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Investigations of the quantum transport, magneto-transport, optical and

magneto-optical properties of quasi 2-dimensionally confined charge carriers

[confined in quasi-two-dimensional potential wells created via formation of

single or multiple interfaces between semiconducting materials] have, in the

past six years, advanced at an unprecedented pace c*,-4ipared to their beginnings

in the late sixties. A major part of this rapid expansion of research

activity is caused by the coming of age of the techniques of metal-organic

chemical vapour deposition (MO-CVD) and molecular beam epitaxy (MBE) which

have been successful in fabricating remarkably perfect thin single and

multiple interface structures of compound semiconductors (particularly the

GaAs/AxG91_xAs system), thus moving the subject beyond the Si/SiO2 based

metal-oxide-semiconductor (MME) prototype structures as the sole means of

creating 2-dimensionally confined electron gases. The driving force for this

new class of materials and structures is, no doubt, the device potential of

their new and novel properties in areas beyond the scope of the Si/SiO2 based

technology. The work undertaken under the AFOSR grant number 78-3530

represents an attempt to forsee certain important and interesting aspects of

the new and novel structures and to contribute to the growth of knowledge of

their remarkable properties. The final report which follows, accordingly, is

arranged so as to bring out (1) the sense of a coherent view which motivated a

systematic approach to investigations of some of the key one and many electron

properties; (2) the emphasis on the relevance of the theories developed to the

real nature of the material systems and their growth and; (3) the

chronological choice of the issues tackled over the period of the grant and

their relationship to the evolution of the material systems themselves.

I. THE RUIERO-PROMM CMULD3G

* .1The primary focus of the research activity sponsored by this grant was,

1 from its inception, the IrI-V compound semiconducting mterials. Accordingly

' '- ° i , : ' . .. i . '' .•" : - ''| , .. . . ..': ., :-.. ,, .. .. : ,-' . ... . . . ..: . , ; ; . :
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one of the very first areas we tackled was the role of electron-phonon

coupling in influencing the single particle and collective behaviour of quasi- 4

to-dimnsional electron gas. Prior to the studies undertaken by us it wias

commonly held that phonons were inconsequential to these properties at low

temperatures - the oft heard argument being that the Debye frequency of the

materials involved was too high compared to the relevant temperatures. The

obvious fallacy of this contention, surprisingly, took an unduly long period

of several years to be recognized and it is only in the past couple of years

that serious attempts to investigate such issues have been undertaken by

several groups around the globe. Indeed, today it seems to be an area of

single particle property attracting major interest. Undoubtedly a major part

in creating this situation was played by the preoccupation of the relevant

research comumnity with the inversion layer in the St/SiO2 system as well as

the prejudice this experience generated. During the period Dec. '77 through

De. '79 we provided several results indicating the importance of the electron-

phonon coupling. We were, however, forced to compare the theory with the

results on the Si/SiO2 system since no reliable experimental results on III-V

compound semiconductors existed at the time. Indeed, even many of the results

on the Si-inversion layers which were well accepted at the time and provided

the motivation and basis for many other theories which gained notoriety, have

either been called into question or discredited by further improvements in

sample preparation and increased understanding of this material system. The

three major and new results we predicted on the role of the electron-phonon

interaction have now borne the test of experiment and time. These are,

(1.1) Cyclotron Resonance Line Width

We showed that the simulataneous observation of a aU dependence on the

magnetic field strength and linear dependence on the temperature (40 K < T <

250 K) of the cyclotron resonance line width in SI-inversion layers is a

consequence of the interactive role of the scattering due to short ranged

J-- -- t
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ionized impurity potential and the acoustic phonons. (See publication number

1.)

(1.2) Cyclotron Resonance Pass

We gave the first full expression for the dependence of the cyclotron

resonance mass on the electron density, the applied magnetic field and the

temperature. The predicted behaviour showed two central features for the

first time. (a) The cyclotron mass depends upon the Landau level filling

factor vhich involves the ratio of the electron density and the magnetic

field, rather than these individually. (b) The cyclotron mass increases with

temperature linearly in the regime T > cio, wherecoo is a characteristic

phonon frequency. Ebr acoustic phonons, t.o corresponds to phonons with q

(.7/I-o) wherelo is the cyclotron orbit radius. In Si-inversion layers at a

typical magnetic field strength of 5 Teslatoe100lA so thatsoo--2-60 K, thus

explaining the observee temperature dependent shift of the cyclotron mass.

(1.3) Magneto-Optical Anomaly

Certain novel features and enhanced nature of the magneto-optical anomaly

in quasi-2-dimensionally confined carriers arising due to the electron (or

hole) - optical phonon coupling in quantum well structures of III-V compound
semiconductors, such as the GaSb/InAs and GaAs/AlxGal-xks systems, were
predicted. This has, in the past two years, been confirmed1 , 2 in experiments

on the GaSb/InAs heterojunctions and recently, in inversion layers in InSb.

(See publication numbers 2, 4 and 5.)

1. Shubnikov-de Haas Effect (The magneto-transconductance)

The first correct theory of the transmagneto-conductanoe (Wxx) at high

magnetic fields for a system of 2-dimensionally confined electrons subject to

the simultaneous influence of impurity and acoustic-phonon scattering was

,-.i
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developed. The contributions of these individual scattering mechanisms, of

most relevance to III-V oompound semiconductors, to the electron scattering

time and the effective mass were clearly identified for the first time. In

particular it was demonstrated for the first time that Wxx involves two

different effective masses and scattering times, of which one is the

scattering time in the absence of the magnetic field. It was also shown that

the Landau level width appears in T'x., thus providing an experimental way of

determining the same from a study of the background conductivity. (See

publication number 8.)

II. THE ELECTRN-ELECTRC1 INTERACTION

The role of electron-electron interaction in the 2-dimensionally confined

electron gas occurring in Si-inversion layers has been shown to be of

significance for the electric subband structure. Its role in the transport

properties however is not as clear, although early reports of the observed

dependence of the effective mass on the electron density created a flurry of

theoretical activity. In III-V compound semiconductors the role of the e"

- e- interaction in determining single particle properties is held to be of

far less significance. However, collective properties of the electron gas are

crucially dependent upon this interaction. We therefore undertook an

investigation of some of these aspects, a brief sunmary of which is provided
below.

(II.1) Plasmon Modes in Inhomoqeneous Electron Gas

We investigated the possible plasmon modes in a two-component, two

dimensional plasma such as may be created in the double quantum well

structures of Gks/AlxGa_xAs, or even a sinqle heterojunction of InAs/GaSb

which involves spatially separated electrons and holes. it was shown that in

addition to the regular optical and acoustic plasmon mode, a high frequency

mode can exist in such a system, provided the spatial separation between the

"f~ -
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two charge carrier components exceeds a critical length. This mode is

undamped in leading order and its dispersion is linear in the wave vector in

the long wave length limit. It is thus acoustic in nature, but not the same

as the normal acoustic plasmon. We have referred to this mode as an Anomalous

Acoustic Plasmon. The prediction (see publication numbers 3 and 7) of the

existence of such a mode and its nature has recently been confirmed3 in light

scattering experiments conducted by Olego et al.

(11.2) Screening in the Presence of a Strong magnetic Field

In the presence of a magnetic field, the constant density of states of a 2-

D electron gas changes into a series of S-functions separated by the cyclotron

energy (hs*), provided there are no broadening mechanisms. In real systems,

of course, there are always scattering mechanisms, particularly the electron-

impurity scattering. The screening of the imparity potential depends upon the

nature of the density of states, but the density of states (i.e. broadening of

the ideal S-functions) in turn depends upon the screened electron-impurity

interaction. A meaningful understanding of the screening behaviour in the

presence of a magnetic field, consequently, requires a self-consistent

treatment of the problem. Such a calculation was carried out within the

random phase approximation (RPA) and explicit results for the zero temperature

dielectric function in the extreme quantum limit (i.e. Fermi energy in the

first Landau level) were obtained. We showed that this first principles, one

electron, theory of the cyclotron resonance line width was consistent with

anomalous behaviour was speculated by the experimenters, and others, to be

indicative of the formation of a charge density wave or occurrence of the long

predicted Wigner crystal state. (See publication number 6.)

(11.3) Quantum Wigner Crystal

The freezing of an electron gas into a solid at low densities and ultra low

temperatures was predicted by Wigner in 1932. In a two dimensional system

_ _ _ _ _ _ -- - - - -
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with an applied magnetic field, the spatial motion of the electrons is

completely quantized and the possibility of realizing the quantum Wigner

crystal at low densities, high magnetic field and ultra low temperatures is

greatly enhanced. The anomalous observed behaviour of the cyclotron resonance

line width in Si-inversion layers and GaAs/AlxGal-xAs heterojunction, as noted

in the previous section, was speculated to be a manifestation of this state or

at least the formation of a precursor charge density wave. While the past

five years have seen considerable theoretical work on the solid-liquid phase

transition involved (i.e. theory of melting in two dimensional systems), we

addressed ourselves to a somewhat more pragmatic issue - what is the signature

of the existence of the quantum Wigner state in a particular non-destructive

experiment which is feasible given the particular configuration

(heterojunction or quantum well) of the sample? Since agneto-absorption is

one such experiment, we undertook a calculation of this property for a quantum

Wigner crystal as a function of the electron density, the applied magnetic

field and temperature. The existence of the Wigner crystal is thus assumed as

the ground state and enters the calculation of the absorption behaviour via a

lattice expansion of the density-density correlation function in terms of the

normal modes of the Wigner solid. These are the magneto-plasmon and acoustic

phonon modes of the Wigner solid. Coupling with the acoustic phonon modes of

the substrate material (i.e. material containing the electron gas), which act

as the heat bath, is included, thus allowing the influence of temperature on

the "softening" of the Wigner solid. The lattice absorption characteristics

of such a solid were calculated for single phonon absorption as well as

multiphonon processes. The predicted temperature dependence due to both these

processes is exp(-T,0/T), where To  is a characteristic temperature but

different for the two processes. This temperature dependence is distinctly

different from the linear temperature dependence of the free electron gas.

Similarly, the electron density and magnetic field dependence, though quite

involved, are distinctly different from that of the free electron gas. To the

best of our knowledge, these results remain the only prediction of at least
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one property of the quantum Wigner crystal that may make its detection

feasible. (See publication numiber 10.)

(I1.) Magnetotransport in the Presence of e-Impurity, e--Phonon and e-e-

Interactions

In section (1.4) we reported the results for magneto-transconductance (-xx)

in a system subject to electron-impurity and electron-acoustic phonon

interactions. The role of e-e- in determining the behaviour of rxx has long

been a matter of speculation. The problem of calculating qxx when all three

interactions are simultaneously present is a rather involved one, particularly

because any correct theoretical treatment must naturally reproduce the correct

results for individual scattering agencies in the appropriate limits. Such a

theory must also be consistent with certain basic results of the Fermi liquid

theory and must correspond to Kohn's theorem.

We undertook the development of such a theory. Via a combination of the

memory function technique and spectral representation of the one electron

Green's function for an electron gas with e--e- interactions we were

successful in obtaining the first and only expression for qxx valid under the

simultaneous influence of e--impurity, e--acoustic phonon and e--e-

interactions. This result clearly identifies the different scattering times

and effective masses occurring in Wx, as well as the specific contributions

*of the individual scattering interactions to these masses and scattering time.

It thus provides a meaningful expression for analysis of reliable experimental

data. (See publication nusber 9.)

111. ELEMIC SUB-SND STRU OF InP ACCMJKATI,

Interest in n-channel inversion or accumulation layers in InP arises from

the high mobility afforded by the low electron effective mass (0.08 me ) , of

use in high-bit rate optoelectronic and microwave circuits, such space charge

t * *
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layers in InP have been realized in the conventional tetal-Insulator-

Semiconductor (MIS) structures with SiO 2 and lacquer as the insulator for test

purposes only. TIhile the search for better insulators and the recent interest

in forming hetero-junction and quantum wells continues, we undertook a study

of the electronic subband structure of accumulation layers in MIS structures

which is equally applicable to the heterojunctions. The subband energy levels

and their occupancy was calculated within the Hartree-Self-Consistent scheme

as a function of the electron density and temperature. it was shown that even

at low temperatures (-100 K) and densities (-ll 2 /cm2 ), the first excited

electric subband is also occupied by 101 of the electrons. The presence of

carriers in two subbands makes the system less 2-dimensional compared to the

situation in the Si-SiO2 inversion layers. These theoretical results explain

the observed anomalous Shubnikov-deHaas oscillations reported for InP. (See

publication number 11.)

IV. CARRIER MOBILIT' ZN g WELL STR1TURES

Enhancement of the carrier (generally electron) mobility over the bulk

values has been demonstrated in both single and mltiple interface systems by

exploiting the notion of modulation doping. A variety of high speed devices

such as the high electron mobility transistor (HItm), rely upon such mobility

enhancement. 1hile considerably high electron mobilities have been achieved

in the GaAs/AxGal-xAs system--the latest reported values reaching

approximately 2 x 106 cm2/V-sec. at 4.2 °K-an understanding of the dependence

of the mobility on the various factors influencing it remains an essentially

open subject. Such factors may be viewJ as belonging to three broad and

inter-related categories-(A) The structural and chemical nature of the

interfacial regionn (B) The potential experienced by the confined carriers due

to the variety of doping schemes employed and (C) The self-consistent

screening of all the relevant potentials causing scattering of the carriers.

Given a clear and physically meaningful understanding of these three
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ingredients, one may proceed with the development of an appropriate

theoretical formulation and investigate the behavior of the mobility

systematically as a function of doping schemes, temperature, etc. Mhile

several isolated attempts have been reported in the literature, they

invariably restrict the efforts to the simplest level of both theoretical

calculation and physical modelling of the material system and the relevant

scattering mechanisms. It is thus not surprising that little success has been

achieved in understanding the behavior of the mobility. Given such a

situation we undertook a systematic investigation of a range of basic issues

which need to be clearly exposed, formulated and examined to achieve a

meaningful understanding of the phenomenon of mobility enhancement. In the

following we provide a brief description of these investigations. Details of

some of these are contained in the preprints attached herewith and others at

various stages of preparation.

(ZV.1) REMOTE-ION SCATFERT C:

All, except one, of the previous calculations of the remote donor-ion

scattering to the confined electron mobility have employed a dielectric

screening function corresponding to purely 2-D electrons. The exception is

the calculation carried out by Price employing improved dielectric function

which includes certain effects of the finite thickness of the electron gas

layer and is given by,

= A +

(1) wherel(Z) - 110(11 ,2 (z) being the envelope of the electron wave

function in the confinement direction. The screening constant is given byS.

The function h(q) embodies the finite thickness of the electron gas and has

been omitted (i.e. h(q) - 1) in previous calculations. We have employed

equation (1) in the present calculations.

-



Another issue of concern is the usage4- 6 of the simple Femi's Golden rule

(for estimation of the scattering time) and/or Soltzmmnn's equation for

calculation of the mobility. To avoid the inherent limitations and

inadequacies of these approaches (employed even by Price) we have used the

Kubo formula based nmeory-function technique which inherently incorporates

certain self-energy and vertex corrections not present in the other approaches

noted above.

Results for the remote ion-scattering contribution to the low temperature

mobility were obtained for GaAs/Al.Gal_xAs single quantum well as a function

of the well thickness, alloy composition, and areal electron density for both

uniform and modulation doping cases. The effect of a spacer layer in the

latter doping scheme has been investigated along with the quantum size effect.

(See publication numbers 13 and 15.)

IV. 2 INTERFACE 'ROUC4JESS' SCATTERING:

In structures involving modulation doping and spacer layers, the low

temperature mobility acquires significant contributions from scattering due to

potential fluctuations arising from the departure of the interface from ideal

structural and chemical behavior. This is referred to as interface roughness

scattering. Previous considerations 5 have restricted themselves to only

structural fluctuation and that too on the basis of a model (and its

parameters) which arose in the context of the inversion layer at the SI-S1O2

interface. No studies have been conducted to investigte the role of chemical

intermixing at the interface which, even in the best of heterostructures, is

more likely to result from the growth process. We have investigated both

these effects and the findings are summarized below.

IV.2.A STRUCTURAL FJCMUATIONIS AT THE INTERFACE:

Fluctuations in the interface away from an ideal planar geometry (but

A -IF - AQ , ~ *I



without chemical intermixing) may be represented by the form,

where A0,*( is the departure from ideal plane at i . The corresponding

potential fluctuation at the interface is then taken to be

V (11u :~ ~(~P ~- + () 4eJ

where Vo  is the band edge discontinuity. As noted above, this model

originated in the context of the Si-SiO2 interface and has subsequently been

applied to the GaAs/.klxGal-xks system. It represents fluctuations in the band

edge discontinuity as a function of , (the coordinate along the interface)

but is a constant in the normal direction--hence representing structural

fluctuations as schematically shown below

A I& Gao-_ As

GaAs'

Previous calculations employing this model, and the physical picture

embodied by it, have been carried out employing the Boltzman transport

equation. Since the validity of the Boltzman equation in an inhtmomenous

electron gas, such as found at the interface is, apriori, not established, we

carried out calculations employing this model but via the memory function

technique which does not suffer from the limitations of the Boltzman equation,

and provides a comparison with the previous results. We find that given all

other conditions the same, the Boltznan equation overestimates the electron

mobility by about 20-30%. (See publication nmnber 15.)

(IV.2.B) INTIERFACl Rf'INESS DUE TO CHEMICAL DISORDER:

In structures involving I-V compound semiconductors and their alloys,

there is considerable evidence of chemical disorder at and near the interface

resulting during growth. Even the best grown structures indicate that this

type of interface roughness exists on an atomic scale. It may thus be argued
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that an alloy disorder type of roughness at and near the interface can have

significant contribution to the low temperature mobility and would become the

limiting factor in modulation doped structures with spaoe layers sufficiently

thick to minimize the remote ion scattering. Indeed, the barrier layer in

most cases consists of a ternary alloy (e.g. in the most extensively

investigated GaAs/AlxGaixAs system) and the penetration of the quasi-two-

dimensionally confined carrier wave function into the alloy barrier layer,

particularly for this quantum well, can lead to appreciable effect of the

alloy disorder scattering. We have provided a model for such alloy disorder

scattering at the interface and calculated its contribution to the low

temperature mobility. These, the first such calculations, show that the

contribution of the alloy disorder scattering at and near the interface is at

least as significant as the structural imperfection model noted previously

under section (B.1). (See publication numbers 14 and 15.)

Al Go1 1 As (Alloy Disorder)

. AAA FLUCTUATIONS IN
Al CONCENTRATION

GoAs

(IV.3) ALLOY DISORDER SCATERIM IN CONFINED STRUCTURES:

A variety of single and multiple interface structures of significance

involve a ternary alloy of III-V compound semiconductor as the active region

of the device. Examples are the InxGal_xAs/InP heterojunctions, th-

InlxGal_xAs/Aly nl..yAs multiple quantum wells, etc. Since the charge

carriers in such systems are confined within a thin alloy region, the alloy

disorder scattering is an integral part of the transport and optical behavior

of the carriers and can be expected to be the limiting factor even if remote

ion scattering were minimal due to modulation doping and spacer layers. We

have recently completed the very first theoretical calculations of the alloy

disorder scattering contribution to the electron mobility as a function of the

'j, ;%T'



13

thickness of the confining well, the alloy composition and carrier density.

The results show significant differences from the behavior of alloy disorder

scattering in bulk alloy semiconductors. (See publication numbers 14.)

(IV.) SCATTERING DUE TO CWSTERING EFFECTS IN Ill-V ALLOYS AND THEIR

CONFINED STRUC1dRMS

Evidence for clustering in alloy semiconductors is often found, even though

the degree of such clustering naturally depends upon the nature of the

alloying species and the growth conditions. The clustering effect can be

particularly important in influencing the transport and optical properties of

confined carriers realized in heterojunctions, multiple quantum wells and

suprlattices involving an alloy layer, particularly when it is the well layer

- for example in the InO. 53Ga0 .47a.s/InP system. Consequently we recently

undertook an investigation of the role of clusters in influencing the low

field, low temperature mobility of quasi 2-dimensionally con..:Lned electrons in

isolated quantum wells. However, in the course of this investigation we

recognized the inadequite nature of such investigations for bulk alloy system

themselves. It hus became imperative that improvements be first made in the

ttieory for bulk alloy semiconductors Mere the availability of data provides

some testing ground for the reliability of the theory before it may be4J generalized to the confined carrier systems.

We have employed an extension of the proposal by Nordheim and Mott, (and

subsequently employed by Harrison and Hauser for ternary III-V semiconductor

alloys) to calculate the mobility for alloys with small degree of clustering.

The cluster disorder potential is represented by a strength corresponding to

the bend edge discontinuity between the alloying compounds and a range

corresponding to the average cluster size. The calculations are carried out

within the Born approximation employed in earlier theories, as well as the

more accurate phase shift analysis. Differences of about 10% in the
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scattering cross section are found for the two cases. The mobility is studied

as a function of the cluster size and for different alloy coositions.

Similar analysis is near completion for the InxGal-xAs/InP quantum well

structures. In both, the bulk alloy and the 2D confined carrier systems, the

presence of clustering is shown to reduce the mobility significantly, but its

influence in the latter case is particularly damaging to the properties of the

confined carriers. A manuscript on these calculations is presently under

preparation. (See publication number 16.)

I
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V. srABLISWIM OF TRANSM MR S UA DO PCILITY

In anticipation of the growth of a variety of GaAs/AlxGalxkS based single

and mltiple interface structures in Molecular Beam Epitaxy laboratory at USC,

we initiated the establishment of an electrical characterization and

measurement facility. Such a facility ws established, tested, and employed

for measurements on some of the reasonable quality samples grown. This

facility is capable of measuring d.c. conductivity and Hall mobility over the

temperature range of 4.20K to 3000K. Hall measurements in the Van der Pauw

geometry can te carried out on samples of low as well as high impedance.

The cryogenics are based on a Janis (model *SDT) detachable tail type

cryostat which affords considerable ease of operation. The insulation jacket

is evacuated by a mechanical rotary pump to about 1( -  Torr whence an ion pump

(5 litres/sec) takes over to reduce the pressure to 10-6 Torr. Cryoliquids

are subsequently allowed into the dewar. Liquid helium temperature can be

reached in the normal course. Although evacuation of the sample space can

lower the temperature to about 1.3 0 K, this mode of operation is harder to

achieve. The temperature controller is capable of covering the range 4.2 0 K to

3000 K with an accuracy of 0.1 0 K. an electromagnet, a magnet power supply (up

to 80 Amp) and a magnetometer circuit for measurement of magnetic fields up

to 5 KG are included.

The system has been tested with a home-built (approximately 15 years ago)

constant current supply capable of putting out currents between 10- 9 Am to

10 - 3 Amp, divided into three ranges, each having three selectable current

values. A home-built electrometer-amplifier allows reliable measurements on

low and high impedance samples in two modes of operation. These units were

originally designed and built for measurements on bulk samples only. The

requirements of the confined carrier in thin single and multiple interface

structures, however, necessitated the need for modern digital current source

Ti
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and electrometer with the capability of interfacing with a micro-computer. We

have acquired such instruments and interfaced the complete system (with the

exception of the magnet power supply) to an Apple lie computer. The software

has been developed and tested. We have employed the system for measurement of

the Hall mobility on various MBE grown GaAs samples and have successfully

reproduced reported results in the literature. We are presently adding on C-V

and I-V measurements capability in both, pulsed (at 770K) or steady state mode

to separate out effects of interface states and lateral nonuniformities.

'4
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A.Introduction and backQround.

I4

Objective. The goals of this project were 1) to set up

a far-infrared (FIR) iaser spectrometer system to study the

low-temperature and high magnetic field electronic

properties of semiconductor systems in

ouasi-two-dimensional structures, and 2) to perform dc

galvanomagnetic studies of these systems to augment the

studies in 1.). The overall emphasis of this project as

originally conceived was to concentrate on systems based on

the III-V compounds such as GaAs, GaAlAs and InP.

Accomnpii ,ments. A molecular gas laser Dumped by a CO 2

laser was constructed and upgraded over the period of the

con'tract. The final version produces FIR laser lines in the

spectral range 11 cm through 1.20 cmi. The frequency

coverage (12 lines) is good enough for spectroscopic

studies of broad absorptions lines in this difficult part

of the electromagnetic spectrum. Power levels ranged from

i00 microwatts to one milliwatt aeoending on the line. The

spectrometer was used to study two novel low-dimensional

(I)
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synthetic metals which show promise for detector

applications in this frequency range. These are 1.)

superlattices made of alternating layers of HgTe and CdTe,

and 2) the organic synthetic metal

bis-tetramethyltetraselenafulvalene hexafluorophosphate,

(TMTSF)2 PF 6 . Photoconducting responses at wavelengths

-1
peaked near 20 cm were found in these two compounds. (See

below.) In support of the submillimeter work we also

performed extensive galvanomagnetic work on the HgTe/tdTe

superlattice as well as on Si-MOSFET devices at high fields

(up to 19 Teslas) and at low temperatures (down to 0.5

Kelvin.) No galvanomagnetic work was performed on the TMTSF

salt since rather complete reports exist in the recent

literature.

Sample source problems. The major difficulty we faced

during this project was the acquisition of good quality

samples of heterostructures or MISFETs

(metal-insulator-semiconductor field effect transistors)

made from III-V semiconductors. We obtained several Si-MOS

(metal-oxide-semiconductor) capacitors (which are of less

relevance to the project goals) from Robert Wagner of the

Naval Research Research Lab., Arlington. However, efforts

to obtain MISFETs based on InP from Hughes Lab., Malibu

were ultimately unsuccessful. We nad also hoped to acquire

heterostructures of GaAs/GaAIAs from the

molecular-beam-epitaxial machine recently set up at the

(2)
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University of Southern California (USC), but unexpected

difficulties with this machine forced us to look at outside

sources.

New Smole Sources. These difficulties have been

overcome and we now have reliable access to several groups

at Rocwejll International Science Center, Thousand Oaks,

who have supplied us with high mobility samples. The

HgTe/CdTe samples to be discussed below are made by a novel

laser flash technique by Dr. Jeff Cheung at Rockwell. The

fabrication of novel superlattice structures based on other

combinations of matched semiconductors is possible using

this technique. The organic metals were grown by Dr. Ed

Engler of IBM, San Jose. Professor Dan Dapkus (Materials

Science, USC) has also agreed to supply high mobility

InP/InGaAs heterostructures grown by MOCVD. Dr. S. J. Lee

of USC and Rockwell, Thousand Oaks has recently designed

high speed circuits based on GaAs/GaAlAs MISFETs. He has

given us some of these transistors for low-temoerature

work. Unfortunately, these sources appeared too late to

.j impact on the present project. The rest of the report will

be confined to discussions on the molecular laser system,

and results obtained on HgTe/CdTe suoerlattice and the

TMTSF salt.

(3)
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B. Molecular Laser Spectrometer.

In our set-up a CO2 cw laser (30 watts output) is used

to pump a molecular gas laser I (Figure 1.) Depending on the

gas used the laser lines in the far-infrared (FIR) deliver

100 microwatts to I milliwatt and span the spectral region
S-1 -1

11 cm through 120 cm . By using only four non-toxic

gases2 we attain reasonable coverage of this region (.Table

1.) The lower limit is still short of the reach of
1 -1
conventional millimeter microwave sources (98 GHz ; 3 cm I

-1
1 cm I 1.5K) The upper limit is imposed by our optics.

Polyethylene lenses are used for the FIR part of the

optics. One-inch copper pipes are used as oversized

waveguides to direct the FIR beam into the bore of a

superconducting magnet (10 Tesla maximum.) FIR detection at

room temperature is by a pyroelectric detector. At liquid

He temperatures a carbon bolometer is used to measure

transmission through the sample. Typically the pump beam is

chopped at 13 Hz and the bolometer temperature modulation

I at this frequency is detected by lock-in amplifiers. In the

ohotoconducting studies discussed below the resistance of

the sample is monitored using a bridge and resistance

modulation at 13 Hz detected by lock-in amolifiers. For

experiments requiring magnetic field sweep the FIR laser

output has been stabilised to I % for about I hour. A

report on the experimental apparatus will be submitted to

(4)



Review of Scientific Instruments.

C. Results on HoTe/CSdTe superlattice.

The bulk alloy Hgl_xCdxTe has been the source of great

interest because its gap can be varied from zero through

1.6 electron volts as x varies from 0 to 1. Efforts to

optimise the efficiency of the b-lk alloy in FIR detection

have been complicated by stoichiometric problems,

inhomogeneous gap variation, and alloy stability. Recently

4
it was suggested by Schulman and McGill that some of these

difficulties may be avoided by forming a superlattice of

alternating layers of pure HgTe and CdTe. They calculated

that the gap can be varied by tuning the layer thickness

* rather than changing the alloy ccmposition. In July 1992

Dr. Cheung 5 at Rockwell succeeded in growing good quality

superlattices by a laser flash evaooration technique and

made the first samples available to us (Figure 2.) Rather

extensive galvanomanetic and FIR absorotion measurements

have been performed on these samples and are being

submitted for publication 6 - 9
. Some measurements were made

at the National Magnet Lab., Cambridge. The main results

are as follows.

1.)GalvanomaQnetic studies. 2ecause of the

quasi-two-dimensional (2d) confinement of the electron gas

in the HgTe layer the conducting properties of the

(5)
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electrons are dominated by two-dimensional effects which

have been actively studied by physicists in the last four

years. Following a seminal paper by Thouless on the

behavior o* one-dimensional disordered metals at low
11

temperatures, Abrahams et a1 proposed a single parameter

scaling model (Figure 3) which predicted that no truly

two-dimensional metal can exist. (As the temperature T

decreases the resistivity should diverge as log T

regardless of the purity of the 2d system.) This model is

now known as weak or incipient localisation. Shortly
12

thereafter Altshuler et al predicted the same logarithmic

divergent behavior for 2d systems, but based on an entirely

different effect. In this competing theory the logarithmic

divergence is caused by Coulomb interaction between the

electrons (Interaction theory.) The logarithmic behavior13

has now been observed in Si-MOSFETs 14 , quenched metal alloy

films 15, GaAs/GaAlAs heterostructures, InO films 16, Pt

17 18
films and copper films . In HgTe/CdTe superlattice we

observed 6 the logarithmic rise of the dc resistance

starting at relatively high temperatures (30K) and

extending down to 0.5K (Figure 4.) Most studies show that

the logarithmic increase is due to a combination of the two

effects (localisation and Coulomb interaction.)

In HgTe/CdTe the Coulomb interaction effect appears to

dominate the incipient localisation effect.

Magnetoresistance and Hall measurements are effective tools

(6)
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for distinguishing the two effects. We have performed such

studies at fields up to 19 Teslas and T down to 0.5 K and

find that the Coulcmb correlation effect is quite large in
6

this novel system. A rapid communication in Physical

Review on this work is in press.

A novel phenomenon predicted by Lee and Ramakrishnan
19

(and first seen in Si-MOSFETs2 0 ) involves the Zeeman

splitting of the spin degeneracy. This suppresses one of

the Feynmann diagrams which lead to a logarithmic decrease

of the resistance. The net result is a Positive

longitudinal magnetoresistance (field Parallel to sample)

which is logarithmic. A striking confirmation of this

spin-dependent magnetoresistance was obtained by us in

HgTe/CdTe7 and will be submitted for publication shortly

(Figure 5.) One of the tests commonly used to disentangle

the relative contributions of the two effects (localisation

and Coulomb interaction ) to the observed logarithmic rise

in the sample resistance is the Hall effect. Localisation

theory predicts no change in the Hall voltage whereas a

logarithmic increase (with decreasing T) is expected in the

Interaction theory. In Fig. 6 we show the temperature

dependence of the low field Hall constant. It is clear that

interaction effects are playing a dominant role in this

system. Shubnikov-de Haas oscillations at high fields (

above 6 T) were also seen in the Hall voltaqe and

transverse magreetoresistance, (Fig. 7) although the quantum

(7)



*1 occiIIlat i on are nrt :is pronounced aS. in the GaAs/Ga~LAAs

system.s. A Daper on. this work is al so inr preparat icri
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show superconductivity ( at I Kelvin and under 12 kbar

pressure.) At ambient pressure no superconductivity is

observed. Instead, a spin-density-w;jave (SD.WI) 23 state

appears at 12K. The resistance becomes activated below

this temperature because of the SDW gap formerd over the

full Fermi surface. Although the Arrhenius .-lot of the

resistivity snowed the presence of a gaD of 24K no optical

evidence of this gap exists in the literature because of

the difficulty of performing FIR studies at this low

frequency using Fourier- transform methods.

Our FIR ',aser spectrometer has certain advantages over

techniques based on classical sources because of the high

powers available. Our motivation for taking up this study

was two-fold. First, direct spectroscopic evidence for the

SDW gap is more reliable than transport evidence. For

example, cne can directly monitor the gap variation with

magnetic fie!d. (This is difficult with dc resistivity

:-zec-us~e of t.e strong mcbility d nrendence on field.)

econdly, ron-bolometric detector-, ir, this s-,tral region

are few in number bec. .u _e ,ell defined gaos. o this

mzoanitude 4re difficult to realise in solid=. The presence

c localised states in t7& density., of :tate:_ of r-nrrow-gao

-emlcoduztc-.:-, for e:-_e, tend to obscure such caps. The

'.r, , '.sin v o.r s-i. r & e: r :,cll , drive

I : e: uch :, -h a.- T4e d ns, ty '.jive or sor density

. se tat,.-s i that su; -, aps a r sharo and z-ave v al ues

L (9 :



ranging from 5K through 400 K. A good photoconductor in

this frequency band would find !..,lide applications. Our

results 2 5 show that the PF salt can indeed be used as a
6

sensii-.,e zhotocon.-ictive dete._-or for r_:cuencies

exceeding 20 cm '1(tv:ce the gz.z, value.)

Ficure 9 shows the change in conductance versus the

incident 'aser- frequency in the range 11 cm I through 100

cm . Below 20 cm no photoabsorption is observed,

consistent with a gaP value of 16 K. This is consistent

with the dc resistivity data on the same sample. A major

Problem in working with this material is its fragility.

Un ess the sample is cooled slowly in a strain free

environment it cleaves in one c:+ its easy planes. We intend

to study other derivatives of this salt to search for other
25

photodetectors. This study is still in progress.

AI
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* Table I

Far-infrared laser lines.

Table shows the lasing medium and the tyoical power

obtained.

GAS WAVELENGTH FREQUENCY POiER

£ H30H 70 micron 143 cm- 0.I-8.2 mw

CH3CH 96 184 0.1-0.2

CH30H 118 85 1 .8

CH3 OH 163 61 0.1

CD3OD 184 54 0.1-0.2

CD3OD 255 39 0.1-0.2

HC3OH 393 25 0.6

HCOOCH 432 23 0,. 6

1COCH 19 0.5

:H, CQH 570. 2

SCH2 CF 2  663 15 0 .I-9. 2

CHC 2  89t8 11 0.-3

14)



Figure Captions

Fig~ure 1. Schematic drawing~ of the far-infrared laser

and the CC, pump laser.

Fioure 2. Electron microscrcpe phot:orz~h of an etched

pit in a s-mple of H9Te/CdTe superlattice. The individual

layers of Hg1Te are 110 angstroms thick; tine CdTe layers are

220 angstrcoms thick. 155 layers. are laid down on a

CdTe/Ga~s substrate (Ref-. 5.)

Figutre 3. The scaling diagram of sample conductance

versus the size L of the sample for disordered conductors.

The x-axis shows the loQ of the conductance g~; the y-axis. 0

is the derivative of log g with respect to log L. The
- three flow trajectories are for samples of 1, 2 and 3

dimensions. Good conductors are on the right of the graph;

good insulators are on the left. The log T behavior in 2d

* systems traces the middle trajectory as T decreases. (From

Re+. 11.)

Ficiure 4. The resistance Fer square c-f HgTe/CdTe

su per. -. t Iic c?,,er s-u = I o T a t z er c i -elId Sampl1e 1) . The

bottom inset shows thie log behav,.ior down to 0.5K< for a

~m le TL o~ n:P7h.~.~~ mu n iI :-:r. ltr-

dependernce_ up to -7.,@ Re f.

Fi~e5. The l ongit~udinal maignetor-ssi stance of

15*



HgTe/CaTe superlattice at various temperatures. Below 2

Teslas the resistance rises logarithmically with field in

19agreement ,.,ith the theory of Lee and Ramakr. i shnan

Because the field is Parallel to the :u,.r.ent (') here and

the same behavior is also observed with field perpendicular

to I (but stili in the pl.ane) ,,e sscciate this

magnetor-esi stance .ith the Zeeman spl itt ing of the

electronic sDin. The resistance above 2 Tesl as is due to a

spin-dependent quadratic background which may De a bulk

effect. (Ref. 7.)

Figure 6. The temoerature deoendence of the low-field

Hall constant in HgTe...Cd.e su=,erlattice (Sample 1.) N is

the number of active layers (Ref. 6.)

Figure 7. The transverse magnetoresistance o+ HgTe/CdTe

sucerlattice at low temperatures and high fields.

Measurements were taken with an ac current (1 kHz.) The

cur.ves above the x-axis are the in-phase (resistive)

vol tage sici:-Al acr-oss t>;e samrl e for. termeratures between

.= zld 2 -... .. Th e ion ..bove I- Tesla-. is stron l.

temperatu:-e depene-4nt and may be evidence for a au.an tum

Ltate qui ze d14 f:er.-nt +om a r or-ak nc,_- -.on . e

curves be! ow the x-ax i S are the ou t-of-,h ase (-eact ive)

C 'co, ne i t the ' . a .O . o te t - .i , , e 3 c, -. 7

•...h:n the -Fie d exceed-s 14 Tesia 1,Ref. . ,

-igur.-- S. The oh,.,to conducting rescnl_.e ,- Te.-CoTe

(16)
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sueratiev-ersus-- treauencv. nr the F!R ri-c'n. Irn the

upper, pan-el (field zrc~) the -:cr tsr eaks at 20 :-m

$25 ew .The rec.aen st .te 1 i den:ed ta

ac: nej .:rt wi: taec co r ,t i ba rd- ar n 2.5

mev. ~' tfIe Me fI eel.hr? - a mi.e i c +field i s aP oI e d

k Iwroae the absorDt i or, I i ns i s nroad -ened tow-ards I oA1

Crceniesa .6T *:{r'd i s eF- n tuija Iv IIIv supF-;re s se d

a t 6 Selcs. T h is bte7-h -vio r I E ! crs t r, ui t h ern eiec t ron ic

origin for the abscrtion. A str-ong fxie' d -:auses tre- lowest

jaru i.; e to move. t owAard tr ez reson- -tkt (Ref 9.)

Figure 9. hotccrnuctance resPoy e of a sinjl e crystal

:-f (7frITSF i re.u reurvi the ;71 Rregi on . The gap

as soci at ed with the: so=iri-densi tv-wave state which za;oo-ears

at 12 K was found to be 16K by dc resistance measurements

in this sz-mple. In the optical av~soroption data here one

sees ohotoconductive response starting at 22 cm- which

corresoond; to twice the SDNJ qao. (unoublished.)
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FIGn.L Plot of P (g) vsIng for d >2 d2,'d-c2. g(L)

Is the normaized "local conductance:' The approximna-
- . . tion P -s ln(g/g,) Is shown for g> 2 as the solid-circled ~

* . - ~~~line; this unphysical behavior necessary for a conduc-. *.....

tance Jumpin d 2 is shown dashed. .

Figure 3
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