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Abstralt

The research carried out under this contract investigated the electronic properties of small

Sdevices where transpor is dominat or affected by quantum phenomena. This has
importance both for the future application of small devices and the understanding of the physics of

these structures. Topics investigated included small silicon MOS transistors, here it is shown that

large, intrinsic, stresses affect transport in the two dimensional inversion layer. As the stress is at

the edge of the device, it is not significant for larger structures.

The electron-phonon interaction in epitaxial layers of GaAs has been investigated using Schottky

gate FETs (MESFETs), here it is shown that the nature and interpretation of the magnetophonon

oscillations is strongly affected by the geometry of the sample. Studies of small samples were

extended to one dimensional GaAs-AIGaAs heterojunctions where it was shown that varying the

width at low temperatures resulted in large random conductance fluctuations, these were fitted to

the appropiate theory.

Quantum corrections to the conductivity and Hall effect were investigated in a range of Ill-V

semiconductors, and, in a new development, a technique of electrostatic squeezing was developed

to investigate quantum interference in a ring of electron gas in a GaAs-AIGaAs heterojunction.

Finally, a description is given of measuremnents and analysis of electronic transport in MBE grown

InSb supplied by Dr J Dinan and Mr T Golding at Night Vision Laboratory, Fort Belvoir.

The report section and list of publications resulting from this contract covers the 3 year period and

it is not necessary to refer to the interim or previous annual reports.

Silicon gate MOS devices with a width 0.6 - 0."1im have been used to study electron transport in

the 2D electron gas of the Silicon inversion layer. The results of the application of uniaxial stress

were compared with results obtained using large width devices (50gin). It was clear that the

inbuilt stress at the edges of the device affected the entire channel of the narrow transistor. The

large edge stresses result in a mixing of the heavy and light mass valleys with a consequently lower

mobility than in the stress free case. The effect of applied stress on quantum interference has

shown that this process is modified as electrons can occupy both the heavy and light mass

subbmands simultaneously. Quantum interference causes the conductivity to reduce as the

temperature decreases and is cut off by the application of a magnetic field. The effect of the
!/ ,. ~magnti field is reduced by srum induced interally scattering compared totece I flage

devices. Possibly, the stress arises during oxide growth during fabrication and may he reduced by
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differing oxidation and annealing treatnents.

In view of the high level of interest in small samples exploiting the 2D electron gas in

GaAs-AIGaAs beterojunctions, we investigated one dimensional transport in this system. A split

gate Schottky gate PET was fabricated which allowed the progressive reduction in width of a high

mobility 2D electron gas. The conductivity temperature relation was investigated and interpreted in

terms of quantum interference and interaction effects. Theoretical analysis showed that the

energies of the one dimensional quantised levels could be determined by the application of a

magnetic field. This increased the energy of the subbands resulting in structure in the conductivity

as each individual level passed through the Fermi energy. This structure occurred at different
values of magnetic field to the Landau level (Shubnikov-de Haas) oscillations occurring in a wide

2D electron gas. Calculations showed that the location of the quantised level was in agreement

with a parabolic confining potential.

In a further series of experiments, the conduction of a split gate structure was measured at low

temperatures as a function of width. Large random fluctuations in conductance were imposed on a

smooth variation. These are the "Universal Conductance Fluctuations" found previously in small

systems as a function of Fermi energy or magnetic field. Its origin is in quantum interference

between electron waves scattered around a loop in different directions. As the sample becomes

small, the distribution of loops becomes a discrete, rather than a smooth function of size.

Changing the width of the sample, when the phase coherence length is greater than the width,

alters the contribution of the loops in a different, but random, way. The magnitude of the

fluctuations is reduced by phase incoherence and can be considered as arising from resistors in

series, each of which has length equal to a phase coherence length. The results of this analysis

showed that the phase coherence length was due to electrons being scattered from fluctuations in

charge, a mechanism unique to one dimension.

The interaction between electrons and optical phonons was investigated using GaAs Schottky gate

FET's - utilising epitaxial GaAs rather than beterojunction material. Sweeping a magnetic field

results in the observation of structure in the conductivity when optical phonon energy equals the

separation of two magnetic levels. However, it was found that the phase and amplitude of the

resulting magnetophonon oscillations was determined by sample geometry. This resulted in
differences when the magnetic field was either parallel or perpendicular to the current flow. A

model was developed for tie analysis of the results which was in good agreement with experiment. I

New suctures utilising GaAs-AlGaAs heterojunctious were developed as part of this programme.

A combination of photo-resist and metal was used to produce a ring of 2D electron gas of

approximate diameter 104cms with a variable width in the range 3.10-5 to 5.10-6cms. This

represented an advance on previous ring structures which had been formed by etching or ion

44
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implantation. Interference took place between electron waves traversing the two arms and then

recombining, the extent of the interference oscillated with magnetic flux - the Aharonov-Bohm

effect - and was investigated in detail. Evidence of interference was also found between electrons

which completely traversed the loop but in different directions. The amplitude of the oscillations

was up to about 20%, a very high value indicating that an optimisaion of the structure may result

in other aspects of interference being determined.

Renort on Indium Antinmonide

This section describes the results obtained on electronic properties of Indium Antimonide/Cadmium

Telluride heterostructures. The heterostructures were supplied by the Night Vision and Electro

Optics Laboratories, Virginia, USA and were grown by Mr T D Golding and Dr J Dinan. These

measurements are continuing and manuscripts are being prepared. Further results vill be

discussed in future reprts on the new E.R.O. Grant DAJA45-C-0011 "Physics Related to Future

Electronic Devices".

Fabrication of Samples

The heterostructures were supplied as pieces of MBE grown Cadmium Telluride (CdTe) grown

epitaxially on Indium Antimonide (InSb) substrates. Some of the samples had an InSb spacer

layer grown on the substrate followed by the CdTe.

The first step was to prepare Hall bars to enable resistance measurements to be made. A Hall bar

pattern was defined using photoresist, and then the samples were etched in one of 2 etchants,

either 1:2:2 HNO 3 : H20 2 : H20 for 5 seconds or 1:1:2 HNO3 : H2SO 4 : H20 for 30 seconds.
Weaker, and hence slower etches, fail to reliably etch away the surface layer.

Contacts
For samples fabricated into 2mm x 0.5 mm Hall bars with contact pads -0.7 nmn in diameter small

(-0.3mm) dots of indium were placed on the surface and annealed for 10 minutes at 1800C. Then

50im diameter gold wire was pressed into the dots at a temperature if I I0oC when the indium

becomes slightly soft. This method produced very good contacts with resistances typically less

than 0.10 at 4.2K.

For samples etched into really small Hall bars and for use at high magnetic fields (>2T) this was

impractical and AuGeNi contacts were used. The standard recipe used for Gallium Arsenide was

tried and found to work, i.e. 2000A of an alloy made up of Gold, Germanium and Nickel. Leads

were then attached using a Kulick and Soffa Gold wire bonder.

Some of the samples were not etched at all. Four dots of indium were attached, one at each corner.

5
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This was done to check for parallel conduction in the substrate, since this could give very strange

results in etched samples. The Van der Pauw technique was used for getting resistance and Hall

resistance from these samples.

Experimental

The characserisation of these samples were done on a continous flow cryosttt, because of its speed

and convenience. The characterisation had to be done at less than 10K because the substrates

conduct above this temperature. The Hall voltage and Magnetoresistance were measured as a

function of magnetic field over the range 0 to 1.2 T. The Hall resistance gives the carrier

concentration and hence the mobility of these samples could be obtained.

Most of the early samples had very poor electrical propeties, although normally appearing good by

materials criteria. By feeding back, to Fort Belvoir, the results obtained much better quality

samples have been produced lately. The problems faced are listed below. Some typical mobilities

are listed in the table below.

i) Substrate conduction

Many of the substrates used were excessively good conductors. The results obtained from etched

samples were meaningless, and unetched samples merely showed the effects of conduction in bulk

InSb. Samples grown on these substrates were completely useless for electrical measurements and

are not included in the table.

ii) Samples with buffer

All the samples grown with an Indium Antimonide buffer layer had a large number of electrons per

square metre. These electrons are almost certainly sitting in the metallic buffer layer which is in

these samples more conducting than the 2D electron gas. This is because the buffer layer has too

many defect sites to be an insulator. This is in turn a result of the very small number of impurities

required for metallic behaviour in InSb, less than 1014 cm-2 compared with about 1016 in GaAs.

Therefore, all the working samples were grown without the buffer layer. This inability to use

modulation doping is the most important cause of the mobilities in these samples not being as high

as in conventional GaAs heterostructures, and is certainly the main problem that will have to be

solved before this materials system can rival GaAs.

iii) Excessive numbers of electrons.
Other samples without the buffet layer were also found to have too many electrons to be a good 2D

gas. This may be due to a number of effects. One possibility is that these samples may have a

layer of Indium at the interface, or the samples may just have a poor quality interface with lots of
defects.

6
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iv) Heat Treatment Growth Temperature and Pressure Optimisation.
Once the gross causes of samples to fail le cally had been eliminated, there was still variation in
sample parameters. Preliminary results from a controlled sequence of samples varying substrate

cleaning method, growth temperatre and pressure of Cadmium used suggest that Auger sputtering

is of no use for cleaning substrates intended for electrical use, even though it produces better

surfaces as shown by microscopy or SIMS. The Auger sputtering process introduces too many

electrical scatterera. Also low growth temperatures appear to help, along with high Cadmium

growth pressure.

v) Too few electrons

It is now possible to grow good electrical interfaces in this materials system. However, once all

the causes of excessive defects are eliminated, another problem emerges. There are no longer

enough electrons for a high mobility 2D gas. Since the mobility IL varies with carrier concentration

as g-n 3/2 having a low carrier concentration results in a low mobility. The way round this

problem in the future will be to dope the Cadmium Telluride some way from the interface to

increase the number of electrons (modulation doping).

The best sample is number 090288C It shows a mobility of 22 000 cm 2V'ls-1 at 4.2K with a low
carrier concentration of only 2.0x10 11 cm-2. This is much better than the best previously reported

and since g - n3/2 this represents a very significant increase in interface quality.

Physical Results - Quantum Hall Effect and Magnetoresistance

Those samples which worked were investigated in a number of other ways, in a variety of

cryostats, over tenperatures from 4.2K down to 300 mK and at fields of up to 8T.

The Quantum Hall effect occurred in the highest mobility sample. The plateaux in the Hall effect
were accurately quantised to 1% and good zeroes of resistance were seen. Only one period of
oscillation is seen and the plateaux at higher field are flat. This is conclusive proof that there is

only one subband of the 2D electrnm gas occupied in this sample.

Low field ag mesistance experiments in both parallel and perpendicular field were made which

give infomation about inelastic and spin flip scanering in these samples The inelastic time fits

standard weak localisation theory for an electron gas typically of order 1000A thick for those

samples that had a high 2D elecutn density, and for a 21) gas for samples 090288C and 01 2788B.

This sugests that only in the last two samples, has a conclusive 21) electron gas been achieved.

This is expected for a narrow gap semiconductor because the low mass means that a second
subband is occupied at lower carrier concentraions than in other common materials such as GaAs.

7
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The spin flip scattering time was also measured. Conventional theores give poor results but spin
flip scattering at impurities in a narrow band gap semiconductor gives a reasonable fit to
experiment.

The temperature dependence of resistance was measured, and with the magnetoresistance this
should have given an estimate of the strength of interactions. However the temperature
dependence had the wrong sign, which means that there is something unusual happening in these
samples, probably causing resistanc changes through another process.

InSb - CdTe heterostructures have been charactesised and many problems associated with making
of good electronic interfacs have been solved.
The major success has been the demnonstration of a good 2D gas in this system.
The remaining problems are growing a good InSb buffer.* of doping CdTe and of inverse growth
of InSb on CdTe so as to use CdTe substrates which are insulating at room temperature.
If these are solved then the system should approach its intrinsic potential of a very high mobility
system because of the low mass. This materials system is almost certainly worth pursuing, in
view of the eventual possibility of integrated optics with night vision detetors.

TABLE

SAMPLE NO. Carrier density/ cnr 2 Mobility/cm 2Vlrl Notes

At 4.2K

033087C 6.41011  1890

*033087G l.2xl01 2  3010

071087B 1.25x10 1 3  6450

071087C I.09xI012  270 n estimate unreliable due to localisation

071087D 5.95xI1 4  3200

012788B 1.22x10 11  10200

012788C LIU410 12  3150

012798D 3.75x 1012  2760j

083088A 3.9x101 2  6470
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093098B l.9x1011  640 n estimate unreliable due to localisation

090288C 2.03x1011  21100

090988D 2.55xl011  9800
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5. Abstracts of Papers Published IDSbad

1) Magnetic Depopulation of DSu ansin a N arrow 2DElectront Gas

K.-F. Berggren,ll) T. J. Thornton, D. J. ifewson, and N1. pepper'51

Cavendish Laboratory, Camrbridge Cli OHE& United Kingdom
* (Received 32 Nfay I9M)

*We present results on the transverse magnetoconductance in the range 0.3 to 8 T of a narrow,
variable-width channel in a GaAs:A)GaAs heterojunction. As the width of the channel is decreased
below 0.25 pm the structure in the magnetoconductance changes from Shubnikov-de Haas oscilla-
tions to the magnetic depopulation of one-dimensional subbands. A semiclassical WXB calculation
is presenitdwhich gives good agreement with experiment.

PACs numbers: 72.201y, 73.40.Lq

2) Uniiersal conductance fluctualions and electron coherence lengths
in a narrow two-dimensional electron gas

T. J. Thornton, M. Pepper,* and H. Ahmed
Cav endish. Labora tory. Canmbr idge CBJ OHE, United Kin gdom,

G. J. Davies and D. Andrews
Britih Telecom Research Centre. .1farhleshan., lpswAIch. United Kingdom

(Received 27 January 1987; revised manuscript received 19 May 1987)

The conductance of a narrow two-ain~ensionat electron gas in a GaAs:Al.3Gao.7As hctcrojunc-
tion fluctuates as a function of magnetic field. The variance and correlation length of the fluctua-
tions have been measured for a number of temperatures, and the electron phase-breaking length is
found to vary as a small negative power of the ttmiperiture.

3) Quantum corrections to the Hall effect in 111-V
semiconductors

D I Ntewsont, N1 Peppert, E Y Flal and G Hill§
t Cavendish Laboratory, Cambridge University, UK
t Csvendish Laboratory, Cambridge University, UK, and GEC Hlimi Research Cenite,
East Lane. Wembley, UK
I Department ofElcticAl Engineering,University ofSheffield. ShetIfietd. UK

4) Magnetophonon effect In GaAs Schottky gate field-effect transistors
T. P. C. Judd and M. Pepp~r
Cavendish Laboratory. University of Cambridge. Cambridge CBS OHE, United Kingdom

G. Hill
* ~Department of Electriral Engineering. The Universiy of Sheffield .tfppin Street. Sheffield SI0 2T.V.

Unired Kingdom

(Received 916March 1988; accepted for publication 28 April 1988)
We have investigated the magnetophonson resonance in lightly doped GaAs Schottky gate
field-effect transistors o(difrerent shape. It is shown that the phase and amplitude of the
observed oscillations are dependent upon geometrical considerations. A model is presented in
good agreement with experiment,

T. _____________________________
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5) The Aharoflov-Bohfll effect in electrosiaticallY defined

h .eterojunCtioll rings

C 3 B Fordt. T J Thorntont, R Nqewburyt, Il Peppert. H Ahmedt,

C T Foxont, J J Harrist and C Roberlst

t Caendish Labortory. Cambridge C030
1IS UK

$ Philips Research LaboratOfitI. lttedhitl. Surrey lRll 51A. UK

Rteceived 3 February 1988

Abstact Mir~tnt~rIZ~ loos o twdimensional electroni gas have been made on

GSASAI~a5 hterotrtctufa byetetr~tUOS ssr.A ai ate is used so define

Gaise loo. alo in bthe wthutu o y e on ting channels o be varied by changing the Wae

voltage., The mnagneOrtistalce hasbeefi tnittste o t o7 low sens t h~el (ota100iK)ande

so~srongAharOnoV-1Bhottstonih amnp i ,sude 03T and7 then dicOsaeit as

its se narowet d .ices, WIse oscillations are stonlg out 1o4 - 05T n h~sdeo ts

increae s TWs ITit ha os bl de pe de c o the channel ridth. Magnetic depop ltio nl

of the so sub-bands is alto seen.

-6) Intrinsic stress in narrow silicon metal-ox de -se nicoflducto r field-effect

transistors: Magnetotransport measurements
N. Paqufin and M. Pepper
Capendish Laboratory. Aladingley flood, Cambridge CE) ON& United Kinstdom

A. Gundrach and A. Ruthven
EdInburzgh Microfobricaios Facility. Xingli Buildins, Edinburgh EN9 3A. United Kinsgdom

(Received 22 March 1988; accepted ror publication 20 May 1988)

Measurements of the Hall (pa.,) and transverse (p.,) resistivities in narrow polycrystalline

silicon-gated Si( 100) field-effect transistors have been obtained. The measurements were

carried out both with and without externally applied uniaxial stress. Analysis of the results

suggests the presence of large compressive intrinsic edge stresses. A model based on device

fabrication is developed to explain the presence of these edge stresses.

7) Negative magnetoresiqtaflce in uniaxially stressed Si (10) inversiont 1a)ers

N. Paquin and NJ. Pepper

Cat-eldi'h I.Obotd.r)', AMadfngk.) Road Camtbridge CD) OHE. Uniktd Xin94d011t

A. Gundlach and A. Ruthven

Einitbuh.ifrofabrkOil' FA6111, kigS* Busildings. Edinburgh EH9 SJL. Ltnlrd Kingdont

(Received .24 Nfsrch 1988)

We hase studied she negativle !11gnetor0eti'titsct of a two-dislenliO113l lCtrlon gas in sjnially

stressed SiCIQO) met al.oxide.semficonductor transistors. The deerta, in the finning paramter v.

which is qualitatively explained on 1h6 basis of elect ran-eclt rn srsleractioh'5, SutelCts the pres-

ence of strong intervalley scasleing between heavy- and light-matis subbands. The temperature

dependence of ri. supports she mocdification of the Landau-Baber scattering term in the Presencle

or significant disorder.
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Electron ManttasotIn Unhaxialy Strewed Si (100) Inversion Layers

N Paquin and M Pepper
Cavendish La1boratory, Madingley Road, Cambridge CB3 OHE, U. K.

A Gundlach and A Ruthven
Edinbqrgh Mcrofabrication Facility, King's Buildings. Edinburgh EH9 31m, U.K.

Abstract

The transverse conductivity, crxx. of uniaxially stressed Si(lOO) inversion layers has been measured
T = 0.36K. The initial application of uniaxial stress leads to an increase in valley-splitting and a
reduction of conductivity maxima. At high stesses, on the other hand, conductivity peaks were
observed to increase and to merge with increasing sms At intermediate mtesses, the conductivity
peak movements can be explained by assuming the presence of a subband-subband electron

exchange interaction.

9)
Experimental Determination of Large Intrinsic Edge Stresses in Narrow Silicon

Structures

N Paquin, D M Pooke and M Pepper

Cavendish Laboratory, Madingley Road, Cambridge CB3 OHE, United Kingdom
A Gundlach and A Ruthven

Edinburgh Microfabrication Fascility, the King's Buildings, Edinburgh EH9 ML, United Kingdom

~AbAbract

Piezoresistance measurements have been obtained on narrow polycrystalline silicon-gated silicon
field effect transistors. Prom the anomalous structure observed in the piezoresistance traces it has

been deduced that large compressive intrinsic edge stresses are present ink these devices. These are
estimated from the experimental data to be approximately IlSON/mn. 2. in reasonable agreement with
a thorcal calculation based on a model proposed to explain the presence of such largetresses.
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10)
Temperature dependence of fte conductivity In unlaxially streswed SI Inversion

layers at low temperatures

N Paquin and M Pepper
Cavendish Laboratory, Madingley Road. Camnbridge CB3 OHE. United Kingdom

A Oundlach and A Ruthven
Edinburgh, Mcrofahrication Facility, The King~s Building, Edinburgh EH9 MIL, United Kingdom

The temperature dependence of the conductivity in uniaxially stressed Si( 100)
metal-oxide-semniconductor field effect trnsisto inversion layers in the weakly localised regime has
been measured for temperatures from I 2K to 4.21C The results show a stong linear increase in

conductivity with decreasing temperature. The application of uniaxial ss is shown to increase or

decrease the percentage change in conductivity over the temnperature range depending on the initial
Fermi evel at zero stres.

Electron-Electron scattering in narrow Si accumulation layers

D M Pooe, N Paquin and M Pepper
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We report on nteuurements of dse phase coherence tme, v& as determined from the measurement

of weak negative maneoesistance in narrow pinched Si accuulation layers. Under favourable
him conditions. one-dimensional quantum interference and electron interaction corrections to the

codutivitywem found. The phase cohernce length is bea described in terms of the Nyquist phase

13.
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