decrease in
the deep level concentrations as a result of indium out-diffusion and compensation by native
defects. Levels present in all of the materials studied have been characterized and attributed to
ether native defects or innate chemical impurities. Other levels present in indium doped material
require above band gap illumination of the sample before they are observed. A possible model

- proposes that these levels arise from defect complexs.

PACS numbers: 71.25.Tn, 71.55.Ht, 72.20Jv, 81.40.Ef

1. INTRODUCTION pm-diam Au dots were evaporated onto the cleaved CdTe

The presence of crystal defects has long complicated our surfaces. A second set of samples was annealed at 350-
ue d Of il-VI semiconductrs. These ddects are a 370 "C for I h in Pd purified H2 ambient before Au dots were
result of the wide phase stability reions of II-VI com- deposited onto the annealed, cleaved sample surfaces. Au
pounds, and they often dominate the electrical charactens- Schottky devices were also made on air cleaved surfaces of
tics of the material. The defect structure of CdTe, a II-IV UN1 and IN2. No H2 annealing treatment was used in these
semionductor which exhibits large deviations from stoi- samples.
chiometry, is recently of great interest becau of the use of Capacitnce voltage (C- V) profling of the CdTe samples
CdTe in infrared devices. Annealing CdTe at elevated tern- was carried out at room temperature using a Model 71A
peratures unde fixed partial pressures of its constituent ele- Boonton capacitance meter. DLTS spectra were taken on a
ments, Cd and Te, can modify the material's defect struc- fast capacitance bridge using a double boxcar integrator as
ture. 32 Annealing CdTe at a high temperature in an H2  described by Lang.'
ambient prior to its use as a substrate for epitaxial growth Secondary ion mass spectroscopy (SIMS) was used to
has been shown to alter the electrical properties of the CdTe depth proille the indium concentrations at H2 amWaod and
in the near surface region through the introduction of crystal unannealed surfaces of IN 1.'
defects. 3 Despite the Importance of crystal defects in CdTe,
they are poorly characterized and understood at presenL4  IlL RESULTS

We present here a deep level transient spectroscopy The results ofDLTS and capacitance measurements made
(DLTS) study of deep levels in both indium doped and un- on the various CdTe structures are zammarized below and in
doped CdTe. The effects on the deep level structure of indi- Figs. 1, 2, and 3. Since there is negligible minority carrier
um doped CdTe due to H2 annealing are also presented, injection in a Schottky barrier device only majority carrier

1traps were observed. The shallow level concentrations
II. EXPERIMENTAL PROCEDURES (ND-N) were determined from measurements of reverse

Physical and electrical measurements made on three dif- bias capacitance characteristics.
ferent single crystals of n-type CdTe are reported here. Ma- We begin our discussion with the results on the two crys-
terial IN 1, indium doped CdTe obtained from Eagle Picher tals from Eagle Picher Ind. The shallow level concentrations
Ind.,wasinitiallyontheCdexcesssideofthephasestability of samples from INI (CdTe originally doped with N,,
region. Its indium concentration was - 101' cm 3 . Materi. - 10"cm-3 ) were 7X 10' cm- for unannealed surfaces

* als UNI and IN2, undoped CdTe from Eagle Picher Ind. and 3X 10is-SX 10"cm - for H2 annealed surfaces. SIMS
and indium doped CdTe from the I-VI Corporation, re- measurements showed a minor surface buildup of indium
spectively, were annealed in Cd vapor at 750 "C for between followed by a 2-3 um layer depleted of indium by a factor of
6 and 12 h to raise their carrier concentrations. The concen. two at the H2 annealed surface. DLTS spectra for unan-
tration of indium in IN2 was several orders of magnitude less nealed and H2 annealed surfaces of IN I did not differ mar-
than in IN 1. kedly as a result of the two methods of sample preparation.

Electrical measurements were performed on Au Schottky These DLTS measurements probed a region extending 1-2
. barrier devices. Two methods of sample preparation were #m below the surface. Typical DLTS spectra are given in

used in fabricating devices on INI. In both methods clean Fig. I(a) and (c). In the temperature range from 80 to 400 K
surfaces of CdTe were prepared by cleaving rods of bulk three main electron traps( E l, E 2, and E 3) were evident. A
CdTe in air. One set of samples was immediately placed into shoulder was visible on the low temperature side of E 2
an ion pumped vacuum system (< 10- ' Tort) where 160. (E2a). Some of the samples also exhibited a level (E Ia)

. ... .. l , y . r $! ) /y . _. . . m .. , . .ym ,,v. ,,- . .,_.
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which occurred at a lower temperature than E I. The activa- INI. The same effect was observed in unannealed INI al-
, tion energies of levels E I and E 2, determined from Arrhen- though the amplitudes of E la and E lb relative to E Ic were
SJus plots shown in Fig. 3, were 0.34 ± 0.06 and 0.77 ± .05 smaller.
* eV, respectively, relative to the conduction band. The con- We also examined the unintentionally doped crystal from

centrations of levels E 1 and E 2 tracked the shallow level Eagle Picher Ind. Samples from UN I had shallow level con-
concentration at approximately 3% and 8% of the shallow centrations of approximately 2 X 10'cm- 3. Five majority
level concentration in all of the samples made from IN I. carrier levels are observed, ( E 2, E 4, E 5, E 6, and E 71 in a
Level E3 was not studied in detail because, even for rate typical DLTS spectrum for UNI (Fig. 2(a)]. E2a was also
windows corresponding to long time constants, rapid seen in most samples, and a peak corresponding to level E 3
changes occurred in the Schottky barrier device characteris- observed in IN I was present in a number of UN 1 samples.
tics at the temperatures where E 3 was observed.' The concentration of E 2 was - 5% of the shallow level con-

The DLTS spectrum for IN 1 was modified by above band centration. The Arrhenius plot for E 2 in Fig. 3 includes
gap illumination JHeNe laser) as shown in Fig. I(b). A spec- points taken from UN 1. E 6 was not observed until the device
trum was taken with the sample in the dark as the sample being studied was mechanically stressed. Subsequent heat-
was cooled to 100 K (dashed curve). After exposure to above ing to 400 K removed E 6. No optical effects similar to those
band gap light, a DLTS spectrum was taken with the sample found in INI were observed.
in the dark as the sample temperature increased (solid curve). To investigate how much these results depend on the
Level £ Ia increased in amplitude, a new level (E lb) ap- source of the crystals, we have also studied a crystal doped
peared, and a background which is visible in the difference with indium from I-VI Corporation. The shallow level con-

J. spectrum (dotted curve) appeared under £ I ( E Ic). The de- centration of samples taken from IN2 were approximately
vice capacitance at 100 K also increased by 5%-1 % as a 2X 10'cm-. This is larger than the reported indium con-
result of illumination. Changes in the device capacitance and centration, possibly because of the presence of other impuri-
DLTS spectrum persisted for at least an hour after the light ties or the introduction of native defects during the Cd vapor
source was removed, independent of the biasing voltage anneals. A typical DLTS spectrum for IN2 is shown in Fig.
maintained, provided the sample temperature remained 2b). Three main levels ( E 2, E 8, and E 9) can be resolved. In
- 100 K. After warming to room temperature and waiting most spectraE 2a andE 3 are also visible. Illumination at low
- 15 min, these light associated effects were not evident in temperatures did cause a capacitance change and an increase
subsequent dark measurements. Activation energies for lev- in the low temperature background of a subsequent dark
els E la and E lb were estimated as suggested by Lang to be DLTS scan, but no new peaks could be resolved from this
0.24 and 0.30 eV.' The spectra in Fig. I are for H2 annealed background.

DLTS SPECTRA
IN INDIUM DOPED n-TYPE CdTe

• MATERIAL IN1 DLTS SPECTRA
IN UNDOPED AND INDIUM DOPED n-TYPE CdTe

EE 4 t5 t 2 5-4 5-vs

k alU,,= E6

It 1q ft2545es ?/t 2 50/95 MsEBZ

E2 f) N2 E
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FI. I. DLTS spectra ofelectron traps in indium doped n-type CdTe (mate- TEMPER AT KJPE :9
ril IN I). The positions of the boxcar windowt are given by t, and tz. (n) A
typical spectrum in INI. Ib Opta effect in INI. The dashed een w FIo. 2. DLTS spectra of electron traps in undoped and indium doped n.type
iladebefooillumination;solidaman after ilumination at 100 K. Thedoned CdTe Imaterials UNI and IN2, respectively). The positions of the boxcar
curve is the diffrence. 1c) Spectrum in IN I using a mlli rate window to windowsaregivenbyt, andt. (alAtypicalspectrumwin UN1. blAtypical
siow £ 3. spectrum in IN2.
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ARRHENIUS PLOTS FOR trations several orders of magnitude less than in IN 1. If theyLEVELS El AND E2 did have concentrations which were within the limits of the
LVL sensitivity of the DLTS, they were probably buried in the

"•NI background of the other peaks present in IN2. Electron

emission from E lb, E lc and to a certain extent E la only
El-- occurs after above band gap illumination. The predominant

0.34; o6V effect of this illumination is the creation of electron-hole
pairs in the depletion region. Since electrons can be intro-

* duced electrically, the appearance of these levels in the spec-

" otrum can be attributed to the presence of holes in the deple-
/_,E2 tion region. This suggests that there are associated hole traps- 0.77;.05eV

-V.?;Oe in the depletion region which must bind holes before these
electron traps can be observed. Increased device capacitance
following illumination supports this interpretation. Similar
conclusions have been drawn from observations of DLTS

* spectra in InP.9 Persistent photoconductivity and photoca-
pacitance have been previously observed in CdTe, but this is

I the first study correlating them with changes in DLTS
'o-4i ,__ _spectra 

' °10

2.0 2.5 30 3.5 4.0 4.5 a0 5.5 6.0 6.5 Identifying the centers responsible for levels E la, E lb,
S(K-') and background E 1c is not possible without further study.

We can, however, propose a model. Because all of these lev-
Fels are affected by illumination, it seems likely that theFu. 3. Anrheasmaa p~c ferdsctra traps £ I and £21Prisone, centers responsible for each of these levels are of a similar

nature. One possibility is that each center results from a dif-
ferent configuration of a defect complex.

IV. DMICUSSION AND CONCL U ONS Comparing these results with those previously reported,
The pedominant effect of H2 a lin g IN 1 wa the drop we find several obe, vations of leveh in n-type CdTe approx-

in shallow level OMncentrMto. The ested deep level co. imately 0.6 eV (0.55-0.70 eV) from the conduction band
centration also fell proportban-ely, sggMsting that the have been made.4 These could correspond to levels presented
deep and shallow leves me in some way relate& An u - in this study, but the variety of samples studied and teclni-
standing of the effects of H2 annealing on the shallow levels ques used do not allow a definite conclusion to be drawn.
may lead to a better understanding of the origin and charac- When comparing the energies presented here to those from
ter of the deep levels. The drop in carer concentration dur- other studies, it must be remembered that these are activa-
ing anneal can be attributed to two main sx=% ko of tion energies and have not been corrected for electric field
indium through indium evaporation, of the introduction of effects or thermally activated capture cross sections.
compensating defcts. Such native crystal defcts can aso Huber et al. " have made DLTS measurements on n-type,

, lead to the loss of electrically active indium through the for- indium doped CdTe films grown on BaF 2 and PbTe. Of the
maion of indium teluride precipitates. The decrease in in- six levels they observe between 100 and 300 K, which they

-, um concentration at annealed surfaces, as measured by attribute to native defects and native defect complexes; none
SIMS, is not sufficient to account for the observed drop in correspond to E 2 presented here. Levels E l-E 4 in their
shallow donor concentration, suggesting that the introduc- study are at energies near 0.34 eV and may correspond to E I,
tion of native crystal defects is the dominating proe. E ia, or E lb, but one must be careful in comparing materials

, DLTS spectra for all three samples are strikingly sinilar grown so differently.
near E 2 and E 2a, also, from Fig. 3, we see that the emission
rate as 8 function of temperature is the same for level E 2 in ACKNOWLEDGMENTS
materials INI and UNI. From this we conclude E2 Armse We wish to acknowledge Marti Miienpaa for his help with
from a source present in all of these samples. We suggest that these experiments, Dr. 1. 0. McCaldin for valuable discus-

, E 2 and E 2a are associated with impurities or native defects sions, and Rockwell International for providing some of the
% which are either commonly found in CdTe, or easily intro- samples. This work was supported in part by the Army Re-

duced during the Cd vapor anneals performed on the sam. search Office under Contract No. DAAG29-80-C-0103.
4 plea. Although the data are less conclusive, E 3 appears to be One of us (TFK) wishes to acknowledge the Office of Naval

present in all of our samples indicating that it has an origin Research (Contract No. N00014-76-C-1068) for support
similartothatofE2.Eg andE 9in IN2areprobablythesame during this work.
as some ofthe levels in UN I ( E 4-E 7). But, all of these levels
are buried too deeply in the background to make conclusive
mesurements on them.

Levels E , Z la, E lb, and E le are probably indium relat- "Prsent addreu: IBM T. 1. Waton Reserch Center, P. O. Box 218, York.
ed. They would be expected to appear in IN2 with concen- town Hahtse New York 09s.
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Electronic properties of deep levels In p-type CdTe
R. T. Collins and T. C. McGill
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(Received I March 1983; accepted 25 May 1983)

DLTS and associated electrical measurements were made on unintentionally doped CdTe
crystals obtained from several vendors, on Cu-doped CdTe, and on Te-annealed CdTe. All of the
crystals were p-type. Four majority carrier deep levels were observed in the temperature range
from 100-300 K with activation energies relative to the valence band of 0.2. 0.41, 0.45, and 0.65
eV. Two of these levels were specific to certain crystals while the other two were seen in every
sample and are attributed to common impurities or native defects. Fluctuations in the
concentrations of levels across samples and as a result of modest sample heating (400 K) were also
observed.

PACS numbers: 72.80.Ey, 72.20.Jv, 71.55.Fr

I. INTRODUCTION observed shallow level concentrations in these crystals,
The electronic properties of II-VI compound semiconduc- which are .quite high, were due to residual impurities or to
tors are not well understood. The situation is complicated by stoichiometry. The latter is suspected. Crystal E was made

- the presence of native defects and defect complexes, in addi- from material which was taken from crystal B and annealed
tion to impurities incorporated into the crystals during at 800 C for = 2 h in a sealed, evacuated quartz ampule
growth. CdTe is a I-VI semiconductor which is of recent containing elemental Te. Crystal F was CdTe doped with Cu
interest because it serves as a substrate for the growth of the at a level of 10" cm-.
lattice-matched ternary Hg, _CdTe. It has also been pro. The measurements described here were performed on
posed for use as a nuclear detector and in solar cells. In all of Schottky barrier devices fabricated on samples taken from
these applications an understanding of the deep-level prop- the crystals. Both Au and Cd barriers were used. Au and Cd
erties of the material is important to successfily fabricating Schottky barriers were prepared in two different ways. In the
devices from CdTe. There have been a number of studies of first method, 160.um diameter dots were evaporated onto
deep levels in CdTe.' The results of early measurements are air-cleaved ji 101 surfaces in an ion pumped vacuum system
hard to compar because of the variety of techniques and at 10- 1 Torr. Ni or a Cu/Au alloy was evaporated onto the
samples used. Recently, more sensitive and reproducible rear face of the ample following an etch in K2CrO, and
deep-level transient spectroscopy (DLTS) measurements HzS0 4 solution to provide the ohmic contact.'

- have been made on n-type CdTe, but the CdTe typically used In the second method of preparation, Au or Cd was eva-
for the above applications is unintentionally doped, as- porated onto polished {IllI sample surfaces which had
grown material which is generally p-type."' Very little in- been etched for 5 min in a 0.5% Br-Methanol solution.
formation about deep levels in these crystals exists. These dots were 500#m in diameter. Again. evaporated Ni

This paper presents the results of a study of the majority or Cu/Au alloy provided the Ohmic contact.

carrier deep levels inp-type CdTe using the technique of Reverse bias capacitance characteristics for samples pre-
DLTS. The experimental method will be described, and the pared as described above were recorded at room tempera-
properties of each sample studied will be discussed. Results ture using a model 7 1A Boonton capacitance meter with a
of the measurements will be presented providing a compari- 15 mV, 1 MHz test signal. DLTS spectra were taken on the
son of as-grown CdTe crystals obtained from various
sources. Information on the deep levels in CdTe doped with
Cu and CdTe which had been annealed in Te vapor will also T., .Shadow ie ,ceranon ai butos o" ouc of the CdT.
be given. Finally, possible explanations for the observations cryaa uad nt DLTS memrmuts.
that were made and conclusions based on thes observations 4
will be suggested. CrW m ctimon commt

II. EXPERIMENTAL A 54 x I01" cm Dndpon Vow Ith by i-Vl Corp
DLTS and C-V measurements were made on six different 9 6 x 10" c, Traveling heow mabo by Radaoa

crystals ofp-type CdTe. All of the crystals were examined in C 2-3 x i'" cm ndplma rovwth by Rockesvl lt
an as-grown condition. One was also annealed in Te vapor D S 10" cm " dgmn groewth " II-vt Cor
prior to the measurements. The history and properties of E > 2 x 10" cmt Cryual .. r" 6114e rT ,1o at

each of these materials is given in Table I. Shallow level F 2 l O'10U * i rowth ilV-v Corp Doed

concentrations (N, - NO) taken from reverse bias capaci- Vnth 1o'" 'm ca,
., tance measurements are also given in Table 1. Five of the six o 6 * 10" cm ' ndmnm powhI by Telnm menwuma

crystals were unintentionally doped. It is not known if the

tiTo I .
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% Sam samples unsin a fast capacitance bridge and double
* ~~boXcar integrator as described by Lang.6 LSSETAI OIAL

*VI Pooep mWand-V measurements werealsomade on UNDOPED p-TYPE CdTe
* the Au and Cd Schottky barriers prepared on the air-cleaved

1101 sample surfac to determine the Schottky barrier

Ill. RESULTS 4

Results of the DLTS measuremnts on the various crs '42

tals are preented below. inorty carrer injectio is negl- z~
gibe in Schottky barier devices if the barrier height is con-(D
sidersblylessthan the bogpp. nis the case ford~ (D)
onp-type CdTe.7 For this reason. only majoity carrier traps
wene observable in this study. No differences in the spectra
were evident assa result of the method of devic preparationH

* or the Schottky barrier used.
As shown in F*pL 1-4. fourmajor deep levels were sun in

the crystals in the temperature range from 100-300D IL Deep 100 200 30

levelHlI wasMen in A(iR& 1) and D(IN&2)t cncentra- TEMPERATURE (K)

tions of Ix load and 3 x 10"3 CM- , respectively. This level Flo. 2. tCbW~g DL73 cmmfor oetrap inmanay Undopedp.
4.may have been present in F bit at a very low c cat. I theO Cur woue: C5m and: 4. Th oiinmm fte.Z wnosdrn

The low tem21peratureregion wher HI occurred was scanned lMMW=t dt,-4 s

for 19 the CrY1111a,ahbouO itis Only shown for Aand D.inEadFwlbeisuedbw
*Level 112 was only sunin crystal C (F4g. 2). Its concentra- was 4x 1012 ci- 3 . 113 iE dFwllbdscseblow.

tion was betw -- ~l 0'a3mx 10"4=- 3
. Levels H13 and There was a lot of luctustion in the trap, concentrations, as

11H4 we - in all Of the crystals (Ftp. 1-4). Level H13 ap- can1 be seen from the above values. Thes fluctuations even
pefred Om appomately a 5 K rang. of temperatures in occurred from device to device on the same sample. In the
the 811100111 stodied Thus veritm was eve observed in' case of level 114 this effect was more pronounced. At the
82011005s taken, fom the -aii crystaL Tin suspta dont i3 sensitvity used in the spectrum chosen for D in Fig. 2, the

MY rafty be due eo am*r t one leivel, and relative conw level was not visile altug, in other cases, its concentra-
* centrau o w top. the level caused the position of H3 to don matched that of H13. These deep trap concentratins

OWL. The oncmntratiaes ofH3 Wmcrystals, A through D wee were estimated from the formula 24 C/C = N4/Ns where C
4 x 10s- 4x 10", IX 1'2, 3 X103-3 X 1014 and 2x 1013- is the 0apecitancemof the diode,AC is the change in capeci-
I lX 10" C11-, re=Pec&iveY. In G vig. 4) its oncentration tac caused by completely filling the deep level, Nj is the

deep level ooncentratima and N, is the shallow level concen-

'.4.

OLTS SPECTRA IN NOMINALLY
AUNOOPED P-TYPE CdT. DILTS SPECTRA IN Te' ANNEALED

AND Cu DOPED CdTe

m4 (A)
H3 

4~ (E)

143
143

*(B)(F
4113 14

'43

it300
TEMPERATURE (K) 0

TEMPERATURE (K)

Pm.I. u~easDMlo~puftrhsh nip in ae y aqp. Ia.3 Chmcterati DLTS spectra for Te-anneale IEI and Cu~doped IF)
.ppeT.WYhAadI 3Thepuihmodbbsaewntswgtbg "Me W-ye e. The postas of the boxca windows durng the scans were
inu, .osmwahm4SN ti5i , - 43andg,m4s

ig . *. %. * * , . ~ ~ *,
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"X 10-"' c on the capture ross section for holes, a value
DLTS SPECTRUM IN NOMINALLY whichisinreasonablagreemntwiththatdeterminedfrom
UNDOPED p-TYPE CdTe they intercepts of the Arrhenius plots. Because ofthis the

activation energies in Fig. S have not been corrected for tem-
- perWatd~e dependent cross sections. No crrection for electric

fild effects has been applied either. The data used for H3 in
(G) Fig. 5 is for a particular device. If other devices are used, the

temperature fluctuations mentioned above cause the line to
Sshi but the slope stays wahi the aor range given.

Au and Cd barrier heights on the I ll0j air-cleaved sur-
H3 face of the CdTe were found to be approximately 0.6 and 1.0

eV, respectively. The Au value is in agreement with previous
measurements." The value for the Cd barrier height is ap-
proximately equal to the CdTe band gap mius the Cd bar-I I I•

0 200 300 rier height on n-type CdTe taken from Ref. 10.
TEMPERATURE (K)

ft. 4. DLTS s for bolltrap no un . p" We IV. CONCLUSIONS
cral O. The po n (the boxcar windowsduring the scam were t, - S Impurities and native ddects are both potential sources of

anmd t, - 4s ms. deep levels in CdTe.' Although the crystal deet respons-
ble for the deep levels observed in this study canno be direct-
ly identified, it is possible to draw some conclusions about

tration.' Edg region elects ae neglect using this method, them baed on the results of these measurements. Levels HI
but, such accuracy is not necessary in light of the large vsria. nd H2 were specific to certain crytals md ar, therefore,
doas in trap concentraious which were mentioned above. likely candidates for impurities. Levels 13 and H4, on the

Material E was CdTe which had been take from crystal B other hand, were present in all of the crystal. They could be
and annealed in Te vapor at S00 C for about 2 h. The anneal the result of a common impurity, native defects, or even
caused the shallow level conentration to increase by two Vpaser crystal defets (such as Te precipitates). There have
orders of magnitude. As can be seen from F% g, [ 3 and H4 been previous reports of levels approximamely 0.3 eV from
were still present H3s concentration was approximately the valnce band that were due to Cu, AuandAgl. .42 Ideati-
5 X 10" cm-3. This value is lso about two orders ofmagni- fications were bad on associating the levels that were ob-
tude higher than por to the anneal. served with the crystal dopants. Although Au and Ag dilia-

Crystal F hd been doped with Cu at about 10" cm - 3. siom have yet to be tried, the present work seems to indicate
This concentraion is close to the shallow level concentra- that the levels we observe ae not due to Cu, since the pres-
don obtained from the C-V profile am may indicate that the ence of Cu in crystal F did not enhance any of the levels seen
Cu dopants were not strongly compensated by native de- an because the attempts at Cu doping did no signiicantly
feat. The DLTS spectrum for F, a sm in Fig. 3, contains
H3 at a concentration of 4x 10"3 cm- 3, a value similar to
that found in the undoped crystals. H4 was also presnt at a
much lower concentration and is not seen in the spectrum ARRHENIUS PLOTS FOR HOLE TRAPS IN
shown. Attempts wr aso made to dope crystals with Cu NOMINALLY UNDOPED p-TYPE CdTe
following procedures outlined by f. .LAga. there were id ,
no new levels or sigificant enhancumens ofexistin levels. i

Other tram wtraviele in the above room tem.
perature range ofthe spectra. but, after the samples were m 13

head to W K in the pra, s otaking the data, changes .
occurred in the DLTS spectra Lavels which we seen above 0.41105

room temperature left complely. Soon ofbe below. rom
* temperature level also suffered concentration inceases or "U

decreassofas much s an orderofmagnitude. The direction ,
o( the change was not always the same. For this reonm no 1-
above room temperature set ar given. The DLTS spec-\.

* tra shown ae for unheated samples immediately afte prep- I

Au[emu plow for levels H1I-H4, along with their asso. 0650
admd advaion I, ar im in Fi. S. Capture cros 0'.t.o

sectios for the various ste were not directly measuraw 3 .0 4.0 5.0 6.0 7.0 8.0 9.0
with our sy because, for h shore reduced bin pulse !000/ T (K-)
we Gould apply (z 20 ns, all the levs were completely Ailed FIG. S. Arniius plots for the four majonty carner deep WIee sm in
wit hales. From this we caa pac a Iowe bound of DLTS mmremaes on p-ype CdTe.

0........... .... .... ................ ., .......... ...................-. -... ,-, -,,, ,.,-. - .. ".. .,. -. ..- ,. , -,. -.-.-. * , ,- . -.,.. , ,,,-,, , .,.,,., - . , - - . ;,, - - . - . --;::-; ' : ,:,..:, ::./..v.,'.. -.... ............................................................................................... ,...-..-...-.... ..-.,.....
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inc se the concentrations of any of the traps. It is possible device to device on a given sample and significant changes in
otha there are deep levels associated with the Cu, but that the trap concentrations as a result of modest sample heating.

temperatre range of this study did not include Cu-related
peaks. This remains to be tested. The fact that H3 and H4 ACKNOWLEDGMENTS
aloung with IN, - NO) were effected by the Te anneals sug The authors wish to acknowledge Rockwell International
pets that native defects me responsible. and Texas Instruments for providing the CdTe used in this

Concentration of deep levels in as-grown crystals were research. This work was supported in pan by the Army Re-
generally 10" cm- or less. Although this is quite low, fluc. search Office under Contract No. DAAG29-80-C-0103.
tuations were also seen in the concentrations of traps from
device to device on a given sample. Even more disturbing
were the changes in peak amplitudes produced by very mod-
est sample heating 1400 K). No attempts were made to deter- 'K. Zalo. in Semkmsducto and Semimetals, edited by R. K. Willardson
mine if similar concentration changes occurred for samples and A. C. Beer lAcadetaka New York. 19791, Vol. 13.
heated before device fabrication, but since the same levels 'T. Tkb, J. Saet, and H. Masunamu. J. Appl. Phys. 43. 5119821.

'R. T. Coilins. T. F. Xmch andT. C. McGill. J. Vac. Sci. Techool. 21.191were observed for both Au and Cd barriers, it is unlikely that T.i92 .
" the changes occurred as a result of diffusion of barrier metal 4D. Veiti-, D. Shew, F. J. Brymt,. d C. 0. ScL J. Phy. C 15.9573 19821.

into the active region of the CdTe diode. 'T. Anthboy, A. L. Feaiwbrach. en It. H. Sub, J. Electron. Mawr. 2.9
In summary, we have made DLTS measurements on p- (1982).

type-We"crystals. Four deeplevelswereobservedIH1-H4) V. Lang. J. Appl. Phys. 45, 3023 $i9741.
'S. M. S n P Sia of.&emkonducXr Devices (Wiley, New York, 19811, p.

in the temperature range from 100-300 K. Levels H l and H2 265.
only occurred in a few of the samples leading us to believe 6j. p. cumonsi, E. Molva. mdJ. L Pautrat. Solid State Comnun. 43. S01
they are associated with impurities in the crystals. H3 and (1982).
H4 are in every crystal and may be related to native defects. "J. P. PoOPon, M. SeraphY, 8. DuEum& and P. SieM Phys. Status Solidi A
Measurements on Cu-doped samples indicate that the levels 89, 259 (190$.

'oT. F. Ku ch. J. Api. Phys. 52. 4874(1981).
seen are not due to residual Cu in the CdTe. We also noted '13. de NobeL Philips Res. Rep. 14,361119591.
variations in the concentrations of the observed levels from '2M. It. Lom end S. Sqal Phys. Lett. 7,18 (19631.
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