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abstract

An electrochemical cell Pt/Ag/Agl/Ag2X/Pt <X=S,Se) J™een
used as a highly controllaOle source ot S20f 572 molecule. ~
S!'type dopi™ng of GaAs and GaAiAs grown oy f/"
Eoitaxy (MBE). This source produces a pure oeam ot cha g
dfmerTat low temperature (200-300°C) and rs simply programmed
bv an applied emf. The response time ot one cell is or
order of one second enabling complicated doping profiles to be
achieved.

The behaviour of S and Se generated in this way and
incorporated into MBE GaAs and GaAlAs

iIs simple at low growth temperatures (<d80 C).
species are incorporated and electrically
constant high efficiency and behave simply
expected from their use in other areas of GaAs te™h o
evidence for anomalous diffusion or segregation has b.en
observed.

The aopa
activated with

., a tn™to GaAs iIs observed to be reduced,
Extent in GaAlAs, although the loss of
by increasing

and to a lesser
to

- r
being overcome as the growing”llyer~is~changed. The
surface stoichiometry

Aluminium sub-

under NVBB coh”~f~ons and
in the case of GaAiAs.

"hArr"Tgen~rsMUld?otM"LM"Vatile
explaiL the observed reduced loss

] rn devices grown using S and Se

flI°" na*of*"MBE* Uyers where enhanced performance and novel
doping of M N These include 'a hyperabrupt varactor
properties are observea. me

characteristic and the
with a linear

fractional quantisad Hall
observation of the Ng”™”™ron gas structuras. The
effect 1In

as jrsenic vacancy, and hence DX
potential of chalcogen dopants as ® ® . /I~ ,he facility

emphasised.
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CHAPTER 1: [IHTRODOCTION.

1,1: Molecular Beam Epitaxy.

Molecular Beam Epitaxy (MBE) is a well established crystal

growtn cechnique with demonstrated access to a wide range or

material systems (1). It is essentially a vacuum evaporation

technique. A heated single crystal substrata is

clean on the atomic level

maintained

under conditions of ultra-high vacuum

where the impingement rate of species from the background gases

(prlO'~-~Torr) is considered to be negligible.

a schematic of the growth

Figure 1.1 shows

environment. Molecular beams,

generated from individual thermal Knudsen evaporation sources,

supply the constituent elements for epitaxial growth at fluxes

corresponding to beam equivalent pressures of IO« Torr. This

produces deposition rates of tne order of one atomic layer per

second which equates to approximately one micron per hour. The

flux of évaporant is regulated via the relationship between the

Knudsen cell temperature and the equilibrium vapour pressure of

the source material in the cruciole through a geometric factor

including the orifice area and the distance to the substrate

(1). Thus,

( 1.1x1g2 ,.p.a/ 12( MT

where

j is flux in molecufes e 2 5Ly
p is the source pressure in Torr,
A is the source orifice area in cm”,

L is the distance from the orifice to the substrate in cm.
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FIGURE 1.1 Schematlc 0 the growt environment and

principal components



H is the molecular weight of the effusing species in gn mol'?

T is the absolute temperature in the source in K-

The beam pressures are low enough so that the flow from cell to

substrate is molecular rather than hydrodynamic so the

interposition of a line-of-sight shutter is sufficient to stop

the beams teaching the substrate. In this way, the composition

of the epitaxial layer may be changed simply by shuttering or
uncovering individual Knudsen cells. Shutter operation times

are typically «lIs so thicxness control

may be on the atomic level.

and doping aoruptness
Growth temperatures are typically

lower than tne classically equilibrium techniques of

liquid or
vapour phase epitaxy (LPE and VPE) giving potentially reduced
interdiffusion of dopants and matrix elements. The OHV

environment also allows in-situ monitoring of the substrate and

grown layers before, during and after growth so tnat growth

conditions may be optimised. These features conspire to provide
an ultra-clean environment for the growth of semiconductors

under well controlled conditions.

Of tne I111-V semiconductors,

most of the MBE activity has been

on the GaAs/Gai.,AI™"As heteroepitaxial system. The high

electron mobility m GaAs facilitates fast logic and microwave
applications whiie its

direct oandgap 1is useful for

optoelectronic devi¥®. TR ~yMgiftption of these properties

allows the possibility of integrated circuits which combine

both optical and electrical processing on one chip, a feature

Which is not available in silicon technology. A particular vy

i : aai ¢ ~vstein is that GeAs and
attractive feature of tnis materials vy

SO N i rameter
AlAs have very similal |3H|%e Ba ameters so the whole

. V‘ mav be explored in epitaxial structures
composition range 0<x<l may



under lattice-matched conditions. For rnis rea&u

probably tne simplest hétéroépitaxial system to study and,

notwithstanding the important technological

applications
is therefore valuaole as a testing ground for
device and materials studies

nentioned above,

before launcning into more

advanced materials where tne lattice matcning criterion i. more

Stringent

1.2: Low Dimensional Structures

The development of advanced semiconductor crystal growth

tecnniques such as MBE, with its ability to produce uniform,

thin layers with abrupt interfaces, has recently been coupled

witn novel ideas in semiconductor pnysic;

transport and optical properties in these wultra-thin

H J —
semiconductor iayars has resulted IH > IS0 unobserved

pnenomena



parameter alone.

The atomic layer depth control of MBE allows the introduction

of new periodicities into semiconductor structures, by periodic

doping and/or by the growth of heterostructures with band-edge
discontinuity periodicities oetween one lattice spacing and the

electron wavelength (“500A).

The range of activities in this area of Low Dimensional

Structures (LDS) covers the whole spectrum from fundamental

physics studies to practical applications and commercially

available devices with enhanced performance. Both

categories are described in more detail

these

in chapter 8 where the

High Electron Mobility Transistor (HEMT) structures are

studied.

1.3- mbE Dopants and Motivation for Studyi®

the Chalcogens®

The extremely thin layers and aorupt interfaces required for

the observation of low-dimensional effects means that diffusion

of matrix elements and dopants must be particularly
controlled.

well

The species for crystal growth are delivered to the

growing layers under extremely good control in MBE and the

growth temperatures are generally g 'oWest amotigst the

epitaxial techniques. It is however vital that any dopant used

in MBE growth of LDS materials has a simple and well

characterised incorporation behaviour.

conventionally, tne donor species used to dope MBE GaAs and

GaAlAs n-type have been drawn from group IV of the periodic



table (1). Silicon, germanium and tin have all been successful

to varying degrees but all suffer from complications in

practice. Tin shows mardced surface segregation during growth,

maKing abrupt profiles difficult to achieve (2). Germanium

shows mariced amphoteric behaviour implicit in all group 1V

dopants, oeing a donor or acceptor according to whether it

incorporated in the gallium or

IS
arsenic sublattice, and is
therefore very sensitive to the precise growth conditions
(3-6). Silicon

used

is probably tne best characterised MBE dopant

for MBE GaAs and GaAlAs out still shows amphoteric behaviour

(albeit much less so than germanium) over a wide range of

doping levels and in fact converts from a nec donor to net

acceptor at high concentrations but below the solubility limit

(7). Silicon is also quite involatile and care must be taken in

the design of suitaole sources to ensure that the necessary

high temperatures required do noc result in the unintentional

generation of impurities (8).

Much of the -one on LDS -orldwide has been on Si-doped MBE-

grown GaAs/G3AlIAs heceroscructures and the successful

realisation of useful devices has been hindered by the

characteristics of tne so-called DX centre which has been

widely observed in this material system. The deliberately

introduced silicon impurity atoms seem to form both shallow and

deep donors in Ga”™.™AlIMAs. Tne deep donor has been labelled the

DX centre in the belief that it corresponds to a complex formed

between the silicon donor atoms and a species X, with x

: : M 2~ The shallow donor
postulated as an arsenic vacancy U"S

seems to dominate for x<0.2 out the deep donor dominates in the

technologically important region 0.2<x<0.4 (17). In this

range, the OX centre manifests itself at low temperature via



photoconductivity which persists after the removal of light and

a drastiCf sometimes total, reduction in the free electron

concentration upon cooling from room temperature. Since HEMIs

may in principle be operated at low temperatures to take

advantage of the enhanced mobility due to suppression of phonon

scattering, the DX centre-related phenomena need understanding.

Even at room temperature, the presence of traps or deep donors

may oe trouolesome for device operation if carrier capture and

emission rates are comparaole to tne operating frequencies. At

cryogenic temperatures, tnese phenomena are disastrous for FETs

cased on HEMT structures and lead to a catastrophic collapse in
the drain current which may only oe recovered upon warming to

room temperature or illumination. Such modes of operation are

not preferred for practical devices.

The reduction of DX centre concentrations In GaAs/GaAlAs

heterostructures is therefore of great importance for tne

practical application of low dimensional structures to devices.

At the time or this wor*, a possiole route to sucn a reduction

in DX centre concentration was sugges ted oy the then popular

arsenic vacancy model. If X were realiy related to arsenic

vacancies, then a reduction in the concentration of VA3 should

produce a corresponding reduction in the concentration or DX A

simple means of doing this would be to -getter- the vacancies
oy using a chalcogen dopant occupying the arsenic sublattice.

This idea is tested in chapter 8 and discussed in the light of

more recent work.

The chalcogens S,Se and Te have been largely ignored as dopants

in MBS although they have several potential advantages

group IV elements, the main feature being their unambiguous



donor character. Although diffusion may be a problem at the

temperatures used in LPE, VPE and for the activation of

implanted dopants,

ion-
lower growth temperatures generally pertain

in MBE. The prospect of a higher upper limit to practical n-

type doping than that set by silicon type-conversion is also

attractive for Ilow

resistance contacts and power devices.

Higher mobilities may also be achievable with chalcogen dopants

due to reduced compensation as compared to silicon-doped

material. There are further benefits to be gained by the use of
a non-amphoteric dopant in the antimonide material system where

silicon produces only closely compensated p-type material (18).

These deficiencies in the currently available n-type dopants

available for use in MBE prompted a wider survey of potential

dopants for MBE (9) which suggested that the chaicogens

deserved further study, especially in the light of the

potential benefits outlined above.

The general reluctance to commit serious erfort to the use of

chalcogen dopants in MBE stems from two reasons, both related

to their high volatility. The first is a feeling that materials

with a high elemental vapour pressure at the MBE growth

temperatures are intrinsically unsuitable since they would not

be incorporated efficiently. The second is the practical

difficulty of constructing a suitable source that

compatible since sulphur

is OHV

selenium and tellurium in elemental

form all have high vapour pressures at baheout temperatures and

are significantly volatile even at

initial

room temperature,

reservations cannot be substantiated as calculations

have snown that the interaction between the GaAs lattice and

the Group VI dopants is strong enough to guarantee a route for



incorporation (9). The difficulties of constructing UHV

compatible chalcogen sources has been tacklea by several

worJcers using compound sources.

some promising initial results were reported by Wood (10) who

used PbS and PbSe sources which gave successful incorporation of

sulphur and selenium and n-type layers with negligible Pb

content. Collins (11,12) used SnTe to incorporate both Sn and

Te but observed complicated behaviour including the expected

segregation of both elements. Cho and Arthur (2) obtained a

very high donor concentration with Te but again observed Te
segregation. Smith (13) used SnSS2 to achieve

Se but not Sn but with decreasing

incorporation of

incorporation efficiency or

dopant activation at levels aoove IONN cm'~r. HAS has been used

for the incorporation of sulphur in GaAs, GaAlAs (14) and

InGaSb (15) grown by MBE out exhibits behaviour that
simple.

IS not

Relatively high pressures of H'S are required and lead

to undesirable memory effects in the MBE system as it is pumped

only Slowly (Hire HYO) maXing abrupt doping changes difficult

to achieve and maXing frequent baXing of the system necessary.

This body of work suggesﬁl‘s< @K'S‘tﬁ, SIEHSHS*‘ Te is probably not

very useful in MBE GaAs and GaAlAs due to its segregation

behaviour, sulphur and selenium may be useful n-type dopants if
a simple, OHV compatiole source of elemental S
constructed.

This thesis is concerned with the design and development of

such a novel source of S and Se molecules and its use for the

Characterisation and modelling of the incorporation behaviour

of S and se into GaAs and GaAlAs grown by MBE



Chapter 2 covers the experimental apparatus and procedures used

to grow GaAs and GaAlAs layers by MBE Chapter 3 gives details

of the principles of operation and construction of the

electrochemical dopant sources and the results of some

experiments illustrating the successful incorporation of S and

Se into GaAs. Tne growth of nigh purity GaAs is described
chapter

in

4 using mobility and photoluminescence data as a

demonstration of the reliability of the MBE system and growth

procedures used, and as a vindication of the use of diffusion

pumps in MBE systems. Chapter 5 outlines the thermodynamic

framework used for the description of the MBE growth and

doping processes and demonstrates that a thermodynamically

preferred incorporation route for S,Se and Te in GaAs does

exist. Tne incorporation or S and Se into GaAs is investigated

in greater detail in chapter 6 where more complicated behaviour

than in chapter 3 is observed under certain conditions. The

iIs expanded to explain the competition
between incorporation and loss

thermodynamic model

reactions. Chapter 7 extends

experimental study to the incorporation behaviour of S and Se

into GaAlAs alloys and the thermodynamic calculations ate again

used successfully to interpret the results. Chapter 8 highlights

some examples where S and Se, generated oy tne electrochemical

dopant sources nave been usedl . successiui gngmts Il d©vicé

structures yielding enhanced perfomance and novel phenomena.

Chapter 9 draws conclusions from the work presented here and

offers suggestions for farther work.
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CHAPTER 2: BXPBRIMEHTAL.

2.1; Apparatus

2,1.1; NMBE System.

The experimental work was carried out in a Vacuum Generators

MB288 three chamber MBE system, shown in figures 2.1 and 2.2.

This system featured a fast-entry airlocit, a preparation

chamber and a growth chamber, isolated from each other by six-

inch internal diameter gate valves. The growth and preparation

independently pumped by diffusion pumps filled
with a poly-phenyl ether oil

chambers were

(Santovao 5) and fitted with

liquid nitrogen cooled, chevron baffled traps and pneumatically

operated isolation valves. Each diffusion pump was bacxed by a

large ballast volume wnich was periouically evacuated by a
molecular sieve trapped (108) rotary pum? whicn was set to

operate when the bacKing pressure exceeded 0.05 torr: under OHV

conditions this occurred approximately once every 24 hours. The
bacxing and diffusion pump isolation valves were pneumatically
operated and configured to return the system to a fail-safe

condition on power or cooling water failure. Additional

was provided

pumping
in the growth and preparation chambers by liquid
nitrogen shrouded titanium sublimation pumps. The fast entry

lock was evacuated to rough vacua by a trapped rotary pump and

to higher vacua via a side arm 1(5* l(-ﬁg 8Fg|8§rat'0n chamber

diffusion pump.

. Iin diameter could be acco*««>dated on
Substrates up to two inches

12


















the demountable sample holders which were unusual in that they

contained an integral

heater and thermocouple assembly, figure

2.3. This combined unit could be transferred between chambers

through the gate valves on a trolley driven by a rack and

pinion system and plugged into acceptors on high precision

manipulators in the growth and preparation cnambers. Connection

to the heater and thermocouple were achieved via pins on the

sample holder and sprung finger contacts on tne manipulator

assembly.

The provision of the preparation chamber between the airlock

and the growth chamber allowed samples to oe transferred

into
the growth chamber under

UHV conditions. The preparation

chamber also contained facilities for sample treatment and

analysis. A Varian 3kV CMA Auger analyser and argon ion

sputtering gun were fitted for surface analysis and depth

profiling but this chamber was mainly used to outgas the sample

and holder in UHV prior to growtn without introducing

contamination into the growth chamber.

The growth chamber itself was quasi-horirontally configured

with ports for eight effusion cells whose axes met at a point

near the sample surface. The effusion distance from the cell

orifices to the sample was 18cm. Each cell was surrounded by a

tube Which could be cooled by either water or liquid nitrogen.

The arsenic and electrochemical cells were water-cooled

the rest were liquid nitrogen cooled. In front of each cell a

tantalum shutter was fitted which was cooled by conduction from

the tube via tungsten Krfld apd getuated via a system of gsa

inside the vacuum by a bellows sealed pushrod which was driven

by a pneumatic cylinder outside the system. A perforated d

13
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cryopanel was situated between the cell shutters and the sample

to collimate the molecular beams and to ensure that only the

cell orifices were in line of sight of the sample. This liquid

nitrogen cooled cryopanel also served to reduce cross-

contamination between the cells. This entire multiple source
assembly was surrounded by a large liquid nitrogen -ooled

cryotanK with a two inch diameter hole at the sample end. This

hole was shuttered by a liquid nitrogen cooled, pneumatically

operated main shutter which closed just in front of the sample.

This configuration effectively provided a vacuum system within

a vacuum system and ensured that from the sample position

during growth, only the hot orifices of the effusion cells and

liguid nitrogen cooled surfaces were visible, so providing a

potentially extremely clean growth environment. A further

cryopanel behind the sample provided extra cryopumping and

completed the double walled nature of the growth chamber.

A pneumatically retractable moveaole ion gauge (MIG) was fitted

which could oe insertsd into the source region to monitor the

source fluxes prior to growth while being shielded from the

sample by the mam shutter. A 1-300 amu Q8 quadrupole mass

spectrometer (V.G. Gas Analysis) was mounted so as to

intercept

a fraction of the molecular beams from each cell. However this

soon became coated with GaAs and was retracted by 2cm out of

line of sight of the sources and used primarily for residual
gas analysis and leax detection. Finally, the growth chamber

was equipped with a IdxV electron gun (V.G. Scientific LEGIIO)

snd a phosphor screen to facilitate reflection high energy

electron diffraction (RHEED) studies of the sample m the

growth position. The interior of the growth chamber is shown in

figure 2.4 with the main cryoshield removed. The moveable ion

14



gauge, substrate holder socket (horizontal slot), Iliquid

nitrogen cooled collrmator and quadrupole mass spectrometer are

all visible.

2.1.2; The High Temperature Knudsen Cells.

The high temperature effusion cells used for the gallium,

aluminium and indium sources were constructed by the author

with special attention to the materials used to ensure that the

molecular oeams were of the highest purity. In particular

pyrolytic boron nitride (Fulmer Research Institute) and

tantalum (Goodfellow Metals) were used wherever possiole. It

has been shown that it is preferable to avoid the use of

alumina in the construction of effusion sources for MBE (1). In

these sources the only alumina used was of a high purity

(Degussa AL23 grade >99.7% pure). This was twin-bore tubing for

the tnermocouple insulator and was placed at the rear of the

crucible, well out of line of signt of the sample and with a

convoluted gas path out of the cell. The thermocouple alloys

were tungsten-rhenium 5% and tungsten-rhenium 26%. These alloys

were chosen for their resistance to corrosion at elevated

temperatures and purity of composition. Chromel-alumel

thermocouples were found to deteriorate rapidly above 1000°C

but were used fn & MW FempSrature arsenic and

electrochemical cells.

The overall

construction of the high temperature cells is shown

in figure 2.5. The heater was made from 0.4mm tantalum ware

threaded through boron nitride tubes which ran up and down the

length of the crucible. This assembly was wrapped wath






approximately 8-10 turns of crinkled 0.0125mm tantalum foil to

act as a heat shield. The base of the heater was fitted with 8,

disc shaped, heat shields made from the same foil

radiation loss from the

to reduce
rear of the cell. The crucible was

shorter than the heated volume and the thermocouple was

introduced through tne disc heat shields and brought into

contact with the base of the crucible.

several detailed designs of the front of the cell were tried in
an effort to minimise “spitting" (7,8) from the gallium cell,

in particular, lipped and unlipped crucioles and varying

degrees of heat shielding at the front were used. In addition,

extra heating to the front of the cell to prevent the formation

of gallium droplets in the cell mouth was attempted. The

results of these modifications were inconclusive and the final

cells featured lipped crucibles in the M and In cells and

unlipped ones in tne gallium cell. Rigorous outgassing of the

gallium source was suosequently found to effect the most

profound improvement in the density of “spit” type defects

in
grown layers.

The arsenic cell

was of similar construction but with a much

larger crucible which was made of high purity graphite rather

than boron nitride. The heater tubes were made of AL23 alumina

which was quite suitable for low temperature operation.



2.2: Pre-Growth Procedures.

2.2.1: MB288 Operatiotu

in addition to Being operated in accordance with conventional

UHV practices,

the following precautions were also taken. Banes

were typically conducted overnight at 175°C for 10 hours with

the diffusion pumps outside the oakeout region and with their

cold-traps filled with liquid nitrogen. The cells were

generally kept at 200°C during the bake. Subsequent to thi=,

the diffusion pump traps were kept filled while the chamber

isolation valves were open. If the system was unattended for

»ore than 15 hours, the isolation valves were closed and the

system pumped by a 60 litre per second ion pump which

maintained a base pressure of better than 10'mB. The diffusion
pump traps were periodically baked using heating tape into the

diffusion pumps with the isolation valves closed.

Uo-to-air times were minimised in an effort to reduce system

contamination and oxidation of source materials. Further,

filtered dry nitrogen from the vapc risation of liquid nitrogen

was used to backfill the system to maintain a slight positive

presovic© in the chambers.

i were loaded with no pretreatment. The
The source materials wete

- : with sufficient aluminium to
aluminium cell was on?y filled -i1th sutnc

3ust outlast the arsenic cell so as to reduce the strain on the

horon nitride crucible on solidification ,2,. 7N pure gallium

from canyonlands Corporation was used. The 7N

purchased from both Canyonlands and Johnson Matthey. The indium
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was 7N pure from MCP and the aluminium 6N pure from Metals

Crystals Ltd. Typical cell

charges were Ga-20g, Al 3g. In 20g,

As-60g.

2,2.2s Flux Calibrations.

calibration of source thgggg w®re made from measurements of the

composition and thicxnessas or iayer:, grown tnroug
the assumption tfal the growth FaI§ Wgs determined by the total
group 111 flux at growth #HIFIPIANES WHSFE group 1 loss from

the substrate was negligible. The pressures

in the molecular
oeams were measured with the moveable

ion gauge. The ion gauge

collector current was measured with a Keithley model

610
electrometer and correction made for the bac<grou.-.d pressure by

making measurements with the source shutter open and closed.

For the group Ill cells the flux was allowed to stabilise for 2

minutes as the front of the cell cooled when the heat reflected

Oac)c into the cell -as removed by the action of opening the
shutter. The arsenic flux was measured on the assumption that

ASa had the same ionisation cross-section as gallium since

arsenic has a similar atomic number. Correction was also made
in calculating fluxes from measured pressures for the fact that
the

ionisation gauge measures density rather than pressure by

allowing for the different velocities of tne molecular beams

i s-xamont was simplified in the MB288 by
(3). Arsenic flux measureme

) . raf liauid nitrogen cryopaneling
>,irtue of the large amount of liquia

_ of AS reflected baclc through
which greatly reduced the amoun 4
the gauge

In multiple passes oy condensing it out.

18
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2.2.3: Substrate Temperature Measurement.

The sample holder was equipped with a thermocouple which was in
contact with the bade of the molybdenum mounting bloc*. To

assess the accuracy of the thermocouple, the temperature of the

front surface of this block was measured oy several means. A

dual wavelength infra-red pyrometer (Vanretti Systems, USA) was

used to observe the olocir in vacuo through a freshly cleaned

viewport, compensation for the differential absorption of the

two pyrometer wavelengths by the window was corrected for,

first approximation, by

to a

inserting a second window in the path
of the detector,

noting the temperature error introduced, and
then doubling it. For a GaAs sample soldered to the block with
indium, the pyrometer indicated chat at the typical growth

temperature of 600°C the thermocouple was reading some 30°C

high. This was confirmed routinely oy observing the melting

point of aluminium wire (660°C) clipped to the block after

had been cleaned of

it
indium to prevent tne formation of any

iIndium-aluminium alloy. The melting point ooserved

was between 690°C and 700°C. The most useful

in this way

calibration point
for the substrate temperature came from the observation of the

clean-up and subsequent surface reconstruction of GaAs in an

arsenic flux prior to growth as observed by RHEED. This usually

took place at a temperature indicated oy the thermocouple of

630°C. correcting for the estimated error gives a figure or

600°C which is in good agreement with the usually quoted

figures of 580®C-600°C(4).
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2.2.4. Substrate Preparation.

Layers were generally grown on both n-type and semi-insulating
(100) GaAs substrates simultaneously. The wafers were supplied

chemo-mechanically polished on both sides. The n-type GaAs from

MCP was silicon doped at I10O™cm'c while the semi-insulating

GaAs was nominally undoped and supplied by Hacker. Tne n-type

InNP was either sulphur doped at lol'cm'™ or

tin doped at
10r®cm"™ and the semi-insulating

InNP was iron doped from Metals

Research. Substrate thicknesses of 0.35mm were typical.

All
reagents used for degreasing or etching were Aristar grade and

the glassware was all high purity silica. The processes were

carried out in a laminar flow chemical work station.

The polished wafers were reflux washed for 30 minutes
acetone,

in hot
trichloroethylene and finally propanol.

drying in filtered dry nitrogen,

After blow
they were etched for 2 minutes

in hot (90°C) 15:2:2 H2S04:H202:H20 (5). The etch was quenched

in 18 deionised filtered water from a Milli-Q 4-bowl
pure water system (6).

After two minutes of rinsing, the slices

were blown dry taking care not to leave drying stains.

The substrates were mounted on the suostrate holder with pure
indium solder at 175°C. The backs of the slices were well

wetted by floating them on excess In on the heated substrate

holder. The slices were then removed and replaced until

uniform layer of In had adhered.

a
Excess In was then removed

from the holder and the slices remounted. Finally the substrate

holder was loaded into the fast entry locic on the MBE system.

Pumpdown and transfer into the preparation chamber typically

took 10 minutes. The substrates and the holder were then store

20



overnight at 100°C for growth the next day or immediately

outgassed at 200°C (InP) or 350°C (GaAs) £or-1-2 hours prior to

growth until the preparation chamber pressure had fallen below

2,3;: Growth Procedures.

Before growth was commenced, the liquid nitrogen flow around

the cell surrounds and the cryopanels was started. Once the

cryopanels were chilled and the flow stabilised, the gallium,

indium and aluminium cells were heated to their operating

temperatures.

When the cell temperatures had stabilised, the fluxes from each

cell ware measured. The flux measurements were made with the

moveable ion gauge once the flux had equilibrated after the

shutter was opened. The shutter was then closed and the

oacltground pressure noted and subtracted. Tne cell temperatures

were then adjusted to give the required fluxes for the growth.

The following calibration points were determined from

measurements of the thicxness and composition of grown layers.

One micron per hour growth of Eaaa',%‘é wag %E%‘S"Sd for a gallium
beam current of approximately 2x10-8a measured at 1mA emission.

The corresponding figures for AlAs and InAs were 1.1x10-8a and

4x|O"®A.

The point at which the incident arsenic atom flux equalled the

gallium flux was judged by the current ratio at which the g

GaAs became covered in Gadroplets and occured for an arsenic

beam current of approximately 6x10-8a. The arsenic flux was
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always Kept in excess of the total group Ill flux during growth

and in terms of current ratios was typically of the order of 5-

10:1 for GaAs and GaAlAs and 20-50:1 for indium containing

alloys. When the required fluxes had been set, the moveable ion

gauge was retracted from the growth position and its filament

extinguished.

At this point the outgassed samples were transferred from the
preparation chamber to the growth chamber with the main shutter

closed. The substrate was then rotated to the growth position

facing the cells and the main shatter opened. The arsenic

shutter was then opened and the GaAs substrate heated to 620°C

iIn the arsenic flux desired for growth.

During this process the RHEED pattern from the <110> and <I10>

azimuths was observed. For GaAs, below SOOOC the diffraction

pattern was generally diffuse with only the zero order streak

discernible. At -500°C the contrast of the pattern improved

considerably giving a 1x1 pattern. At approximately 600°C the

pattern strengthened again in intensity and 1/4 and 1/2 order

streaks could be discerned in the <tlO> and <110> azimuths

respectively. The substrate was then kept at 620°C for one or

two minutes during which time this reconstructed (2x4) pattern

usually improved further in contrast and brightness. On certain

occasions temperatures up to 650 C WEF§ Fgquired to produce the

(2x4) reconstuctfoR Bt ERi§ gaHld usually be correlated with

poor wetting of the rear ; pWo g |ce with indium and

subsequent inefficient heat transfer.

] wth temperature was then set and rowth
The desired gro P J

11l shutter(s). The practical
initiated by opening the group (s) P



upper limit of growth temperature could be judged by observing

the RHEED pattern as the substrate temperature was raised. For

GaAs/GaAlAs, the 2/4 order streaKs in the <I110> azimuth faded

first leaving only the 1/4,3/4 and 5/4 streaks,

streaks had di sappeared,

when the 2/4

the n/4 (n odd) order streaks were

faint and almost merged with the integral orders. In the <110>

azimuth, the 1/2 order streaks were somewhat reduced in

intensity and somewhat diffuse. Some 10°C above the extinction

temperature of the 2/4 streaks in the <110> azimuth, the n/4 (n

odd) streaks also faded leaving only the integer order streaks

in this azimuth and faint 1/2 order streaks in the <110>

azimuth. A further rise of 10°C resulted Iin the total loss of

fractional order intensity and a spotty 1x1 pattern which

usually correlated with a very rough grown surface. Further

increase in temperature produced group IlIl droplets on the

surface. The GaAs (100) (4x2) pattern characteristic of the

gallium stabilised surface was not observed.

After the required growth sequence, the growth was terminated

by closing all but the arsenic shutter. The substrate heating

was then turned off and the substrate cooled In an arsenic

flux. The arsenic shutter was closed when the sample had cooled

below 300°C. When the temperature had fallen below 200°C, the
sample was removed from the system and a new one loaded for the

next growth.
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CHAPTER 3: ELECTROCHEMICAL CHALCOGEN SOURCES.

3,1; Introduction.

The electrochemical generation of chalcogen species has been

used previously for adsorption studies (1), investigation of

chalcogenide composition and electrical properties (2) and mass

soectrometric analyses of chalcogen vapour compositions (3).

The adaptation of this technique to produce dopant sources for

MBE (4) provides a novel and convenient solution to the

problems of UHV incompatibility and uncertainty of beam

composition inherent in thermal evaporation from elemental or

compound sources.

3,2; Principles of Operation.

The principles of operation will be descrioed in terms of the

sulphur cell. The selenium cell is substantially similar but

differences will be outlined in a following section.

The hey to the operation of the electrochemical chalcogen

sources lies in the properties the silver chalcogenides. These

compounds all exhibit a defected crystal structure and can

exist over a range of compositions close to stoichiometry. The

large immobile anions (S,Se> are generally disposed on a well

defined lattice (body centred cubic for the high temperatu

forms of the sulphide and selenide (10)) with the silver
distributed

ions
randomly among a large number of nearly equivalent

lattice sites.

The phase diagram for silver sulphide (Ag"S) is

25



NAAg 1 300

-200
.y. R6°C -.L
<C*Ag oc+Sj
1 e _ a t 1ml100
=002

FIGURE 3.1: Phase diagram for Ag(2+d5* The deviation from
stoichiometry, d, is p|otted on {HS H(S)i_r)gzontal axis and the
temperature on the vertical axis. The alpha beta phase
transition takes place at about 176°C. The important point is
that the range of non-stoichiometry is much larger for the beta

phase and that it extends from the the two extremes of silver

precipitation to sulphur precipitation.



shown in figure 3.1. In the high temperature phase, above

175°C, the composition range is quite substantial: at 200°C it

ranges from a silver excess of 2x10"" mol Ag/mol Ag2S in

equilibrium with elemental silver to near ideal stoichiometry

when the sulphide is in equilibrium with liquid sulphur (5).

Clearly, the sulphur vapour pressure in equilibrium with the

sulphide will be depressed from that of elemental sulphur at

the silver deficient end of its composition, to a very low

value in the silver rich region. Therefore, by varying the

composition of the sulphide, one may explore a very wide range

of sulphur vapour pressures. A suitaole means of adjusting the

composition is by taxing advantage of the easy interdiffusion

of silver 1ions through the open cation sublattice in the

sulphide, and adding or suotracting silver ions

electrolytically.

consider the cell Pt/Ag/Agl/Ag2S/Pt. The silver iodide is used

as an electrolyte and is an almost purely ionic conductor in

its high temperature phase. Above 146 C it» Ag lo

conductivity is high: 1.31 (ohm.cm) at 146 C, 2.1

at 350°C and 2.6 (ohm.cm)-l1 ~t 500°C while its electronic

component is much smaller -10'« (onm.cm)'! (j.g,. passage of a

current through the cell causes migration of Ag+ ions through

the Agl Which either enrich or Hep‘ete the %'iII'Q//SeJrr %°'© fraction

of the sulphide, depenéi.ng ori  Yhe QliFggHon of currsnt fXow»

) e lohide IS a mixed electronic and
The Agl is necessary as the 8Julp I X ront

ionic conductor (7). The emf of the above cell provides a

direct measure of the chemical potential of the silver in tne

Silver sulphide. From this, the silver and hence sulphur
activities can be deduced. Under conditions where the Ag2S -

in equilibrium with sulphur vapour (in a Knudsen cell for
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example) there is therefore a direct relationship between the

cell emf and the partial pressures PS™ of the different sulphur

molecules. This may be expressed as (8);

PSA*PSA, .exp(2x(E-E*)F/RT) (1),

where PS is the partial pressure of the molecular species

over

equilibrium partial pressure of species

over liquid sulphur, E is the emf of the cell, E the cell

emf in equilibrium with liquid sulphur, R is the gas constant,

T the absolute temperature and P Faradays constant. E has been
a

- ssured as 0.23V at 200°C and 0.243V at 3U0°C (2) and the PS™.
tabulated (8).

It is clear from this equation that the (PS,) ate all less than

the (PS,.). Also, as E is reduced, the species with high values

of X have their vapour pressure reduced much more rapidly than

those with low values. The consaquence of this is that while
for E-E- (cell in equilibrium with liquid sulphur) Sg rings are

the predominant gas phase species, for values of E sufficiently

smaller than E-, S) dimers have tne higher vapour pressure.

Atomic sulphur has a very low elemental partial pressure at the

temperatures we are considering and although it is favoured by

the exponential term,

the very small value of PS,, means that

the monomer does not have a significant partial pressure in our

operating range. The relationship between the partial pressures

for the different sulphur species and the cell emf is plotted

. ® a csll ©mf lowsr than
in figure 3.2. Cieariyr

J- W be the predominant species.
200mV guarantees that dimers w

; i — with a Knudsen
The combination of thls electrochemical cé]I]I
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FIGURE 3.2: sulphur partial pressure over Ag"S versus cell emf.



cell results In a most convenient, controllable source of

sulphur dimers since the flux effusing from such a cell

proportional

IS
to the sulphur vapour pressure which
accessible via the cell emf.

is directly
Under conditions of equilibrium,

at any particular cell emf E, the rate of loss of sulphur from

the effusion cell is exactly balanced by the extraction of Ag

ions from the sulphide via the Agl. This is measurable as a

current through the cell. It is possiole to drive the cell with

a current source, making use of Faraday's law to calculate the

curreht tor the requited flux, with the proviso that the vapour

pressure demahded by the operating temperature and Knudsen cell

geometry does not place the Ag"S too near the sulphur rich end

of the compositioh range. However, changing to a new flux and

hence current would entail a long wait as the rate of change of

the sulphide composition (and hence the sulphur vapour

pressure) is fixed by the applied current which transports the

iohs to or from the AQjS. The currents that correspond to

MBE doping fluxes are small and equilibration times using tnis

mode of operation may be of the order of hours.

If the cell is driven from a voltage source, the cell may be

Charged or discharged between operating emfs at a current

limited only by the internal resistance of ”~he cell,

current through the cell will then settle down to

corresponding to the effusing flux after a short perio

when the sulphide has achieved the required composition. These

equilibration times are of the order of ohe or two seconds ,2.

for cells operated at IOflOc, ie where both the Ag"S and the Agl

are in their high temperature phases and where the diffusion of

Ag through the AgjS and the ionic conductivity of the Agl are

high. If this rapid response is to be achieved, it is importan
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that the impedance of the voltage source driving the cell is

low compared with the internal resistance of the cell,

otherwise the charging or discharging current will create a

significant voltage drop across this impedance and the desired

emf will never be reached, unfortunately the insertion

resistance of most current measuring devices sufficiently

sensitive to measure the equilibrium currents involved ( 10 ™A)

are too large.

In practice a Datel model DVC 8500 digital voltage source was

used which had a current limit of 25mA and an output impedance

less than 10 milliohms. This was connectée directly to the cell

with no current monitoring device. One iinal aspect that may

have an influence on the cell response time is the free volume

of the Knudsen cell. The time tanen for this volume to fill or

empty on changing the flux may be calculated to be

significantly less than one second for any practical design.

The electrochemical Knudsen cell clearly has advantages in

terms of purity of beam composition, low temperature operation

and speed of response. In fact, the response time should be

rapid enough for the entire MBB doping range (lol«cm-3 to 10
19cm-3) to be traversed oy the cell
that

m a time comparable to

requited to deposit one monolayer of GaAs during

growth, comparable to the operation time of a mechanical

Shutter. More importantly, step changes between two different

doping levels are possible with just one source, unlilce

conventional thermal effusion sources where heating and cooling

times are much Ilonger. This rapid programmability is

particular ly appropriate for doping in superlattice structures

where thicknesses can oe counted in atomic lay
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3,3: Cell Construction.

The electrochemical sulphur cell is shown assembled in figure

3.3 and schematically in figure 3.4. The electrochemical cell

was formed by pressing 7mm diameter pellets of the powdered

materials (Koch-Light Ltd.) in a BecKman infra-red sample

preparation die. The Agl pellet was pressed first and then the

Ag,S added to the die and pressed on top of the Agl to form a

single pellet. This was then insetted into the machinable glass

ceramic Knudsen cell and held in contact with the silver disc

and the platinum electrodes by a tungsten spring. The cell

orifice was Imm A 0.25mm tantalum wire heater was wound on a

double spiral groove machined in the cell body and trapped in

position by a machinable glass ceramic sleeve. A chromel-alumel

thermocouple in contact with the silver electrode served to

measure the temperature. The cell assembly was supported on a

stainless steel rod on an PC64 flange and mounted

system on a cell

in the NMBE

flange with a water-cooled surround and

shutter.

After baseout . the cell was heated to 250°C to outgas it and

then lowered to 200°C after one nour. Tne cell was maintained

at this temperature, being cooled to room temperature only when

the system was let up to air. «hen not actively being used for

doping, the cell was discharged to I00mV and left in an open-

circuit condition.

A Slightly different form of construction was used for the

selenium cell which was assembled from alumina tube and plate

stoch components for convenience. The pellet was formed in the
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same way as for the sulphur cell, with the simple substitution

of silver selenide (Lancaster Synthesis) for- the sulphide. The

selenium cell has to be operated at a higher temperature as

selenium is less volatile than sulphur: typically, cell

temperatures of 300°C were used. E' for the selenium cell has

been measured as 0.273V at 150°C (9).

Certain difficulties were experienced when the selenium cell

was being tried out. On heating from room temperature to 300°C

for the first time, the cell would go snort-circuit internally

and discharge. This was not due to any mechanical short on the

connecting wires either inside or outside the vacuum system and

happened for the first two or three cells constructed.

Examination of the electrolyte pellet revealed that the Agl had

become coated with a layer of wnat appeared to be Ag2Se when

analysed by EDAX in the scanning electron microscope. Ag2Se has

a relatively high electronic conductivity and it was this that

was causing the cell short. The problem was overcome by

deliberately discharging the cell at room temperature and

iceeping it short circuited while it was heated to 300°C for the

first time. This keeps the selenide at the silver rich end of

its composition and so prevents the evolution of large

guantities of selenium as the cell is heated if the as-received

selenide is at the selenium rich end of its composition range.

The shorting problem thus solved however, tended to reappear

after a period ranging from days to months, with the same

degradation of the silver iodide. An explanation may oe sought

by considering the reaction:

(2),
2Agl-H/2X2=12+Ag2X
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where X*S or Se. Calculation of the equilibrium constant

k*P(12)/(PS2)~/™ from standard thermochemical data (10)
that at 200°C the reaction

shows

lies almost completely to the left,

giving k*10“® atm~/~, consistent with the stability of the

sulphur cell. At 300°C however, substantial decomposition of

the iodide is predicted, witn k~0.5 atm”~/2. The reaction 1is
limited by the amount of chalcogen vapour available, so heavily

used cells would be expected to deteriorate more quicxiy.

Fortunately, if the pellet is a good fit in the cell tube,

access of the chalcogen to the silver iodide is restricted and

the cell life prolonged. In future designs, larger orifices

should be used to facilitate lower operating temperatures:

increasing the orifice to 5mm should permit the cell to be

operated below 250°C.

3,4; Electrocnemical Cell performance.

In order co evaluate the electrochemical cells, an effort was

made to measure the dopant fluxes using the moveable ion gauge

flux monitor. Although producing fluxes for doping very much

smaller than the matrix element fluxes used for growth, and for

which the moveable ion gauge was normally used, by operating

only the electrochemical cells and minimising outgassing

through thorough liquid nitrogen cooling of the system, it was™

possible to lower the system bacXground pressure to below 1x10

ml>ar. with this low bacxground, it was possible to observe

directly the fluxes emitted from the electrochemical cells as a

function of the applied emf. Figures 3.5 and 3.6 show the

results of this experiment for the sulphur and selenium cells

respectively. The rate of change of the measured pressure on
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FIGURE 3.6: Plot of selenium pressure vs applied emf measured

on the moveable ion gauge.



the moveable 1ion gauge in response to changes in the emf

applied to the electrochemical cells appeared to be limited by

the rise-time of the gauge electronics themselves and was of

the order of 1-5 seconds.

The straight-line behaviour of the log(pressure) versus applied

emt plots confirms the predicted behaviour from equation (1).
Further, it is possible to deduce the polyatomicity, x, of the

effusing chalcogen species §™ or S from the slope since

x=Slope(decades per volt),R.T/2.F.log2”Qe (3).
For the sulphur cell, substituting T=200°C produces the result
x=1.9, in excellent agreement with the prediction from figure

3.2 and equation (1) that dimers should predominate in the beam

over this range of emf.

For the selenium cell, the agreement is less good. It is noted
that the plot still exhibits straight-line behaviour, but the
slope suggests an apparent value of x=1.2. Consideration of the
decomposition of Se2 to monatomic Se using thermochemical data
reveals that the atomic species should not be present to any

significant degree so that the value of x is not liicely to be

an average over several integral values. The other possibility

is that of an error in the cell temperature measurement.
However, for the slope measured to correspond to x*2, a
temperature of 680°C must be assumed, some 380°C in error,

which is rather larger than can be accounted for. However, if

not all the applied emf actually appears across the selenide,

then the slope will be altered. If the applied emf is V and

that part appearing across the selenide is E»K.V, equation 1
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becomes
PSejj*PSejri.exp(2.x(K.V-E').F/RT) (4).

Taxing logs and differentiating with respect to the

experimentally applied variable V gives;
x=Slope(decades per volt).R.T/2.K.F.log"Qe (5),

thus vyielding the same straight-line behaviour but with

modified slope. For x=2r a value of K=0.6 is implied, ie. only

60% of the applied voltage actually appears across the

selenide. This voltage drop presumably taxes place across the

N\

iIs not apparent in the sulphur cell («spite the lower
temperature')lffl\cshhould give higher resistance (6,7) due to the
lower AJ* ion conductivity. Alikely explanation is that the
degradation of the Agl through coating Wich Ag2Se, referred to
earlier, results in an electronic conduction path and the
corresponding potential divider effect. Indeed, other
experiments plotting pressure, C-V carrier concentration and
SIHS measurements, all show linear behaviour but with slopes

varying between 1-2 according to the age of the Se cell,

consistent with a gradual degradation.

Figures 3.7 and 3.8 show a C-V and SIMS (13) depth profile
through a GaAs layer staircase-doped with sulphur. The growth

temperature was SSOMC with a As™NGa flux ratio of 3:1. The

steps are well resolved by both techniques with the carrier

concentration and elemental concentration agreeing to within a

factor of 2. The C-V and SIMS results are plotted together in

figure 3.9. At the higher levels, OIl.10OMcm 7), the slope of
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FIGURE 3.9: Sulphur concentrations deduced from C-V and SIMS

measurements plotted vs applied emf from figures 3.7 and 3.8.



Doth lines agrees with that from the moveable ion gauge
experiments giving x*2.1 in both cases. Below 5.10"®m“~"
however, a residual background sulphur doping concentration
(“r.1orMmcem*“”), which is believed to come from the arsenic batch

used, gives a deviation from the expected straight-line

behaviour.

The steepness of the risers and the flatness of the plateaux,
in the SIMS profile of figure 3.8 in particular, reveal simple
incorporation behaviour under these growth conditions. In the
C-V profile, the measurements in Dotn the lignt and darx are
plotted and agree well over the entire doping range; a
deviation is observed at the interface with the substrate which
may be due to incomplete surface oxide removal prior to growth

giving an enhanced trap concentration.

Figures 3.10 and 3.11 show C-V and SIMS (13) profiles through a
GaAs layer staircase-doped with selenium. The growth
temperature was 610°C and the As”/Ga flux ratio 3:1. Again the
steps are well resolved and the concentrations agree to within
a factor of 1.5. Figure 3.12 shows the SIMS and C-V
concentrations plotted versus emf where the lines have the same
slope suggesting x=1.6 in ooth cases again consistent with the
moveable 1ion gauge data. The relationship holds to Ilower
cocentrations than for the sulpnur experiment revealing a much
lower S and Se background doping concentration of <1.10"cm 2

in this instance.
For both sulphur and selenium then, the well resolved

staircase profiles show that the electrochemical cells have a

fast response and a simple relationship between applied emf and
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FIGURE 3.10: An electrochemical C-V depth profile through
c?As layer staircase-doped with selenium. Light a

measurements are plotted together.






FIGURE 3.12: Selenium concentrations deduced from SIMS and C V

measurements plotted vs applied emf from figures 3.10 and 3.11.



depth (pm)

FIGURE 3.13: Free carrier profile of a HI-LO-HI-LO doping

sequence in a sulphur doped GaAs layer.



dopant flux. Further, the fact that the incorporated

concentration shows the same emf dependence as the measured

flux indicates that the incorporation process for both dopants

is simple and first order. Also, under the above growth

conditions, no evidence was found for discernible segregation,

diffusion or incomplete activation phenomena within the

sensitivity of tne techniques used.

In a further experiment, tne speed of response of the

electrochemical cell and the lacx of memory effects in the

system uwera demonstrated wnen a HI-LO-HI-LO structure was

deliberately grown oy switching between two emfs. The

electrochemical C-V profile through this structure

figure 3.13. The crucial

iIs shown in
interface for the assesment of the

respons time IS tne om nearest tne surface which is
incountered first oy tne electrochemical C-V profiler. The
mangi in free cafrier concentration is of me order of two
orders of magnitude and occu rs within approximately 40nm. This

close to the Debye length for GaAs at this doping '€V€l and
represents the Ilimit of the depth resolution of the C-V

profiling technique (11) Thi type of tructure is

particular ly taxing to profile as xt is very sensitive to the

i i n
uniformity of the dissolution of the GaAs which depends in tur
on the uniformity of the lignt sourqg used to activate the
dissolution process in n-type materia+ (11). The loss of depth

resolution with increaS'nd depth into the profile is then

expected and may explain the irreproducxbility of the measured

doping level m tne troughs corresponding to the LO regions. As

an 1hdependent checx, SIMS analysis of tne layer was carried
out (12) and revealed the repeatability of the HI and LO doping

levels Obscured in the C-V measurement. This also suggests that
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memory effects, which might be expected if the sulphur incident

on the system walls reevaporated, are negligible. No evidence

was found for an enhanced residual doping level even after

highly doped layers had been grown and the cryopanels allowed

to thaw overnight. It seems that any sulphur condensed on the

cryopanels is trapped by the GaAs that also impinges.

As a final demonstration of the utility of the electrochemical
cells, a sulphur doped GaAs layer was grown with the
electrochemical cell programming voltage provided by a
sinusoidal function generator. Figure 3.14 shows the result of

a C-V profile through the layer. Since r.he sulphur flux is

exponentially related to the applied emf, the log plot
reproduces the applied sinusoid. The damping in the profile

with increasing depth is almost certainly due to nonuniform

illumination during dissolution. Such a carrier profile would
be difficult to achieve with a conventional thermal Knudsen
source due to the long thermal time constants of a high thermal

capacity cell.
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FIGURE 3.14: Sinusoidal free carrier profile generated vy

programming the sulphur cell with a low frequency sine wave.
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CHAPTER 4: THE GROWTH OF HIGH PORITY GaAs.

4.1; Introduction.

Before embarlcing on dopant studies it was necesoary to

establish the credibility of both the MBE system hardware and

the growth procedures used in terms of the residual impurities

in the grown layers. This is particularly so since the MB288 is

in something of a minority among other MBE systems worldwide in
being diffusion pumped, and especially in the light of

suggestions (1,2) in the literature that oil diffusion pumps

prove deleterious to resulting electrical and optical

properties of MBE-grown semiconductors. There are however very

good reasons for choosing suitaoly trapped diffusion pumps.
They are especially appropriate where gaseous feedstocks such

as arsine and pnosphine are used: large quantities of hydrogen

are liberated wnich are difficult to pump by other methods.

Also, in conjunction with a liquid nitrogen cold trap, a

diffusion pump may be used to advantage in systems that handle

elemental phosphor us. This is all In addition to their natural

advantages of high pumping speeds, ability to pump all gases

and lack of memory effects.

in this chapter we demonstrate that GaAs grown in the MB288
system wusing the procedures described in chapter 2 is of

excellent quality.
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4.2; Material Properties.

A series of deliberately doped samples were grown in order to

assess their electrical properties. The layers were grown on n+

and undoped substrates simultaneously to facilitate

capacitance-voltage and mobility measarements respectively. The

layers were grown at lum per hour with thicknesses oetween 2um

and 7um depending on the doping level.

4.2.1; Morphology

The surface morphology was in general very good with total

defect densities <1000 cm"”~. The defects were of two main

kinds; gallium droplet or "spit" type defects and "oval"

defects. The concentration of these defects was consistently

reduced to the levels quoted by rigorous outgassing of the

gallium effusion cell before growth at 1200®C for 30 minutes.

4,2.2; Background Carrier Concentration.

Nominally undoped layers were n-type with free carrler

densities of the order of This background doping

level is believed to arise from residual chalcogen impurities

in the arsenic source charge.

Figures 4.la-c show SIMS profiles through a nominally undoped

GaAs layer grown at 580°C where the arsenic cell temperature

The approximate AS4/Ga flux ratios
are marked. The arsenic was

was varied as indicated (9).

6N pure according to the



FIGURE 4.1a: Sulphur (mass 32&34 isotopes) SIMS profile of a
nominally undoped GaAs layer where the arsenic cell temperature

and As”™NGa flux ratio were varied as indicated.



FIGURE 4.1b; Selenium (mass 78&80 isotopes) SIMS profile of a
nominally undoped GaAs layer where the arsenic cell temperature

and As™NGa flux ratio were varied as indicated.



FIGURE 4.1c; Tellurium (mass 128&130 isotopes) SIMS profile of
a nominally undoped GaAs layer where the arsenic cell

temperature and ASI\/Ga fIUX I’atIO were Varied as indlcated



manufacturer. It is clear that in each case sulphur, selenium
and tellurium are incorporated at higher concentrations at the
higher arsenic temperatures. The spidce at the layer/substrate
interface may be due to chalcogen indiffusion during the
surface cleanup under the stabilising arsenic flux. The
incorporated concentrations of the chalcogens are in the same
order as would be expected from the relative volatilities i.e
sulphur, the most volatile, has the highest concentration. If
we consider that the chalcogens are present in arsenic in
dilute solid solution and assaporate as the elements, we may

estimate their concentrations in the arsenic source material.

Let

X=S, Se or Te.

iIX]= concentration of X in the arsenic charge.
PX°=selemental equilibrium vapour pressure of X
PX=actual vapour pressure of species X in the arsenic cell.
PXj~N=pres3ure of X in the molecular beam.
PASj~spressure of As”™ in the molecular beam.
PGajj*pressure of Ga in the molecular beam.
[GaAsJsdensity of GaAs.

R*PAS4/PGa * flux ratio at the surface.

T= temperature of the arsenic cell.

n(X)=measured concentration of X in the grown GaAs.
Then PX*PX°.[X] and
n(X). PXjj/ [GaAs ]. PGa™PXp.R/PAs”.

Since PXjj/PASb=PX/PAs°, we have
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[X1*PX/PX°*PAS°. PXjj/PX°. PASAN*PAS°. n(X)/PX°.R. [GaAs ].

Ttie results of this calculation are shown in taoular form in
table 4.1 where it may be seen that the concentrations are all
very low and certainly below most normally quoted detection
limits on certificates of analysis for arsenic. One particular
batch of nominally 7N pure arsenic produced GaAs layers
unintentionally doped to greater than 10 cm ~ (these are the
filled circle data in figure 4.3). This was traced by wet
chemical analysis (4) to tellurium contamination of the arsenic
of the order of I0Oppm, consistent with the above calculations.
Chalcogen contamination of the arsenic is clearly a problem,
especially since the chalcogens are chemically similar to
arsenic (or indeed phosphor as) and are therefore difficult to
extract chemically or identify spectroscopically. Different
suppliers of arsenic were tried (MCP, Johnson Matthey, Cominco
and Canyonlands) but there appeared to be as much variation
oetween oatch numbers from the same supplier as between
suppliers. Gallium from each of the above suppliers was also

tried but with no effect on the bacJdcground doping level.

4,2.3. Delioerately Doped Material.

A C-V depth profile through a typical low-doped layer is shown
in figure 4.2. The free carrier concentration is plotted
against depth, both wunder illumination during electrochemical
dissolution and in the darlc between dissolution steps. The lack
of any significant separation under these two conditions is
indicative of high material quality: specifically there are no

significant concentrations of deep levels which would generate
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FIGURE 4.2: A C-V depth profile through a lightly sulphur-doped

GaAs layer. # = measured under illumination during dissolution,

A - measured in the dark between dissolution steps.



or trap carriers under illumination and affect the measurement
of free carrier level. In addition, the abrupt interface with
the substrate indicates that the dissolution is extremely
uniform implying a low concentration of crystal defects which
would otherwise tend to preferentially etch (5). There is also
no evidence for trap states at the interface which would cause

adip in the plot at this point implying that the substrate was

well cleaned before growth was initiated.

4.2.4: Electron Mobilities.

Hall mobility measurements were made on 6mm square samples with
tin dots alloyed into the corners. In a few instances, proper
Van der Pauw patterns were defined and showed that in every
case the simple corner geometry led to an under estimate of the
mobility as illustrated in table 4.2. The Hall mobility data at
300K and 77K are shown in figure 4.3 superimposed on published
data from several other commercial MBE systems, all of which
use ion pumps. The data is taken from the manufacturers
literature. It is clear from this figure that there are no
identifiable deleterious effects on mobility which could be
attributed to the use of diffusion pumps, at least for free

electron concentrations in excess of IXIO™Mcm

4.2.5; Luminescence Properties.

The Iluminescence properties of semiconductor material provide
another good test of material quality. In particular, one of

the main arguments against the use of diffusion pumps is that



Sample Nd-Na (cm"”?)

MB155
MB177
MB191

MB206

TABLE 4.2:

3.3x10™™
2.5x10"M
1.3x10™M

1.7x10"N

Mobility (cm2v*”"s*”h)

300K 77K
Without With Without With
Van de Pauw Van de Pauw
4380 5617 9000 11400
6300 7700 42000 45000
4100 4500 5200
5850 6600

Comparison of mobility measurements made using tin

dots and Van der

temperature and 77K

Pauw mesas.

Measurements made at

room



FIGURE 4.3: Comparison of mobility for a range of donor
concentrations for commercial MBE systems made by Varian, PHI
and RISER (solid lines, silicon or tin doped) and the MB288
system (sulphur doped:-A * 77K, 300K, tellurium doped:-«

= 300K).



backstreaming of diffusion pump oil leads to an enhanced
incorporation of carbon, which is an acceptor in GaAs. To test
the carbon levels in the GaAs grown in the MB288 system the 4K
cathodoluminescence spectra of nominally similar high purity
GaAs samples grown in a variety of systems were compared (6).
Table 4.3 shows the results of such a comparison where it may
be seen that the luminescence due to the presence of carbon
acceptors is of a similar intensity among the different MBE
systems. It should be emphasised that the luminescent intensity
IS not necessarily an accurate indicator of elemental
concentration. However, the samples were measured side-by-side
in the same C-L system on the same day and the distinct
similarity in intensities o\%r se>/eral samples and MBE systems
does indicate that the incorporation of carbon is relatively
independent of pumping system. This is perhaps not entirely
unexpected since these MBE systems possess large amounts of
cryopaneliing which serve to create an environment within the

vacuum system effectively isolated from the primary pumps.

In addition, high resolution 4.2K photoluminescence spectra (7)
from the MB288 material were at least as well resolved in the
excitonic region as would be expected from the donor
concentrations as indicated in figure 4.4. However, the
background doping level means that the fine structure on the
D°X and A°X peaks reported elsewhere (8) for the highest purity
MBE material (n“10™ cm“”) may not be resolved on the MB288

material.
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Sample
300K

Relative

Luminescence
Intensity

Doping
(XIONS)

4K

Relative

Intensity

(Donors)

Relative

Intensity

(Carbon)

MB164 MB168

72 140

1.0

n n

85 250

21 26

35 63 98
76 100 11
1.2 1.7 aL4
n n =
140 105 17
34 40 11

1109

100

150
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MB164 and MB168 were grown on the VG MB288 system.
The rest were grown on Varian 360 and Gen Il systems.

All
nominally

TABLE 4.3;

GaAs grown

identical

Comparison of the

the samples were measured by cathodoluminescence
conditions.

luminescence

under

intensities from

in diffusion and ion pumped MBE systems.



photon energy (ev)

FIGURE 4.4: 4.2K photoluminescence spectrum of nominally

undoped GaAs, n~8xI0™cm



4.3;: Conclusions.

It is clear that the MB288 system, used in conjunction with the
procedures outlined in chapter 2, is capable of producing GaAs
of very high quality, comparable with any other commercial
machine. In particular, there are no identifiable deleterious
effects that could be attributed to the use of diffusion pumps.
The limiting factor on residual doping seams to be the purity

of the source materials available, particularily the arsenic.

45

Al



4.4: References.

1) M.B.Panish, J.Electrochem.Soc., 127, p2729, (1980).

2) R.A.Kubialc, P.Driscoll and E.H.C.Parker, J.Vac.Sci.Tech.,
20, p252, (1982).

3) O.Kubaschewski and C.B.Alcock, Metallurgical
Thermochemistry, 5th ed., (Pergammon, Oxford, 1979).

4) Chemical analysis performed by Johnson Matthey Chemicals

Ltd., Royston, England.

5) T.Ambridge, J.L.Stevenson and R.M.Redstall,
J.Electrochem.Soc., 127, p222, (1980).

6) Samples kindly supplied by Dr.G.Weimann, FTZ, Darmstadt,
W.Germany. Cathodoluminescence studies performed by B.Wakefield
R3.1.1, BTRL.

7) High resolution photoluminescence study by M.Skolnick of
RSRE, Malvern.

8) R.Dingle, C.Weisbuch, H.L.Stormer, H.Morkoc and A.Y.Cho,
Appi.Phys.Lett., 40, 507, (1982).

9) G.D.T.Spiller and D.A.Andrews, Vacuum, 36, p991, (1986).

46



CHAPTER 5: THERMODYNAMIC FRAMEWORK,

5,1: Introduction,

Historically, the MBE process has been descrioed mainly in
terms of the Kinetics of tne growth and doping reactions (1).

This preference, and the cor responding assumption of the low

relevance of thermodynamic considerations may be readily

appreciated.

Much of the early growth of GaAs by MBE took place with the
substrate supercooled by some 100" wich respect to the
equilibrium position dictated by the applied reactant

pressures. For example, for a typical growth rate of lum.hr

and P(Ga)=P(As)=10"~ torr, the equilibrium substrate

temperature may be deduced from Arthur's vapour pressure data

(2) as Ts=680'"C whereas much MBE GaAs growth takes place at
Ts=580-600°C (3). The reactants are therefore in excess with

respect to equilibrium values and there 1iIs a large

overpotential for growth. Also, in an MBE apparatus, the
reactants appear to make only one collision with the growing

surface before being pumped away.

However, it has been demonstrated that the species leaving the

substrate have acquired its temperature (4 and incorporated
species may therefore be considered to be at the substrate

temperature. Further, for a lumbr'l ,~owth rate, the

incorporated species are in the surface layer for approximately

one second before being buried by the next atomic layer. For

Ts-600°C and a leV surface binding energy, an atom may sample
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approximately 10" sites with plenty of opportunity for reaching

its preferred position.

The strongest argu ment for the relevance of thermodynamics to
MBE growth comes from the fact that material grown by MBE is of
a similar quality, in terms of low concentrations of non-

equiiibrium defects, to that ootained by LPE or VPE. These

growth techniques are well descrioed oy a thermodynamic

frameworx that assumes that growth occurs under near-

equilibrium conditions. The conclusion must be that the Kinetic
processes relevant to MBE are sufficiently facile to allow
equilibrium to be reached without significant hindrance. With
the current trend to higher growth temperatures in MBE (5), and
the consequent reduction in overpotential for growth, this

conclusion should be even more valid.

In a recent body of wotk (6-9), the thermodynamic framework for
the description of MBE processes has been outlined and a
critical study of the importance of Kinetic influences made. It

has been shown that, in the majority of cases, thermodynamic

considerations are most sucosssful in predicting behaviour (ie
equiliorium is reached), and allow the relatively few instances
when Kinetic hindrances do intrude to be identified. In the
following sections, the thermodynamic frameworK will be
described and the method for extrapolating from VPE and LPE

conditions to MBE growth conditions, outlined in reference (6),

will be illustrated in detail for sulphur and tellurium

incorporation in GaAs. The model is then applied to selenium

doping of VPE-grown GaAs and sulphur selenium and tellurium

doping of LPE-grown InP.



5.2; The Thermodynamic Method.

In the situation where the growth Jcinetics are facile, a fairly
complete picture of the growth process may be obtained by
considering the equilibrium positions of all relevant reactions
under tne conditions imposed during MBE. The equilibrium
position of a reaction, measured by its equilibrium constant
K(T), may be obtained by considering the free energies of
reactants and products. For a reaction to occur spontaneously,
the products must have a lower free energy than the reactants.
In this case the thermodynamic prediction is only that the
reaction is permitted; only if the Kinetics are facile may
equilibrium be reached. In the reverse situation, the
prediction that the reaction is forbidden comes entirely from
the thermodynamics, witnout any recourse to Kinetic argu ments.
Additionally, the experimental observation that a
thermodynamically predicted reaction does not occur provides a
clear indication of the intrusion of hindered, as opposed to
facile. Kinetics. It is, however, important to be aware that a
particular reaction may not oe observed simply due to
competition from a second side reaction whose products are
energetically more favoured. It is therefore necessary to
consider all liKely routes before invoking Kinetics as the

culprit for the non-observation of a reaction.

5 3; The Dopant Incorporation Model.

The generally accepted approach to describing the incorporation

of substitutional dopants is via the interaction between the
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dopant species and the lattice vacancies (6). Consider the case

of a donor impurity occupying a site on the arsenic sublattice

in GaAs. The incorporation reaction is:-

D(9)+Vas = D”s 111

with corresponding free energy change GIl. The incorporated

donor atoms are then ionised according to

121

to yield the overall reaction

131

where D(g) ia a donor atom in the gas phase, and D”g+

the neutral and ionised donor atoms incorporated onto sites in

the arsenic suolattice, IS a vacant arsenic site and e is

an electron in the conduction band of the bulk GaAs. The
relationship oetween the free energy change for a reaction and

its equilibrium constant may be expressed as, using reaction

[11 as an example.
KI(T)=exp-GI/RT [41

in which R is the gas constant, T the absolute temperature, Gl
the free energy change for reaction til and Kl the
corresponding equiliorium constant which may also be expressed

In terms of the mass action law as

151
KI=IDA3I/PD-t"As'



where [1 represents concentration and"P the pressure in

atmospheres. Activity coefficients of unity are assumed.

Similar ly.
=n. As Where n=[e"] [61
K3=KI.K2=n. I/Pg*i'MAs ~ [7 1

If we assume that all the electrons in tne conduction band

arise from reaction [J21, we may substitute ~ointo

equation [71 to yield
(Das* |=n=K3"/2,ppl/2,(v ™) 1/2 [81

The native defect concencration [Mas” conventionally

described by the equation
1/4AS4+VAs = 0 [91

and by fixing the conditions for this reaction to give a
particular value of [VAsl, we may access a range of carrier
concentrations in the grown GaAs oy varying and would expect
a Pgn/”™ dependence of n. In lact this relationship is not
observed, rather a linear one seems to apply (10,11,12,13) with
n proportional to the activity of the dopant species in VPE
and ap in LPE). This dependence subsists in LPE and VPE reports
on dopants from groups I,V and VI of the periodic table
incorporated onto both sublattices. The required Ilinear
behaviour may be obtained if we assume that n is not determined

during growth by reaction [21but is instead fixed at some high
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constant value. Rearranging equation [7] then yields
[Dfts+] » K3.PD.tV:"3l/n 110 1
IDf,/]] = K3'.Pd.[Vas1 [111

where K3'=K3/n, n constant.

Arsenic is usually supplied as As™ by evaporation from the

solid so we may account for tne [V~gl term via equation [9]

thus

K9=1/PAs~N 4. [V/g]

[Vas 1=i /K9.PAS4 1/4

and substituting in [11] gives

[DAg+] = K3".P d.PAS4' ~/* az]
Where K3"=K3'/K9.

While it is worth noting that the required high constant value
of n during growth may not be obtained by thermal excitation of
electrons in the valence band across the energy gap, the
precise details are not crucial to the following discussion. At
least two models have oeen proposed (11,13), the latter
suggesting that ionisation of a shallow native defect, such as
V*,, at the growth temperature may be responsible. However, iIn
view of the apparent widespread validity of the linear

dependence of [D+] on P™ or a”™ for VPE and LPE growth using a
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wide variety of dopants, we may extrapolate to MBE conditions

with some-confidence.

5,4, Dopant Incorporation Calculations.

In detarmining whether the incorporation ot a particular dopant

iIs lively, we need to establish some values for the terms in

equation [12 1 The Icey issue is to determine whether the dopant

pressure Pq required above the growing GaAs to achieve suitable

doping levels is accessible under MBE conditions.

5,4,1; The Simplest Case, Condensation.

in the kinetic limit of all impinging dopant atoms being

incorporated, Pq is the equivalent pressure of the molecular

beam flux, so that

PD/PGa*JdD/JGa*"/iGaAsl1

where the {J} are the dopant and gallium fluxes arriving at the

substrate and [GaAsl is the density of GaAs. Dopant species

such as silicon which have a negligible elemental vapour

pressure at the growtn temperature would condense under these

conditions anyway and do not require any more detailed

consideration of their interaction with the GaAs lattice. So

for a gallium beam pressure of 10'r torr and a doping level of

2.2x10l 6cm*““3 (Ippm), we would require a dopant pressure in the

molecular beam of 10 torr.
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The chalcogen dopants S,Se and Te on the other hand, all have
large elemental vapour pressures at the growth temperature and
consideration of their interaction with the GaAs lattice is
crucial.

Direct calculation of and K3" for substitution into
equation [121 is difficult due to the paucity of thermochemical

data for the relevant species. However, by using data on doping

from VPE and LPE experiments, one may calculate the equivalent

for the case if the VPE or LPE processes were to taxe place

under MBE conditions of temperature and pressure.

5.4.2: VPE Extrapolation, Sulphur Doping o~ Gahs,

For a typical VPE experiment (14) sulphur doping is achieved by

the introduction of H2S in an excess of HZ at 1 atm. For a
: +Eni7™ -3

pressure ratio of PH2S/PH2=10"' a doping level }ziak -

may be achieved at 750°C. Consider the reaction

2H2(g)+S2(g) » 2H2S(g) [131
for this reaction may oe expressed as (18)

G=-41360+23.61T calories (298K<T<1800K) [14 1

This evaluates to -22.54Kcal at 600°C. The equilibrium constant

IS

151
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using [41 and rearranging [15] gives

PS2*(PH2S/PH2)".K13"A [161

PSoNiPHOS/PHA I _expG/RT [171

-17

is the partial pressare of S2 that wouii be produced by the
decomposition of O.lppm H2S in 1 atmosphere of H2 at the MBE

growth temperature of 600°C.

Rewriting equation [121 for diatomic sulphur we have
[Sa31=K3".PS2~/A.PAS4 ™ L/4 [18 1
Assuming K3" to be a weaic function of temperature (typically

varying oy a factor of 3 oetween 660"C and 760°C (19)) we may

substitute for a typical VPE value of PAs4=1.5IO0"~ atm (15,19)
into aquation (181 to give K3e=1 3Ix10"«om-3.atn.

Therefore, under MBE conditions of n«13'-7(.n,-3* t=600°C and

PAS»2x10“® tort, we may calculate from equation (181 that
PS2=2.99x107"3 2.27x10 torr.

The pressure calculated aoove is the vapour pressure of Sj gas
in equilibrium with arsenic vacancies in GaAs under MBE growth

conditions. If we consider a range of intended donor

concentrations from IXIO*-® cm' to IxIO™« cm-3, we may

calculate the requited range of sulphur pressures to be

situation to degenerate to that for silicon where every dopant



atom impinging on the GaAs surface 1is predicted to be
incorporated. The incorporation is therefore limited by the
rate of supply of dopant from the molecular beam flux. The
calculated pressure is also small enough by a large enough

margin to make the prediction that incorporation is favoured

and relatively insensitive to the precise values of the data

used in the calculation. Tne enormous difference between the
aoove pressures and the elemental vapour pressure of sulphur at
600°C emphasises the importance of considering the interaction

of the dopant with the GaAs lattice.

5.4.3: LPE Extrapolation> Tellurium Doping o

As an example of the method, the case for tellurium will be

demonstrated. In this case we extrapolate from LPE data. Under

typical LPE growth conditions, a donor concentration

fTe "wl=1x10"~=2.2x10 cm" may be achieved with a

concentration in tne melt of (Teg”™in 1=2.85x10-6 , 1000°C (16).
This corresponds to a segregation coefficient of 0.35. By
extrapolating from the data of Greene (17), the segregation
coefficient may be estimated to nave increased to of the order
of 40 at the typical MBE growth temperature of 600°C. The
required value of (Tegoinl is therefore approximately OxIO'M at

this temperature.

To deduce the equivalent pressure of Te”™ in equilibrium with
the melt at 600°C, we consider the evaporation of Te2(g) from

liquid tellurium. Thus,

(191
Tesoln * |/2Te2(g)



K19-PTe2l/2/[Teg "I (20 J

If we assume that the Te-Ga system forms an ideal solution and
neglect any stabilising interaction between the two components,
we may use Raoults law to estimate K19. The vapour pressure of

Te2(g) over liquid tellurium may oe expressed as (18)
10g3707MP " A®2/M=22.S9-(7830/T)-(4.27xi0g37Q(T)) [21 1

Therefore, for liquid tellurium at 600°C we have PT32=5.75

torr. Substituting this in [20] gives
K19=P°Teo™N2/[i ]=8.7x10“2 atm”/2

where P~Te2 (=K19”) is the vapour pressure of Te2 m

equiitiorium with pure liquid tellurium.

Then for dilute solutions of tellurium, the vapour pressure

will be reduced according to the degree of dilution thus.
PTe,1/2=[Teso2nl .P°Te2™M2 [221
Rewriting equation [12] for Te2 we have.

[Te oo™ = K3".PTe2AMA-PASA™ A/A [23]
Since the MBE experiment taxes place under a lower araenic
pressure than LPE, an overestimate of the equilibrium pressure

of Te2(g) over GaAs under MBE conditions may be obtained by

neglecting the arsenic pressure dependence and writing
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k3 *lll*K3'" PAS4“~/~. Then

[Terg™ |-K3"".PTe,N/2

[24]
Substituting ]=2x10"~, p"Te2=5.8 torr at 600"C and the
doping level of 2.2x10™ cm””™ gives a value for K"" =5,72x10"

atm” MY Therefore, for an intended doping range between 1x10™
and Ix10™ cm””, the equiliorium pressure of tellurium lies in

the range 4.75x10“®<PT92<4.75x10"~° torr.

The situation 1is the same as predicted for sulphur; the
interaction oetween tellurium and the GaAs lattice is strong
enough to ensure incorporation under MBE conditions limited

only by the rate of supply from the molecular beam flux.
5,4,4; Selenium Doping of GaAs.

There is rather less data for selenium doping of GaAs, although
sufficient to suggest strongly that it has similar behaviour to
sulphur and tellurium, as would be expected from its chemical
similarity. Hollan et al (19) have compared the electronic and
optical properties of GaAs grown by VPE and doped at high
concentrations with sulphur and selenium. Using pickup from
elemental S and Se sources they achieve n-type doping at
10n7cm-3 for source temperatures of 50®c and 80°C respectively.
This translates to equilibrium source pressures of 4x10“” torr
for sulphur and 10"® torr for selenium. We note that their
growth temperature of 760<"C and arsenic mole fraction of 10"®
atm are very close to those in reference (14) from which the

data for the sulphur incorporation reaction was taken.
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unfortunately Hollan et al do not describe their sources in
detail so-we have to assume that they operate with similar
efficiencies of dopant picKup. In this case, the equilibrium
pressures of sulphur and selenium over the growing GaAs surface

will be in a similar ratio to the source pressures. Even

allowing for differences in source construction, it is clear

that for the same doping level a substantially lower selenium
pressure is required than for sulphur. The implication is that
the interaction between arsenic vacancies and selenium vapour
Is at least as strong, if not much stronger, than for sulphur
vapour. This is supported by the observation of a higher
solubility limit for selenium (19). Tnarefore, the equiliorium
pressures required for selenium doping of GaAs grown by MBE are
likely to be comparaole with or lower than those calculated for
sulphur earlier. The conclusion is that for selenium, as for
sulphur and tellurium, the incorporation reaction should go to
completion restricted only by the rata of supply from the

molecular beams.

5.4.5: Chalcogen Doping of InP.

The general point about chalcogen doping in MBE may be further
illustrated by considering the data for InP grown by LPE. Here,
the extrapolation is rather easxer since LPE growth
temperatures for IinP are typically between 600°C and 700®C and
are therefore much closer to typical MBE InP growth
temperatures (450°C-550°C) tnan for GaAs (1000°C vs 600°C).
This means that, to a first order approximation, we may

neglect changes in segregation coefficient with temperature in

extrapolating between the two techniques.
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Brown (20) has published the melt concentrations for S,Se and
Te doping of InP during LPE growth at temperatures between
620°C and 670°C. For an electron concentration of 10™®cm"™ he

used melt concentrations of

ISsoln’=251-0"~"1Segoj~, I=X%10"2 and (Tegoin, 10”4

Rewriting equation [24] we obtain

[Xp+]=K3"". ].P°X2™/2 where X=S,Se,Te.

For Te which is predominantly dimeric in the gas phase we may
use the vapour pressure relation [21] as before from reference
(18), but for S and Se, which have several polyatomic species
in equilibrium with the molten element, we must estimate the
PX2 from their heats of formation (23). This results in

elemental dimer pressures at an MBE growth temperature of 500°C

of: *

P°S2*430 torr, P°Se2*27 torr and P~Te2=0.7 torr.
Substituting [Xp* ]=4.5xi0"~ for 10"®cm“” doping we ootain:-
K3" " =3 atm~/2 M2 atma/2 atm//A s,Se and Te.

Tnerefore, for a doping range of IOMcm*“”™ < n < [O™Mcm ™ we

obtain the following ranges of PX2:-

1.7x10” ™ torr < PS2 < 1.7x10“” torr,
1.1x10"™ torr < PSe2 < 1.1x10"” torr and



7x10'15 torr < PTO2 < 7x10"~™ torr

These figures, although order of magnitude estimates only, are
clearly comparable with the arriving dopant molecular beam
pressures in MBE This contrasts with the situation just
demonstrated for GaAs where the equilibrium pressures were much
smaller. The situation is rather borderline to make a definite
prediction about the likely efficiency of incorporation of the
chalcogens in MBE InP, except that sulphur may have the lowest
and tellurium the nighest probaoility of incorporation.

Significant reevaporation ot each dopant seems probable at the

highest doping levels.

However, there is very clear evidence that sulphur, for which
the lowest doping efficiency is predicted, may be incorporated
into InP grown by MBE (21,22). Unintentional sulphur doping has
been observed from sulphur-contaminated phosphor us source
material and the electrochemical sulphur cell has also been
used to deliberately incorporate sulphur into MBE InP over a
wide range of concentrations 1OMcm"” < n < SXIOMcm ~ (21, 22).
It is significant however that in both cases some dopant
reevaporation is observed at elevated growth temperatures.

Whether tnis is due to the borderline position of the doping

equilibria described above or to some competing loss reaction

IS not clear. On tne basis of the experimental results and the
calculations above, it seems lixely that doping with Se or Te
should also be possible, perhaps witn reduced loss for the less

volatile species.



55; Conclusions.

We therefore have a clear prediction that the chalcogens S, Se

and Te should be incorporated in GaAs and inP grown by MBE

This conclusion was reached by a simple consideration of the

free energies or the reactants and products of the

incorporation reaction [31 using data extrapolated from VPE and

LPE experiments. For GaAs, the predicted dopant pressures

required tor incorporation are several orders of magnitude

lower than the xinetic supply limit imposed in MBE, making the

prediction relatively insensitive to the precise values of the

thermodynamic data used. For inP the prediction is less firm

and this is reflected to some extent in the Ilimited

experimental data available to date.

However, there is the possibility that other reaction pathways

may compete with the incorporation reaction. In particular,

there are several volatile group Ill chalcogenides such as GajS

and Ga2Se which may not only be stable, but also hav- vapour

pressures substantially greater than IxIO'« torr under MBE

growth conditions (18). In the following chapters, we show that

chalcogen incorporation into Il1l1-V semiconductors by MBE is

possiole and identify several competing reactions that may lead

to loss of dopant from the growing semiconductor surface under

certain conditions.
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CHAPTER 6: S AND Se DOPING OF MBS GaAs.

6.1; Introduction.

The successful doping of GaAs with sulphur and selenium
described in chapter 3 was achieved at relatively low substrate
temperatures ~570°C where the incorporation behaviour was
facile. In this region, the sulphur and selenium were
incorporated with effectively 100% efficiency with no evidence
of segregation or diffusion. However, the move towards higher
growth temperatures for enhanced crystal quality in general,
and photoluminescence yields in particular, reveals slightly
more complicated behaviour as will now be described. A number
of samples were prepared and grown according to the procedures
outlined in chapter 2. The effect of substrate temperature,
arsenic overpressure and dopant flux on the the incorporation

behaviour was investigated for both sulphur and selenium.

6.2, Material Properties.

Mobility data for sulphur doped layers were presented in figure
4.5 in chapter 4 where similar results to layers grown using Si

or Sn were achieved . Uniformly selenium doped GaAs layers with

2<10™M<Nj-N <2x10™®m"“”~ showed excellent electrical properties
and morphology. Mobilities of 6350 and 25000cm2v"~s"”N at 300K
and 77K respectively, were achieved for Nd-Na=8xI0"®cm

Surface morphology was in general excellent with def>,ct

densities of the order of 10®cm"2, comparable with the etch pit

densities of the substrates used.
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FIGURE 6.1: A combined C-V and Hall mobility depth profile of

four layer Se-doped GaAs film. The crosses show the local
carrier concentration, the circles the local Hall mobility and

the solid line the sheet mobility.



Figure 6.1 shows a combined carrier concentration and Hall

mobility profile through a GaAs layer grown with a four step

selenium staircase doping profile. The layer was grown on an

undoped substrate and fabricated into Van der Pauw mesas for

mobility measurement. The measurement technique (1) makes use

of an electrolytic Schottky contact to give controlled

dissolution of tne layer and a depth profile of the local

carrier concentration (upper curve), local Hall mobility

(middle curve) and sheet mobility (lower curve). The changes in

carrier concentration are clearly resolved and are reflected in

the local mobility curve. On the other hand, the sheet mobility

reveals little information thus highlighting the utility of the

modulation technique for extracting local information. The

mobilities from this figure compare well with those from

chapter 4.

6.3; Dependence of Sulphur Incorporation on MBE Parameters”

Figure 6.2A shows the result of varying the substrate

temperature during the growth of sulphur doped GaAs. The

sulphur flux was maintained constant by applying an emf of

155mV to the sulphur cell while the arsenic to gallium flux

ratio was held at 2:1. It may be seen from figure”~3.9 that this

corresponds to a doping level of 3x10 cm in the

temperature regime where the doping efficiency is effectively

100%. The substrate temperature was increased during growth in

N cunOr* Tt. Is evident from the C~V
four steps from 590 C to 630

depth profile that there is a decrease m carrier concent

with increasing substrate temperature. That this is due to a
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A)

B)

FIGURE 6.2: (A) C-V depth profile of a four layer S-doped GaAs
film. The figure shows the decrease in S incorporation with

increasing temperature. (B) C-V depth profile of a four laye
S-doped GaAs film where the AS4:Ga beam flux ratio was changed

as indicated in the figure.



decreasing sulphur atom concentration is borne out by results
from SIMS (2). This loss of sulphur may be offset by increasing
the arsenic overpressure. Figure 6.2B shows a C-V depth profile
through a layer grown with the same incident sulphur flux as
above but at a constant substrate temperature of 615°C where
significant loss of sulphur was apparent from figure 6.2A. The
arsenic to gallium flux ratio was varied from 1.5:1 to 9.3:1 m
four steps as indicated in the diagram. The higher levels of
arsenic overpressure may be clearly seen to suppress the loss

of sulphur.

Figure 6.3 shows the carrier concentration from C-V
measurements of many separate layers grown over a period of
several months at 610°C under conditions of sulphur loss. The
behaviour of the carrier concentration when plotted against emf
is linear, as in chapter 3, with a slope that predicts that the
incident species is S2 (x=2,0) as before. This indicates
that, even under conditions where some loss is occurring, the
electrochemical sulphur cell is a well controlled dopant source
and that the sulphur incorporation behaviour is still simple
and first order under these conditions. Thus in practical
terms, higher growth temperatures may be used and any sulphur

loss compensated for by simply increasing the applied flux.
6.4: Dependence of Selenium Incorporation on 3 Parameters®
The effect of varying the substrate temperature (Ts) during the

growth of Se doped layers is shown in figure 6.4A. The selenium

flux was kept constant by applying a fixed emf (210mV) to the

electrochemical cell. The arsenic to gallium flux ratio
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B)

FIGURE 6.4: (A) C-V depth profile of a four layer Se-doped GaAs
film. The figure shows the decrease in Se incorporation with

increasing substrate temperature. (B) C-V depth profile of

u *Ga beam flux ratio
four layer Se-doped GaAs film where the AS4

was changed as indicated in the figure.



(JASA/JGa) was kept constant at 2.7:1 while Ts was increased in

four steps from 580°C at the interface to 690°C at the surface.

It is readily apparent that there are two domains of behaviour.

At or below 620°C, the carrier concentration is a weak function

of growth temperature, while above 620°C it decreases rapidly

with increasing Ts. The corresponding SIMS profile is shown in

figure 6.5 (2). This agrees well with the C-V measurements in

terms of concentration, showing clearly that the drop in free

electron concentration i1s due to a loss of selenium, and

reveals a difference in the two lowest temperature layers that

has become blurred in the electrochemical C-V plot. This loss

of resolution was probably due to non-uniform illumination of

the sample during etching and resulting in uneven dissolution.

in a separate experiment, a selenium-doped layer was grown at a

Ts where Se loss was observed and the effect of varying the
arsenic overpressure daring growth studied. At a Ts of 660°C

and a Se-cell emf of 190mV, corresponding to a nominal doping

level of AXxIfll’cm-S (assuming unity sticxing coefficient),

JAs™N/JGa was varied in four steps from 4.2:1 to 1.5.1. It may

oe seen from figure 6.4B that selenium loss is suppressed at

the higher arsenic overpressures. The dips in the profile at

the changes in overpressure are believed to oe due to the

dynamic response of the arsenic effusion cell, which was

different to that used for the sulphur experiments due to the

amount of heat shielding surrounding the cell heaters. Although

the temperature response of the effusion cell was critically

damped, the flux response measured by the moveable ion gauge

showed some overshoot, presumably due to temperature gradients

within the cell resulting in thermal lag.
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It should oe noted that the rather high growth temperatures and
reduced arsenic overpressures required to induce selenium loss
place the growing surface very close to becoming gallium rich.
The RHEED pattern from such surfaces is generally rather
diffuse, certainly well away trom the As-rich (2x4) pattern and

more characteristic of the (3x1) phase.

In a further experiment, the incorporation of selenium into
GaAs was investigated as a function of arriving Se flux. A
growth temperature of 560°C was used, with a JAs™/JGa ratio of
3.5:1 and the electrochemical cell driving emf varied in six
steps from 180mV to 250mV. The resulting C-V depth profile is
shown in figure 6.6, the SIMS profile (16) in figure 6.7 and
the carrier and elemental concentrations plotted against emf in
figure 6.8. The SIMS concentrations were deduced from an ion
implanted standard at 2xI10"™cm“”. The C-V profile becomes
confused above 2x10™®cm”” since at this level the electrolytic
Schottlcy junction 1is rather leaicy electrically which causes
errors in the capacitance measurement from which the carrier
concentration is derived. However, as far as it goes, the C-V
depth profile is linear with respect to emf, showing simple
behaviour. The SIMS data is extremely well resolved up to the
maximum doping level and at the surface agrees with the C-V
data to within a factor of two. The elemental concentration
revealed by SIMS is also linear with respect to emf, even up
to 3x10™Mcm””™ showing no evidence of saturation effects or
gross precipitation which would tend to alter the SIMS vyield.
This would suggest that the saturation solubility is in excess
of 3x10”™cm?” 3. There is also no evidence for surface

segregation effects under these growth conditions, consistent
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FIGURE 6.6: A C-V depth profile of a six layer Se-doped GaAs

film where the EMF applied to the electrochemical Se

varied as indicated in the figure. Ts=560 C, JAs™.JGa 3.5.
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with the data of Smith et al (4).

However, there is a worsening discrepancy between the SIMS and

C-V data as the profile progresses through the higher doped

layers. This is apparent in figure 6.8 where the SIMS and C-V

lines have different slopes; the SIMS data gives x=1.9 and the

C-V data x*1.4. Smith et al (4) have observed similar, although

not identical, behaviour. They used the non-congruent

evaporation of SnSe2 to produce Se doped GaAs layers by MBE

Below 10™Mcm“”, they observed a linear dependence of carrier

concentration (from C-V measurements) against reciprocal dopant

cell temperature (with the correct activation energy) but above

this level found the carrier concentration depressed from the

value predicted by extrapolation from Ilower levels. They

proposed that not all of their incorporated selenium was

electrically active out did not make SIMS measurements. The

difference in slopes between the lines is clearly evident, as

is the good linearity in each case. The dashed line shows the
effect of scaling the SIMS concentration by the amount
predicted by Smith et al's data. Although the concentration is
depressed by approximately the correct amount, the linear
behaviour of the C-V data is not reproduced suggesting that

this explanation may not be wholly correct.

Similar saturation effects are observed in Te doped GaAs using
SnTe (5) but not PoTe (14) which indicates that the effect may
be due to the evaporation behaviour of the particular selenide

or telluride wused rather than an effect intrinsic to selenium

or tellurium.

To account for this discrepancy through reduced activation at
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high concentrations, it is neccfsary to postulate a power law

dependence of the activation of the form n*k[Se]”™, 1»0.75,

Although there are some suggestions in the literature that

selenium may form electrically

Se™ (15)» have

inactive complexes such as Vg™

insufficient data to pursue this possibility

further.

However, there is a further piece of data which must be

considered. The Ilower line iIn figure 6.8 is a plot of the

selenium flux arriving at the substrate, shown as a function of

the applied emf. This was measured on the moveable ion gauge

flux monitor the day before the high doped staircase was grown.

This has the expected straight line behaviour but has the same

slope as the C-V measurements. If this is correct, it implies a

constant, if not total, activation of the incorporated selenium

and a non-linearity in the SIMS yield from Se in GaAs as a

function of concentration. The concentrations involved, even at

the highest levels -0.1%, are believed to be too low for any

significant matrix effects on the SIMS yield (16). Such a
discrepancy certainly deserves further study to confirm the

credibility of the SIMS technique in this material system.

6.5: Discussion.
6.5.1; Thermodynamic Model.

The temperature dependence of the incorporation behaviour of

the common chalcogen dopants S,Se and Te into MBE GaA

summarised in figure 6.9. The sulfur and selenium data are our
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own and the tellurium data is drawn from the work of Collins et

al (5). li' this figure, reciprocal substrate temperature is

plotted along the horizontal axis and donor concentration on

the vertical axis. Sulfur, selenium and tellurium both exhibit

very similar behaviour, and the activation energy for

desorption derived from the slope of tne high temperature

portion of the graph is similar at 70xcal.mol"".
In chapter 5, we showed that the reaction
1/2X2(g)+V;"3 = X3 til

(where X is S,Se or Te, (g) indicates tne gas phase, IS an

arsenic vacancy in GaAs, X7™g+ an ionised atom on an arsenic

site Iin GaAs and a" an electron in the conduction band of GaAs)

goes essentially to completion under MBE conditions. Earlier

results on chalcogen doping of GaAs by MBE using thermal

evaporation from compound sources (6) indicated that there were

no loss reactions of significance at a growth temperature of

560°C and this was confirmed by the results presented in

chapters 3 and 4. In addition we note that the prediction that

reaction [1] above lies to the right was firm enough for the

situation not to change over the range of temperatures and

arsenic overpressures explored in MBE Indeed, the experimental

behaviour 1is opposite to tnat predicted from any likely

temperature or arsenic overpressure dependence of the arsenic

vacancy concentration.

in seexing an explanation for the loss of chalcogen dopant

observed at elevated growth temperatures, we therefore consider

the possible reaction routes competing with [11 above
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involving the production of volatile chalcogenide compounds at

the growing surface. Since the gallium chalcogenides generally

have more negative heats of formation than the arsenic

chalcogenides (7), and especially since the chalcogens are

incorporated on the arsenic site in GaAs, we may consider that

the gallium chalcogenides are the most liKely to be formed.

A very simple model will be used to illustrate the GaAs-

cnalcogen interaction. The gallium, arsenic and chalcogen

reactants are incident upon the substrate in gaseous form.

Impinging on the substrate, they are adsoroed and assumed to

equilibrate to the substrate temperature. In this adsorbed

layer, which has less than one monolayer effective tniclcness,

the atoms have a high surface mobility, as evidenced by tne

ability to grow GaAs with very small deviations from

stoichiometry and consequently Ilow defect concentrations

suitable for electro-optic devices, and growth ta*ces place via

the interaction between the adsorbed layer and the substrate.

The situation is conceptually rather similar to growth from t

liguid phase (LPE) where the solution depth has been reduced to

1 monolayer. The species present in this adsorbed layer are

assumed to be in equilibrium with the oullc layer, the adsorbed

atom mobilities being nigh enough to make the reaction Kkinetics

facile. Those reactions resulting in solid products are assumed

to lead to incorporation, while gaseous products result iIn

desorption. The reactant pressures calculated for the

incorporation reaction in chapter 5 obtain at the interface

between the adsorbed layer and the substrate, while the beam

pressures obtain at the interface between the vacuum and the

adsorbed layer. These pressures represent the maximum and

minimum values for substitution into the relevant expressions
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for equilibrium constant calculations.

Mass spectrometric studies of the dissociative evaporation of
solid gallium chalcogenides (8) have revealed that the main
stable species at or near MBE pressures and temperatures are of

the form Ga2X3(s) and Ga2X(g) where X=S,Se or Te. Using

standard thermochemical data for these species (7,9), the

equilibria between the GaAs surface, the incident chalcogen

species X2(g) and the solid and gaseous gallium chalcogenides

may be explored within the frameworic of the simple model

outlined above. If, for a particular set of growth conditions,

the solid form is predicted to ba stable with respect to the

gaseous form, we may expect doping to proceed via reaction [1]

of chapter 5. Alternatively, if the gaseous form 1is the

thermodynamically predicted product, (or rather if its

equilibrium vapour pressure is comparable with or exceeds the

incident chalcogen pressure), a potential route for the loss of

dopant will have been identified. The axtant to which such a

loss reaction may proceed and compete with [1] is determined by
the detailed kinetics of the growing surface.

6.5.2; Stability of Gallium Sulphides”

Consider the formation of the volatile species Ga2S(g).

[21
2Ga(1)+1/252(g) * Ga2S(g)

using enthalpy and entropy values from (7) we may calculate the

ftee-enetgy change for this reaction to be:
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G2=-10,325-22.45xT calories/mol.

Tne equiliorium constant is therefore

K2=PGa2S/(PS2)""N=exp(-G2/RT)

This evalaates to K2=6.7xlo'?atin"--/2 at 500<"C, 3.1xlo™atm"~/»

600°C and 1.7x10 ‘atm™ 2 at 700°C.

Vie may consider that equation [2] reflects tne conditions at
the growing surface since growth does ta<e place near tne Ga
liguidus (10), and substitute typical MBE values of T=500-700°C
and PS2=6xI0“ NM*atm (the incident flux for n=2xI10"®&m ® doping)

to yield values of PGa2S of 16.4atm, 7.6atm and 4.2 atm at

500,600 and 700®C respectively. Clearly, this exceeds any

applied sulphur pressure practical under MBE conditions over a

wide range of temperature and doping level.

To include the effect of Ga being present in the form of GaAs,

we may taxe a different reaction for our model tnus:-

2GaAs(3) +1/252(g) = Ga2S(g)+AS2(g) [31

This leads to 03=81495-68.9xT calories/mol and

K3=PAS2. PGa2S/PS2/ M *exp(-G3/RT)

For PAs2=2x10"®torr and other values as in the previous

example, we obtain PGa2S-9.6xlIO-"atm at 500°C, 4.2x10 ‘atm at

600°C and S.IxIO'*atm at 700°C, all greatly in excess of the

applied PS2*
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It may be argued that, since reaction [31 deals with the solid

GaAs rather than just the gallium component in [2], the

equilibrium PS2 values deduced from chapter 5 should be used.

Thus, for the same doping level of na2xl0”™®cm PS2*1.2xI0

“®atm. Therefore the predicted values for PGa2S become 4.3x10

Matm at 500°C, 1.9xl0"Matm at 600°C and 2.3x10 ~atm at 700°C,

which again exceed tne applied PS2 by several orders of

magnitude.

Reaction 13] would appear to be a more realistic choice for

modelling the behaviour than reaction 12) as it does include

the effect of the arsenic overpressure. Indeed, it does show

the correct trend 1iIn predicting reduced loss at Ilow

temperatures and elevated arsenic pressures. However, the

predicted dependence on PAS2 is much weaker than observed

experimentally. In addition, the experimental data was gathered

using AS4, and although the equilibrium between the tetrameric

and dimeric arsenic species may be easily calculated, it is
well known that the decomposition of As™ to AS2 i® kinetically

hindered under typical GaAs MBE growth conditions. In the

following therefore, the simpler form [2] will be used with the

justification that growth takes place neat the liquidus (10).

The role of the arsenic overpressure will nowevet becom

apparent later.

The important point is that Ga2S(g) is predicted to be a stable

species under MBE conditions with an equilibrium pressure

greatly in excess of the applied dopant flux. Similarily, we

may consider the formacién Of the solid sulphide Ga2S3<s)

thus:-
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2Ga(1)+3/252(g) * Ga2S3(s) [4]
G4=-168,925+67.95xT
K4=(PS2)“ NMM=exP“G4/RT and

PSO9=(expG4/RT)N/~=Il.IxIO""atm at 500°C, 5xIO0"~atm at 600°C
and 3.9 10""atm at 700°C.

These values are low in comparison with the applied flux but of

the same order as the calculated equilibrium sulphur pressure

from chapter 5.

interestingly, if we substitute these equilibrium pressures

into equation [181 of chapter 5, we find that they correspond
to doping levels in the range 1lo'-"’ <n<10cm'”~. Although

detailed agreement is to some extent fortuitous in the light of

the simple thermodynamic approximations wused in the

calculation, the predicted doping levels do correspond

approximately to the known saturation doping level Ciol’cm 3)

of sulphur in GaAs (11), where Ga2S3<s) would be precipitated.

This agreement suggests that a certain confidence in the

validity of the method is justified.

Therefore, both Ga2S(g) and Ga2S3(s) are expected to be formed

under MBE conditions. To determine which of the forms iIs most

stable, the equilibrium between the solid and gaseous forms

must be considered. There are two possible reactions:-

[51
Ga2S3(s) * Ga2S(g)+S2(9)
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4Ga(1)-»-Ga2S3(3)-* 3Ga2S(g) [61

Reaction [51 1is the principal route by which

evaporates (8), but if is important to take into account the

fact that the growing surface contains a great excess of Ga as

far as the chalcogenide is concerned since doping typically

takes place on the ppm scale. Therefore reaction [61 may be of

importance. Using the values PS2*6xIO"*atm T*600°C and

assuming that the activities of Ga2S3 are unity (near

saturation doping and growth near tne Ga liquidus) the

equiliorium pressure of PGa2S is calculated to be 8.5x10 atm

for reaction [51 (4.3x10’ ~2atm using chapter 5 values for PS2>

and 2x10“2atm for reaction [61. The former result is consistent

with negligible evaporation of 897K (8)r while the

latter indicates that the Ga2S3 may indeed be reduced quite

readily under Ga-rich conditions to volatile Ga2S.

Therefore, not only is the gaseous sulphide predicted to be

formed in the growing surface under MBE conditions, leading to

a net loss of sulphur dopant, but also the the sulphur in the

GaAs lattice (modelled as Ga2S3 near the solubility

unstable with

limit) is
respect to the gaseous form via reduction by

gallium.

6.5.3; Gallium Selenides and Telluride”

The calculations for the other two chalcogens Se and Te

the same frameworic and the results are depicted in table 1. In

each case, the gaseous form Ga2X(g) (X«S,Se,Te) is predicted
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reactions

1) 2Ga(l)+1/2X2(qg)

Ga2X(9g)

2) 2Ga(l)+3/ 2X2(g) = Gaz2X3(s)

3) Ga2X3(s) = Gaz2X(g)+X2(g)

4) 4Ga+Ga2X3(s) — 3Ga2X(g)

PREDICTED PRESSURES(atm)

Se Te
1) PGa2Xx 7.0 4.4x10 2.6x10* ™
2) PX2 4.5x10"~  4.6x10"~  2.6x10

3) PGazX 8.5x10"M  2.9x10“~™  9.2x10“~"°

4) PGa2X  2.0x10"~  4.1x10"™ 9.4x107°

TABLE 6.1: Likely reactions and predicted equlibrium pressures

for the gallium chalcogenides under NMBE growth conditions.



form at the growth temperature under the incident fluxes and

the solid phase Ga2X3(s), if formed, is predicted to be

unstable with respect to the gaseous phase. In addition, the

calculated equilibrium Ga2X(g) pressures exceed the incident

X (g) flux leading to a predicted net loss of dopant from the

growing surface over a wide range of growth temperatures,

doping levels and beam pressures. The successful achievement of

chalcogen doping via reaction 111 must therefore only be

possible by virtue of ninetic hindrance to the loss reaction in

table 1.

In the above, formation of volatile Ga2X is identified as a

possible route for the loss of chalcogen. The equilibrium with

GajXj is used to determine the stability of any Ga2X so formed.

However, it is not suggested that the chalcogens are actually

present in GaAs as Ga2Xg, except at the solubility limit, only

tnat in considering the equilibria between the chalcogenide

species, Ga2Xg is a convenient analogy for the chalcogen

environment for which thermoohemical data are readily

available. The calculations are therefore strictly only valid

at the solubility limit (hence the choice of a high doping

level) and at lower concentrations the activity of the GagXg

would be reduced. However, the predictions regarding the

formation of Ga2X are sufficiently strong that they remain

valid over a wide range of doping. The actual incorporation

reaction is still believed to be governed by equation (1),

notwithstanding the analogy with Ga2X3»
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5.5.4; Kinetic Aspects.

It is evident from £i9ure 6.9 that Se and Te all have

similar temperature dependences in the regime where loss is

significant. The calculated activation energy for the

desorption process is of the order of 70iccal.mol ~ in each

case. Additionally, in each case the effect of increasing the

substrate temperature may be offset by an increase iIn the

As™NGa ratio impinging on the substrate as shown in figures

6.2B and 6.4B for S and Se and by Collins (5) for Te.

A similar temperature behaviour and activation energy have been

reported by Panish (12) for tne GaAs(100)(2x4)-GaAs(100)(3x1)

arsenic stabilised surface structure pnase transformation

Observed by RHEED, as a function of AS2/Ga ratio. This is shown

in figure 6.10. The similar activation energies suggest a

common reaction mechanism and it seems liXxely that it is the

surface arsenic population that plays a )cey role in t
icinetics of the loss reaction in the same way as it does for

the surface structure. Therefore, at elevated temperatures,

loss of arsenic not only leads to the formation of new surface

structures, but also results in an increasing Ga population

(gallium droplets in tne limit) free co bond to chalcogen

dopant atoms and so to form the volatile dopant species Ga2X(g)

(X=S, Se, Te). Increased arsenic overpressures decrease the

surface free gallium population available for chalcogenide

formation. The behaviour may therefore be explained by a change

in the relative rates of the competing incorporation and loss

reactions. At lower temperatures the Xinetic barrier to the

loss reactions reduces the formation of volatile Ga2X(g) to a

negligible amount, allowing the incorporation reac
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FIGURE 6.10: Temperature dependence of GaAs surface structures

as a function of arsenic to gallium flux ratio. After reference
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dominate, unimpeded by any detected Icinetic barriers.

The selenium results however show that not all the features of

the chalcogen-GaAs interaction may be explained. The actual

loss rate for this dopant is the lowest of the three chalcogens

under otherwise similar conditions, the plateau region in

figure 6.9 extending to higher temperatures , although the case

with Te is not strictly comparable owing to the interaction

with Sn (5). Se lies in the middle of the group VI series and

its enhanced stability as a dopant with respect to S and Te

which lie above and below it in the periodic table contradicts

the usual monotonic trend in properties as such a column is

descended. There is no clue from the thermodynamic

calculations, Indeed the relative stabilities of the solid

chalcogenides would predict the opposite trend to that

oDserved. The explanation for its enhanced stability in the

lattice is not icnown but it is noted that Se does lie next to

AS in tne periodic table whose site it occupies in the GaAs

lattice. The effect of dopant atom size and the strain effects

induced by substitutional doping are well Known in highly doped

I11-V semiconductors (13) but there is insufficient data to

pursue this avenue further. What is clear is che technological

importance of this enhanced stability. Se may be used as a

dopant for GaAs at higher growth temperatures and with low

As/Ga ratios consistent with the growth of the highest quality

GaAs layers.

6.6: Conclusions.

Sulphur and selenium have been used successfully to dope MBE
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GaAs. Both dopants are incorporated in a facile manner and with

effectively 100% efficiency at low temperatures. However, at

elevated temperatures, >590°C for sulphur and >620"0 for

selenium, incorporation at useful levels may still be achieved

but an increasing loss of dopant is observed. This loss is

interpreted in terms of competition between the incorporation

reaction and the formation of volatile gallium chalcogenides

Ga X(g) (X=S, Se, Te) which are increasingly favoured at

elevated growth temperatures and restricted arsenic flaxes. A

model has been presented for the GaAs-chalcogen interaction and

it has been demonstrated that the loss reactions are

thermodynamically favoured over the entire MBE range of growth
conditions and that succesfful doping at low temperatures may
only be achieved due to a kinetic oarrier to the formation of

the Ga2X species. It is postulated that it is the surface
gallium population, mediated by the substrate temperacure and

arsenic overpressure, that plays a key role in the Kkinetics of

the loss reaction. Analogies with reporsed data on Te doping

and surface structure phase transformations support this

theory. It has been shown that, of the cnalcogens, selenium

shows an enhanced stability which, although not explained by

the simple model presented here, makes it the most

technologically useful chalcogen dopant for high quality MBE

GaAs.
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CHAPTER 7. S AND Se DOPING OP NBB AlGaAs.

7,1: Introduction,

In the prece ding chapters, it has been demonstrated that

sulphur and selenium may be successfully incorporated into GaAs

during MBE growth in a facile manner at moderate growth

temperatures. At elevated temperatures, near the practical
maximum for MBE GaAs, a reduced doping efficiency has been

oDserved and explained in terms of the formation of volatile

gallium chalcogenides on the basis of a thermodynamic model.
This model and the experimental study are extended in this

chapter to the incorporation of S and Se in Ga™."Al™MAs. Layers

of tnis material with the best optical and electrical

characteristics are obtained at =
restricted arsenic overpressures and at growth temperatures

some 100°C higher than for typical GaAs growth (1). It might

seem therefore, from the evidence for GaAs, that these growth

conditions would preclude the successful incorporation of

chalcogen dopants in MBE Ga“ jJMAIMAs. In the following, it is

demonstrated that S and Se may be successfully incorporated and

the thermodynamic frameworic is expanded to include the

stability of aluminium chalcogenides. The experimental results

are then discussed in the light of the results from the

thermodynamic calculations.

A number of structures were grown to explore the incorporatio

behaviour of sulphur and selenium in G]” jjAij{As as a
of growth temperature, arsenic overpressure, incident chalcog

flux and aluminium content x. The grown layers
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characterised by several techniques including SIMS and

electrochemical C-V profiling to determine dopant and free-

electron concentrations and photovoltage spectroscopy (PVS) for

measurements of aluminium content. Unfortunately, the range of

experiments using selenium is rather more limited than for

sulphur due to the premature failure of the selenium

electrochemical cell by the mechanism described in chapter 3.

7,2; Experimental Results.

Figures 7.1 and 7.2 show C-V and SIMS profiles respectively

through a layer of Gag 75Alg 25® deliberately doped with
sulphur at a range of growth temperatures as indicated. The

As./Ga flux ratio was '2:1 and the sulphur cell emf of 165mV

corresponded to a doping level of 3-5x10l''"cm-3 in GaAs at low
growth temperatures. PVS spectra taken at

C-V profile

intervals through the

revealed that the aluminium concentration was

constant at 25% throughout the layer.

At growth temperatures of 630°C and 660=>C, the SIMS and C-V

concentrations agree to within a factor of two, although the

SIMS concentration scale was based on ion implanted GaAs

standards and is therefore suoject to some uncertainty. Both

figures are in broad agreement with the doping level expected

for GaAs for this cell emf at low growth temperatures.

Additionally, at 630°C and 660°C, there is no evidence for the

substantial loss of sulphur that would certainly be expected
from GaAs at these elevated temperatures. The addition of 25%

aluminium to GaAs then, appears to stabilise the incorporation

of sulphur up to 660®C.
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FIGURE 7.1: Electrochemical C-V profile through a layer
GaQ 75A10.25s doped with sulphur where the growth temperature

was varied as indicated.



FIGURE 7.2: SIMS profile of the layer in figure 7.1.



At 690°C however, as both the SIMS and C-V profiles bear out,

some loss of sulphur does occur. The C-V data shows a reduced

concentration compared with the SIMS data which is probably due

to the capture of electrons by deep traps which are

characteristic of MBE GaAlAs grown wunder non-optimum

conditions. Nominally undoped GaAlAs is usually semi-

insulating, especially when grown at low temperatures (<600°C)

due either to the high reactivity of aluminium with oxygen

containing species in the system ambient gas background or to

its relatively low surface mobility which stems from its high

surface binding energy. The dip at -1.Bum from the surface is

probably due to the fact that the C-V profile was stopped at

this point for a PVS measurement and does not appear in the

SIMS profile.

Figures 7.3 and 7.4 snow C-V and SIMS profiles
a Gao.7Alo.3As

respectively of
layer staircase doped with selenium. The growth

temperature was 620°C and the As”™Ga flux ratio was 2.5:1.
Again, PVS spectra revealed a constant Al content throughout
the layer. The three separate doping levels are clearly
resolved in both figures with a factor of two agreement between

the electrical and elemental concentrations. Again the SIMS

concentrations are based ion implanted GaAs standards. The

measured concentrations also agree with thosepredicted from the

doping of GaAs under conditions of no loss; cf figure 6.10.

Although temperatures high enough to induce Se desorption

not used in this experiment, it seems that selenium has very

Similar incorporation behaviour at moderate temperatures in

both GaAs and GaQ 7AIQ 3AS.
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FIGURE 7.4: SIMS profile of the layer in figure 7.3.



The slope of the selenium concentration versus emf curve from

the SIMS data gives Se* x-1.5, a similar value to that for Se

in GaAs from chapters 3 and 6 and non-integer for the reasons

described therein.

Figure 7.5 shows a SIMS profile through a multilayer structure
delioerately doped simultaneously with sulphur and selenium.

The surface layer is GaAs while deeper layers contain an

increasing amount of aluminium which was intended to range from

m'2%-25%. The growth temperature was 640°C and the As™MGa flux

ratio “3:1. The sulphur and selenium cell emfs were 165mV and

200mV respectively corresponding to intended doping levels

(based on 100% incorporation) of S-Sxlol’cm'J in both cases.

The intention was to illustrate any differences in the

incorporation behaviour of sulphur and selenium as a function

of aluminium content under conditions where loss of both would

be expected from GaAs. Unfortunately, tha Se cell went short

circuit shortly after this experiment and failed to operate.

This is manifest in tne SIMS profile as a reduced Se

concentration against that which was expected. The cause of the

transient in tne Se concentration at 3-4um from the surface 1is

unknown but may be due to the impending cell malfunction,

especially as it appears to oe asynchronous with the changes in
Al concentration. In the light of these two deficiencies, the

rest of the Se profile is probably suspect. However, it does

show a slightly increased concentration of Se in the first two

Al-containing layers as compared with the surface GaAs layer

from which a small loss is expected from the results in chapter

For the case of sulphur however, the trend is clearer. There is
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FIGURE 7.5: SIMS profile of a G™ jrAIJMs 0.02<x<0.25 multilayer

simultaneously doped with sulphur and selenium.



adefinite increase of approximately a factor of two on going
from the GaAs layer to the first Al containing ("2%) layer and
the sulphur concentration increases synchronously with the Al
steps up to ~3xI0™Mcm“~™ at “25% AIl. This again suggests the

increasing ability of aluminium to suppress loss of sulphur.

Figure 7.6 shows a C-V profile through the same structure and
the trend and carrier concentrations are in broad agreement

with the SIMS elemental concentrations.

The prec .eding experiments indicate that when sulphur and/or
selenium are incorporated into GaAlAs, they are efficiently
activated as donors, producing well behaved electrolytic
Schotticy junctions allowing C-V analysis. The electrical and
elemental concentrations show good agreement and the SIMS
profiles show little evidence for segregation or diffusion
under the conditions explored. Although the case for selenium
iIs uncertain, it is clear that the presence of aluminium in the
GaAlAs has a significant stabilising effect on the
incorporation of sulphur, suppressing reevaporation at

temperatures up to 80°C higher than in GaAs.

Two further multi-layer structures were grown to investigate in
detail the incorporation behaviour of sulphur in

The first was designed to explore a range of Al concentrations
(x=0.03,0.075 and 0.15) and growth temperatures for a fixed
incident sulphur and arsenic flux. The second explored Al
concentration and As”/total Group IlIl flux ratio at fixed
sulphur flux and growth temperature. The sulphur flux used
corresponded to an intended doping level of n=2x10"cm The

resulting layers were analysed by SIMS (2). The changes in Al

88



FIGURE 7.6:
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concentration were used as marlters in the SIMS depth profile

for the expected response in the sulphur concentration.

The SIMS data are presented in the form of raw data with ion

count rates rather than concentrations. This is because there

are many effects which maXe the quantification of absolute

concentrations difficult In heterostructures. Both the 1ion

emission rate and the sputter rate are functions of the matrix

compositions and at the time of the measurements, neither

Charles Evans and Associates or Loughborough Consultants who

performed the SIMS analyses had access to concentration

standards for GaAlAs. In some instances, GaAs standards were

available but the use of these would ignore the above-mentioned

matrix effects. In order to overcome the difficulties of

measuring absolute concentrations

in alloys of different
compositions, the growth experiments were designed to

include

built in references so that comparison could be made between

the ion count rate from alloys of the same composition under

different growth conditions. Figures 7.7 and 7.10 illustrate

the layer sequences used. In practice, for the relatively

aluminium concentrations used (<15% AlAs), the matrix

seem to be weak and of the same order as the concentration

Changes due to the increased growth rate for GaAlAs over GaAs

when a single shuttered aluminium source is used.

Figures 7.7 and 7.8 show the growth sequence and SIMS profile

of the substrate temperature experiment respectively. There is

an overall curvature to the sulphur depth profile which

believed to be due to an

IS
instrumental effect in

measurement rather than a direct indication of a changing

sulphur concentration and may be due to a variation
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FIGURE 7.8. SIMS depth profile of the structure illustrated

figure 7.7.



sulphur background signal from the ambient gas background of

the unbaked SIMS system. However, it is the changes stimulated
by the steps in the

aluminium profile and the growth

temperature, and synchronous with them, that are of most
interest. At 550°C the addition of aluminium to GaAs to form

Ga effect on the SIMS mass 34 or 32 sulphur

signal. There are two possible effects that might be expected,

a change in the rate of any sulphur loss and a change in the

emission rate of ionised species from the SIMS process due to

the change in the aluminium content of the Ga”™.“AlxAs and the

subsequent sputter rate and matrix effects. The lack of any

oDserved change in ion count rate argues strongly for both no

change in sulphur loss and no change m SIMS yield for sulphur

32 and 34 species for Ga™M.NMAIX*® (x<0.1o0).

explanation is that the change

The alternative

in any sulphur loss rare is

exactly balanced by a change in tne SIMS sensitivity as the

elemental composition of tne Ga™”™”ixAs is cnanged.

In the GaAs region where tne remperature wa» raised

to 600°C, a small sulphur loss is observed at the higher

temperature. This loss is completely suppr.ssed
L ]gt laver and remains undetectable
initiation of the Ga”gbAINXS™M

down to the lowest aluminium concentration of Ga.97Al1.03hs. The

loss reappears however in #Hg E%'%\g |gyer 8rown before the

. At this higher temperatur
temperature was raised to 650 C. at > ghe emperature,

the sulphur loss from fK8 caas BEESMEE Much more significant
but IS again suppresseél oy if8 gHfiigign of aluminium to form

] i . , -horo is still some residual
Ga.85h1.i5As. This time nowever there

loss from the Gai™~cAl™*hs which becomes greater as X

reduced. Note again

tnat the degree of sulphur loss is

identical for the two GaAs layers grown at the same temperature
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FIGURE 7.9. Incorporated sulphur concentration in Ga™ jJMAljMAs  as

a function of x and growth temperature.



either side of the layers. As the temperature is
raised further to 700°C, les”™ than 10% of the sulphur remains
in the GaAs. This figure may be smaller as the bacicground level
for the SIMS machine is unknown. At this elevated temperature,
the addition of Al results in a much smaller but still

significant suppression of the sulphur loss.

These results are summarised in figure 7.9 where the sulphur
ion count rates have been ratioed to give a relative
incorporation efficiency which is plotted against AlAs content
for the different growth temperatures. At 550°C the efficiency
iIs independent of aluminium content corresponding to no loss.
PZ 600°C approximately 15% of the arriving sulphur is lost from
GaAs and this is reduced to an unmeasurable amount in the case
of Ga 97Al 03"2- 650°C, the doping efficiency was of the
order of 15% for GaAs, compared with the case at 550°C, rising
rapidly to 50% for Ga”97Ai"Q3As and more slowly to 75% for
Ga g™Al XBAS. At 700°C, the suppression of sulphur loss was
more gradual. The doping efficiency rose from of the order of
6 in GaAs to 15% in Ga gb5Al Tnis loss seems severe but
extrapolation suggests that the doping efficiency could rise to
“50% for the higher aluminium content of layers used in many
dev/ices such as lasers and HEMTs where Ga 7Al1 3A3 is commonly

used. This could be usefully established in future experiments.

Figures 7.10 and 7.11 show the grown structure and the
corresponding SIMS profile for the investigation of the effects
of the arsenic overpressure on sulphur loss from Gan-x™Mx"®* 2
growth temperature of 650°C was used, corresponding to a region
where sulphur loss had been observed to take place from the

previous experiment. Starting from the substrate, GaAs was
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FIGURE 7.11. SIMS depth profile of the structure illustrated

figure 7.10.



grown at 600°C under an arsenic overpressure

where minimal sulphur loss, was expected. As the substrate

temperature is raised to 650°C, a degree of sulphur loss is

observed. This is suppressed by the commencement of growth of

the Ga gjAl.isAs and to a lesser extent by the layers

containing less aluminium.

The overall behaviour is snown in figure 7.12 where sulphur ion

count rate is plotted against AIlAs content for

the three

arsenic overpressures. As iIn the previous experiment, the

percentage change in sulphur intensity Drought about by the

change in the Al flux has been used to determine a relative

incorporation efficiency, thus compensating for any

instrumental drift. For J/~/J,i»6:1, the sulphur loss from GaAs

is rapidly suppressed on going to Ga ggAl ggAs with almos

increase in doping efficiency as the aluminium content

increased further. For Jv/Giil'3:l.

IS
the doping efficiency rises

slightly more slowly and saturates a little later. For

j~la,,-2:1 the sulphur loss is suppressed much more slowly at

low aluminium contents but the doping efficiency has still

risen to more than 80% in Ga,85*-.15*®’ tespect the
Ga,.~Al,As mirrors the behaviour of GaAs in that sulphur is
incorporated with greater efficiency as the growth conditions

- . eiirface structures towards
move away from the group I:W— rich sur{ac

higher As™ fluxes.

7.3t Discussion.

in Chapter 5, thermodynamic calculations showed that the

interaction between the GaAs lattice and the chalcoge
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S, Se and Te is strong enough to lead to their incorporation

rather than evaporation under MBE conditions. Thus- the reaction
1 2x2(g)+Vfts = til

(where X is S, Se or Te, (g) indicates tne gas phase, IS an

arsenic vacancy in the GaAs lattice, IS an ionised dopant

atom on an arsenic site In GaAs and e is an electron in the

conduction band in GaAs) is well to the right wunder MBE

conditions. Farther consideration in chapter 6 revealed that

competing reactions are even more preferred thermodynamically
but are icinetically hindered at low growth temperatures. As the
growth temperature 1is raised, these reactions become more
important and result in the loss of chalcogen dopant from the

growing surface in the form of the volatile gallium

chalcogenides Ga2X(g). Thus the reaction
112X2(g)+2Ga(l) = Ga2X(g) 121

also lies well to the right under all practical MBE conditions
with equilibrium pressures P(Ga2X) of 7atm, 4.4x10 atm and
2.6x10” ~"2atm for X=S, Se and Te respectively. These pressures
were calculated for an intended doping level of 2x10™®m ~ and

are not accessible in the MBE regime, except for Te where fewer
than 1% of the Te is predicted co be incorporated. In
addition, the equilibrium between the gaseous and solid forms

of the gallium chalcogenides favours loss and the reaction
[31
4Ga()+Gaz2X3(s) = 3Gaz2X(9)

also lies well to the right with an equilibrium pressure
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P(Ga2S) of the order of 2xI0””atm at 600°C.

The situation 1is somewhat different for the interaction of
sulphur with AlAs. Firstly, there are at least three species of
gaseous aluminium sulphide for which thermodynamic data are
available:- AIS(g), AI12S2i9i and AI2S(9)» Although the
following is described in terms of AI2S(g) for purposes of
comparison wich Ga2S(g), the other species produce very similar
equilibrium pressures. Rewriting equation (2) for aluminium

produces
1 /2S2+AK3) = AI2S(g) 141

and substitution of standard thermochemicai data (3,4) reveals
that for a doping level of 2x10”®cm“”, the equilibrium AI2S
oressure is of the order of 8xI10"atm at. 600°C rising to
2.3x10"atm at 750°C which compares with the incident PS2 of
6x10"atm. Although these pressures are many orders of
magnitude lower than for the gallium chalcogenides, they still
predict a Dorderline doping efficiency of the order of less

than 0.1%

The key difference between tne predicted oehaviour of sulphur
incorporation in AlAs and GaAs becomes clear when the aluminium
analogue of reaction (3) is considered. Whereas Ga2S3(s)
(sulphur in the GaAs lattice) is unstable with respect to the
gaseous form Ga2S(g), AI2S3 (sulphur in the AlAs lattice) is
predicted to be stable under MBE conditions of pressure and

temperature. Hence, the reaction

4Al(s)+AI2S3(s) * 3AI2S(g) [51
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lies substantially to the left with a predicted P(AI2S) less

than 1.71xI10"*®atm at 600°C This is much less than the

corresponding figure for P(Ga2S) of 2x10 atm.

Although the values of the predicted pressures are not precise

due to the approximation of considering AI12S2 0l S~g, the

uncertainty in the thermodynamic data and the simple two-term

approximation used for the free-energy calculations, there is a

clear difference in the predicted behavlour for the relative
stabilities of the gallium and aluminium chalcogenides. It

seems liKely, therefore, that the observed difference in the

doping behaviour between GaAs and Gaj®jMAIJ™Ms is strongly

related to these relative stabilities.

Therefore, although the incorporation of sulphur into GaAs is
only possible due to a «tinetic barrier to the formation of

volatile GaZ2S, the equivalent loss reactions are not favoured

for the interaction of sulphur with AlAs, since the AI2S

lixely to decompose to Al2S2» and the behaviour in this case

may be explained from purely thermodynamic considerations

without recourse to hindered icinetics.

In considering the behaviour for Gaj” jjAljjA3, we may model the
GaAs and AlAs components separately since they have little heat
of mixing and the activity coefficients for GaAs and AlAs are
near unity (5). The aluminium activity therefore scales as x,
the concentration of the AIAs component. However, the predicted
difference in behaviour 1is strong enough (16 orders of

magnitude) that: between 600"C and 700°C sulphur should be

incorporated even for Ga™jMAlj™As very dilute in AlAs
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where the activity of the Al is much reduced.

However, our data suggests that something slightly different is

happening in practice. At low AlAs concentrations (<10%), some

sulphur continues to be lost. It is assumed that this loss

occurs as Ga2S and of course in the limit of zero aluminium

content this is indeed so. High crystal quality

implies
significant atom mobility in the growing surface layer and
there will therefore be competitio.«tor the sulphur atoms in this

layer between the free aluminium and gallium atoms. Although

the reaction is heavily in favour of bonding to the aluminium

in the lattice (leading to incorporation), for Ilow Al

concentrations there is a nigher probability that a sulphur

atom will encounter two Ga atoms with the subsequent options of

incorporation or Icinetically hindered desorption as Ga2S in the

same way as for GaAs. Higher overpressures of A34 therefore

increase the sulphur doping efficiency oy suppressing the loss

reaction through control of the surface arsenic and hence

gallium concentrations. The balance between the various

thermodynamically allowed reaction pathways is critically

dependent on the details of the surface Kinetics. A simple

model, requiring a sulphur atom to have two Ga atom nearest

neighbours for Ga2S formation, would predict an incorporation

efficiency proportional to I-(lI-x)2, ,.~ere x is the AlAs mole

fraction. This has approximately the correct form but takes no

account of surface diffusion. Further modelling would require a

wider experimental database to elucidate the Kinetics in more

detail, but the situation for clearly

intermediate between GaAs and AlAs.

For the case of selenium, 1t was shown in chapter 6 that it
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exhibits an excess of stability over sulphur at elevated growth
temperatures when used to dope MBE GaAs. This is believed to be
due to a kinetic barrier to the formation of Ga2Se(g) in the
same way as for sulphur. In fact, Ga2Se2(s) is predicted to be
less stable with respect to Ga2Se(g) under MBE conditions than
Ga2S3(s) is wich respect to Ga2S(g) (Table 1, chapter 6) so the

apparent enhanced stability remains largely unexplained.

In considering the incorporation of Se in AlAs, AIl2Se(g) is

predicted to be formed, thus the reaction

2AI1(s)+1/2Se2(g) = Al2Se(qg)

lies to the right with PAI2Se“4.4xIO ~atm indicating a strong
potential for Se loss via this route. In addition, AI2Se3(s) is
barely stable at 600°C growth temperature and n=2x10"®cm“"
doping, and significant decomposition to volatile AIl2Se(g) is

expected. Thus for the reaction
4AI1(s)+Al2Se3(s) » 3Al2Se(q)

the equilibrium pressure of Al2Se is predicted to be of the
order of 3x10“”~*atm, comparable with the incident selenium flux
(PSe2=6x10"~"atm). In this respect, the stabilising effect of
the solid aluminium chalcogenides that act to encourage sulphur
incorporation into AIlAs does not appear to operate for
selenium. The successful, incorporation of Se into GaAlAs
alloys is therefore probaoly due to tne existence of «inetic
barriers to the formation of Ga2Se in the same way as for its
incorporation into GaAs. The addition of aluminium to selenium-

doped GaAs is therefore predicted to have less of a stabilising
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effect at elevated growth temperatures than for sulphur doping,

preliminary results indicate that Se may be succe”™ully

incorporated into GaAlAs at GaAs growth temperatures as

ilfustrated in figures 7.3 and 7.4 for the selenium doping

staircase. However, data at higher temperatures and other

compositions is limited but indicates that incorporation may be

less reliable. It iIs not clear whether this is due to the

chemical effects predicted above or the deterioration in the

electrochemical selenium cell which failed while this was being

investigated.

7.4: Summary of Reactions and Thermodynamic Prediction”

In this section, the reactions considered are listed together

with the pressures predicted. The method of calculation has

been covered in the prece din™ chapters.

7.4.1: Simplifying Assumptions.
The conditions assumed for the calculations are as follows:

a) Growth temperature»600°C for comparison with typical GaAs

growth temperatures.

b) PX2=6xI0“atm (X-S,Se) for 2x10™® cm"® doping.

c) tM)-1 <M-Ga(l),Al(s)) since MBE growth taxes place neat the

Group 111 liquidus.
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d) [M2X3Il~i. The doping level of 2x10"® cm"” is assumed to be

close to the solid solubility of the chalcogen dopant in GaAs
and AlAs.

These conditions were chosen since they allow the activities of

the solid components to be approximated to unity and in some

respects are a calculational device since practical growth

under these conditions would almost certainly produce poor

morphology material. However they do allow comparisons to oe

drawn between the different material systems. It should be

emphasised that the calculated values are order of magnitude

estimates only, relying as they do on a simple two-term

evaluation of the free-energy change and particular ly on the

modelling of X7j,=M2X3.

7,4,2; Gallium Sulphide Reactions.

1) 2Ga(l) +1/252(g) = Ga2S(g)....PGa2S=7atm.

2) 2Ga(l)+3/2S2(g) * Ga2S3(s)......... PS2=4.5xI10 atm.
3) Ga2S(g) +S2(g) * Gaz2S3(s)......... pGa2S=8.5x10 atm.
4) 4Ga(1)+Ga2S3(s) * 3Ga2S(Qg)---PGa2S*2x10 ~atm.

7,4,3;: Gallium Selenide Reactions.

5) 2Ga(l)+1/2Se2(g) * Ga2Se(Qg)........ PGa2Se*4.4x10 atm.

6) 2Ga(l) +3/ 2Se2(g) * Ga2Se3(s)..... PSe2*4.6x10 atm.

7) Ga2Se(g) +Se2(g) * Gaz2se3(s)......... PGa2Se*2.9xI0 ®atm.
8) 4Ga(l)+Ga2Se3(s) * 3Gaz2Se(g)......... pGa2Se*4.1xI0 atm.
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7.4.4: Aluminium Sulphide Reactions.

9) 2A1(s)+1/252(g) = AI2S(Q) - - . PA12S=8x10“"2atm.
10) 2A1(S)+3/252(g) “ Al2S3 (5)-...PS2*2.4x 10 ~atm.

11) AI2S(g) +S2(g) “ AI12S3(S)....PAI25S*6.5x10 ~atm.
12) 4A1(s) +A1253(s) » 3AI25(Q)--.--PAI2S=1.7x10""®atm.

7,45 Aluminium Selenide Reactions.

13) 2A1(s) +1/25e2(g) = --- PAl 2Se«4.4x10 "atm.

14) 2A1(s)+3/25e2(g> = Al25e3(s) --- PSe2-2.1x1I0 ™Matm.
15) Al2Se(g)+Sa2(g> » Al2Se3(s) --- PAI2Se=1.IxI10"M2atm.
16) 4AI(s) +AlI2Se3(3) = 3AI12Se(Q) - -- PAI2Sa=3. IXI0O-"atm,

7.5: Conclusions.

An electrochemical cell has been wused to dope Gan.™AlMAs

successfully with sulphur and selenium. At low temperatures,
<600°C, the behaviour 1is facile, as for GaAs, Above
temperature, loss of chalcogen dopant was observed and is

believed to be due to the formation of tne volatile gallium

chalcogenides GS2S and Ga2Se which are the stable species under

MBE conditions. Successful doping of GaAlAs is therefore

oelieved to be due to the existence of a xinetic barrier to

their formation, possibly mediated by the surface gallium

population.

For sulphur doping of AlAs, simple thermodynamic calculations

predict that the volatile aluminium sulphides are unstable with

respect to the solid form AI2S3 (sulphur in the AlAs lattice)
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under MBE conditions between 600°C and 700°C. The dopant loss

route postulated for sulphur doping in GaAs is therefore not

favoured for AIlAs. The experimental observations reveal an

enhanced stability of sulphur in Cg~n™MAIMAs (x<0.15) where the

increasingly suppressed at higher values of x. This
interpreted

loss is IS

in terms of competition for sulphur between mobile

Ga and Al surface atoms with the options of desorption as GaZ2S

or incorporation in the AlAs lattice.

The calculations for selenium show a less clear difference

between Se incorporation in GaAs and AlAs. In particular,

Al2Se3 is preaicted to have a borderline stability under MBE
conditions and the behaviour for Ga”.~Al™As may not be very

different to that for GaAs. However, further work is needed in

this area.

For growth of Ga”™.“AlxAs at elevated temperatures, sulphur

would appear to be the preferred chalcogen dopant, while for

devices such as HEMTs (6) and waveguides (7), where GaAs growth

temperatures are mo 'e usual (6), both have been used

successfully, as will be descrioed in chapter 8.

in cases where the chalcogen dopants are cnosen for their non-

amphoteric behaviour in preference to group IV dopants such as

silicon, in the antimony-containing
(8,9),

I11-V alloys for example
the above comments regarding the choice of chalcogen

dopant for aluminium-containing alloys may oe part'

relevant.
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CHAPTER 8: CHALCOGEN DOPED DEVICES.

8.1: Introduction.

In the prece ding chapters, the incorporation behaviour and
electrical characteristics of sulphur and selenium in bulk GaAs
and AlGaAs MBE layers have been described. The main deviation
from ideal dopant behaviour for both elements in both matrices
IS a tendency to reevaporation at elevated growth temperatures.
This loss may oe compensated for oy increasing the incident
dopant flux during growth. Such relatively straightforward
behaviour, combined with the main advantages of electrochemical
generation of the species (beam purity and rapid response),
makes possible the growth of device structures, particular ly
those with abrupt or complicated doping profiles. Some examples
of the successful use of electrochemically generated sulphur
and selenium as dopants in MBE grown device structures will be

described in the following sections.

8.2; Hyperabrupt Varactor Diode.

An application which made full use of the speed of response and
ease of programability of the electrochemical sulphur cell was
the growth of a hyperabrupt varactor structure. This device has
application as a narrow band microwave tuner. ldeally the n-
type region should be graded as n*cx® m=*-3/2, where x is the
distance from the junction, since this results in a linear
frequency—voltage characteristic when the diode is incorporated

iIn a tuned circuit. This is useful in low distortion frequency
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modulators. A further benefit of such a profile is that a wider

range of capacitance 1is achieved before reverse breakdown
occurs. Previous attempts have used variable range ion

iImplantation to produce graded doping profiles which only

approximate to the power law. In our case, the simple
relationship between flux and voltage allowed the emf applied
to the electrochemical sulphur cell to be programmed in a

series of closely spaced steps to yield the required profile.

In order to optimise the efficiency of a varactor diode, it is
necessary to minimise its series resistance and hence maximise
the Q of any tuned circuit of which it may form a part. For
this reason the device was grown on a highly doped substrate
(n=2x10"®cm” ™) with a ouffer layer of similar doping level. The
growth temperature was 610°C, corresponding to conditions of
some sulphur reevaporation, and the calibration curve shown in

figure 6.4 was used to determine the required emf's.

Figure 8.1 shows an electrochemical C-V profile through the
grown layer where four separate regions are apparent. Starting
from the surface of the layer we have A) a region of constant
doping level whose doping-thickness product is calculated to
just deplete out when the rectifying contact is formed, B) the
hyperabrupt doping profile with exponent -3/2, C) a low doped
plateau region and D) an abrupt change to the highly doped
buffer region and then the n” substrate. Figure 8.2 shows the
surface C-V characteristic of the electrolytic Schottky
junction. The successful realisation of m=-3/2 is demonstrated
by the straight line behaviour of against voltage. Such a
structure would be rather more difficult to achieve with a

conventional Knudsen cell where time constants rather g
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FIGURE 8.2; Capacitance-voitage characteristic of

electrolytic Schottdcy junction formed on the varactor

structure. Vrest is the rest potential corresponding to zero

bias and G is the resistive component of the AC conductivity.



than the “Is characteristic of the electrochemical cell

pertain.

When these layers were fabricated into 80um diameter diodes

(1), the devices showed the required linear behaviour in a

tuned circuit in the 2-18 GHz region. Since the devices were

relatively large, the associated capacitance was “4pF with a

series resistance of <lohm (dominated by spreading resistance

in the substrate). The capacitance ratio achieved for a IOV

change in bias was 14:1.

8.3t Guided Wave Devices.

Guided wave optical devices, and particularly optoelectronic

integrated circuits (where information may be processed

optically), are of increasing importance as a result of the use

of optical fibres in telecommunications systems and cable TV

networlcs. Devices such as directional couplers, phase

modulators and amplitude modulators can be made iIn both

semiconductor and dielectric materials but a particular

attraction of semiconductor guided wave devices Is their

inherent potential for integration with light sources and

detectors, significantly reducing the problem of

interconnection losses associated with hybrid devices. However,

semiconductor waveguides have until recently had a reputation

for high optical loss (particular ly in comparison with their

main contender, lithium niobate), which has been attributed at

. fr carriers in the guidin
least in part to the presence of PP 9 9
material (2). To estabfish’ t#ai%li)o\(/vv loss semiconductor

i ) - towsirds sictivo
waveguides were feasible, and as
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optoelectronic devices caPable of optical processing, the

following structures were grown.

Figure 8.3 shows a layer structure for a simple semiconductor

waveguide. The structure was designed as a precursor

active device so the

to an

lower confining layer of Ga™"MAIQ Q4AS was

sulphur doped with the electrochemical sulphur cell to

5x10”Mem’ . The guiding layer was nominally undoped GaAs,

typically IXIO™Mcm

The layers were characterised by fabricating rib waveguides

(3). Photoresist stripes were defined and ion beam milling used

to produce ribs -0.2-0.4um high and 2-15um wide in the top GaAs

Loss measurements on guides up to 13.5mm long (to reduce
the effect of coupling

layer.

losses) were made using |.ISum radiation

and gave propagation losses "2dB cm This low value indicates

that integrated optical circuits may be made in which lengths

of a few mm are characteristic and where device losses may be

less than I1dB.

on the strength of this worlc, active device layers were

subsequently grown where the GaAs guiding layer was capped with

low-doped (n-5>cl0lI5cm-3) Gao.gs'Mo.is'*®

Schottiry contact could oe made. This structure enabled an

electric field to be applied across the GaAs guiding layer to

Change its electro-optic coefficients while keeping optical

losses low by minimising the overlap between the guided mode

and the electron concentrations in the confining layers.

However, in the course of the project, the n-type dopant was

Changed to silicon and the material from which succe”™ul phase

modulators and directional couplers was made were so doped
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(4,5).

8,4;: Laser Structures.

The threshold current density of broad area double

heterostructure lasers provides a relatively convenient

eoenchmarlc for the "quality of the material grown by a

particular technique (6), being a sensitiva function of carrier

lifetimes, recombination rates and optical losses. Therefore,

at an early stage in the study of the growth and sulphur doping

of GaAlAs, such a structure was grown as depicted in figure

8.4. This was however a rataer optimistic one-shot effort at

the structure and evidence from oall-lappmg and

electrochemical C-V profiling revealed that the doping levels

were rather lower and the thicKnesses rather different to those

intended. Nonetheless, broad area lasers, fabricated by

IOOum wide oars (7) showed threshold current

densities in the range 4- 6KA.cm-2,

cleaving into

.tiile a good value might be

more line IllIcA.cm-2. .»ch of the high threshold may be

attributed to the wide active region and poor optical

confinement of the non-ideal structure and the low doping

levels giving high contact resistances (7). The successful

achievement of lasing action was however most encouraging but

indicated that the sulphur doping mecnanism was not fully

understood and deserved further study.

In another experiment, a GRINSCH (8) laser structure was grown.

This structure features a graded refractive index in the

guiding region to modify the guided mode to an optimum

configuration for launching into an optical fibre. The grading
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FIGURE 8.4: Double-Hetetostruoture laser layer sequence. The

measured values.



FIGURE 8.5 Aluminium SIMS IOrotlle through a GRINSCH laser

structure.
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structure.



is achieved by varying the aluminium content of the GaAlAs

layers as shown by the aluminium SIMS (9) profile in figure

8.5. The structure was grown with a view to exploring the

feasibility of producing such graded layers by MBE rather than

with the fabrication of lasers in mind but was deliberately

doped like a laser structure nonetheless. The sulphur SIMS

profile is shown in figure 8.6. The intended doping profiles

are clearly reproduced. Although there is some random noise and

a gradual decay on the sulphur trace (whose causes are

unknown), the change in doping level is quite abrupt. 1In

particular, the lac< of any cnange in the sulphur count rate

synchronous with the transition from GaAs to GaAlAs is

consistent with the SIMS analysis of sulphur doped layers in
chapter 7.

unfortunately it was not possible to fabricate broad area

lasers from this material since it suffered from a very high

density of oval and spit-type defects rio5cm-2).
this was

The cause of

later traced to a defective gallium crucible, rather

than being symptomatic of sulphur doping. This means that no

optical or electrical data ate available. This particular

example is of value however Iin that it indicates that sulphur

may be incorporated into a relatively complex structure

involving varying Al content and heterojunctions in a simple

manner.

8,5; Low Dimensional Structure”

—_— i -
Recently, a new class of (r(n’a{t’erri'aials have been developed which

C and ©lectronic
allow access to a whole range o P
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properties previously unexplored. These are the superlattices

or quantum-wells which are heterostructures with band-gap
discontinuities so closely spaced that the bullc optical and

transport properties are strongly modified. When the layer

thicknesses are reduced to below about 500A, and the electrons

are confined in potential wells whose width is comparable to

their de Broglie wavelength, new quantum-mechanical states

appear. The "bandgap-engineering"” facilitated by this process

has produced many new device designs with novel and enhanced

properties (10).

The high electron mobility transistor (HEMT) (11) is one of the

simplest devices to ta*e advantage of low-dimensional effects.

Figure 8.7 shows the physical structure and resulting band

diagram for such a device in GaAs/GaAlAs. The band-edge

discontinuity produces a potential well which dips down below
the Fermi level generating an essentially two-dimensional

electron gas. The electrons, generated by the donor impurity

atoms in the GaAlAs, are confined in the well and travel freely

parallel to the interface. The undoped GaAlAs layer acts as an

insulating spacer to provide coulombic screening of the

carriers from the donor scattering centres. Since the GaAs is

unaoped and the carriers are separated from their donor atoms,

the ionised impurity atom scattering

IS suppressed and the
electrons travel with high mobility. By appropriate choice of

doping, this enhanced mobility may be combined with high sheet

. i fa<5- low resistance devices,
carrier concentrations to y »

The mobility may be further increased by reducing the

temperature and freezing out the phonon scattering processes.

i of fast
Apart from the practical In the area

applications
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devices, the fundamental physics of transport properties in

two-dimensional electron gases provides a wealth of interesting

phenomena, particular ly at low temperature andi.high magnetic

fields, in high mobility samples, with long scattering times,

electrons are able to perform complete orbits in a magnetic

field before being scattered. Such motion modifies the electron

density of states giving rise to Landau levels. Since the

electron transport properties are largely determined by the

density of states, the Landau levels modify the resistivity of

the material. Crucially, the Hall resistivity is quantised in

units of h/e”™ independent of sample sire. This provides a route

to the standard ohm expressible in terms of fundamental

constants only. It seems to be the case that the best samples

for studying this Quantum Hall Effect (QHE) are those that

possess only moderately enhanced mobilities and significant

interfacial disorder. In samples with the very highest

mobilities, purity and crystallinity,

cooperative electron

effects dominate and conduction is via apparently fractionally

charged particles (12). The experimental measurement and

theoretical description of these effects and the explanation of

the role of disorder and impurities is currently an area of

vigorous activity in solid state physics.

Figure 8.8 shows a SIMS profile (9) through a HEMT structure

doped with selenium. The Al and Se traces have comparably

abrupt profiles and comparison of the half-height points

reveals an undoped spacer layer thickness of 85A which compares

intended value of 87.5A. Although the reason for the
sloping of the Se profile

with the

in the doped GaAlAs region is

unknown, the required structure is realised.
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Figure 8.9 shows the electron mobility versus temperature for a

number of sulphur and selenium doped HEMTs grown with different

undoped spacer layer thicknesses. Also shown are the results of

Stormer et al (19) who used silicon as the dopant. The initial
rise as temperature is reduced is due to the suppression of

phonon scattering. For 3-D samples at low temperatures, where

phonon scattering 1is reduced, one would expect a

dependence characteristic of ionised impurity scattering. Since

the ionised impurities and the electrons are separated

HEMT structure,

in the

the suppression of this dependence and the

existence of a plateau in mobility are characteristic of 2-D

structures. The higher

mobilities at the largest spacer layer

thicknesses are due to the enhancement of this separation (19).

Figure 8.10 illustrates this different behaviour of mobility as

a function of temperature in 3-D and 2-D systems (21).

several modulation sulphur doped GaAs-GaAlAs heterostructures

have been grown and supplied to various establishments for

studies of 2-D effects (13). One particular sample MB397, whose

structure was shown in figure 8.7, has been subject to detailed

examination at the Cavendish Laboratory, Cambridge, along with

similar silicon doped structures grown in the same system (14-

17). For example, the Quantum Hall Effect

figure 8.11 for a gated Hall

is illustrated

bar sample of MB397 (14). The

guantisation of the Hall resistivity

iIs clearly apparent in the

nearly step-like transition from plateau to plateau.

Measurement at h/igﬁﬁﬂgaaenm{/ reveals the suppression of the

i ) ) a ridnce of fractionally
integral quantisation and the app

guantised states, characteristic of mutual interaction between

electrons. Silicon-doped samples show similar

behaviour (15).

Further samples of this material have been proc

111



FIGURE 8.9: Electron mobility vs. temperature for a series of

HEMTs with different undoped spacer layer thicicne”ses. Solid

lines from reference (19), + data.



FIGORE 8.10: Comparison of the behaviour of electron mob’

as a function of temperature for 2-D and 3-D samples.

y



FIGURE 8.11: The Quantum Hall Effect in a sulphur doped HEMTI.

oL i . netic field. From
Hall resistivity 1is plotted against mag

reference (14).



electron beam lithography to produce HEMT FETs where the device
size is reduced in two dimensions (16,17,18). Figure 8.12 shows

a micrograph of a HEMT-FET with a 50nm gate stripe.

Measurements on this device have revealed behaviour

characteristic of 1-dimensional conduction (16,17).

8.6; Postscript on DX centres.

In chapterl, we commented on the possibility of reducing the
effect of the DX centre in AlGaAs by the use of chalcogen
dopants to getter arsenic vacancies. Fundamental studies of

transport prooerties, such as those outlined above, have failed

to reveal any substantial différencies between silicon or

chalcogen doped material grown under similar conditions. In

particular, the degree of carrier freeze-out and persistent

photoconductivity is similar for both sulphur and silicon doped

HEMTs as depicted in Table 8.1 (21).

This Dehaviour is consistent with more recent theories on the

nature of DX centres in the light of its constancy of Dehaviour

across MBE, LPE and MOVPE-grown AlGaAs doped with Te,Se,Si,Sn

or S (22), especially so since the observation of persistent

photoconductivity and the DX centre in GaAs and AlGaAs under

hydrostatic pressure (23,24).

Current models of the DX centre are expressed mostly in terms

of the interaction between substitutional donors and the multi-

valley conduction band structure of GaAs and AlGaAs, rather

than by invoicing donor vacancy complexes ( 23-27).
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Electron Concentration Electron Mobility

(cm"N) (cm~v'As'-1)
Temp. Dark Light Dark Light
MB397(S) IOK 1.9x10M 2.2x107\N 1.3x10~ 1.8x10°
300K 4x10™\N 4.5x10"N 6000 6000
MB458(Si) 10K 4.2x10M  5.6x10™M™ 1.6x10" 1.8x10"
300K 7.5x10™M  7.5x10™MN 5800 5800

The enhanced carrier concentration and mobility under

Illumination persisted in both samples for approximately 2.5
hours.

TABLE 8.1: Comparison of persistent photoconductivity in

sulphur and silicon doped HBMI structures.



8.7;: Conclusioas.

In this chapter we have shown that, despite the non-ideal

incorporation behaviour of S and Se at elevated growth

temperatures, a wide range of GaAs/GaAlAs structures may be

grown successfully S and Se doped with properties comparable to

those conventionally Si-doped. In several instances, enhanced

performance (varactor and low-loss waveguide) and new phenomena

(HEMTs) have been observed.

In the next chapter, we draw some general conclusions about

chalcogen doping in MBE and suggest some areas for further

work.
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CHAPTER 9: COHCLOSIOHS AND SUGGESTIONS FOR FURTHER MORE.

9,1; Conclusions and Suggestions.

High purity and chalcogen-doped GaAs has been grown in a
diffusion-pumped MBE system and has mobility and

photoluminescence properties comparable with those from Si-

doped GaAs grown in ion-pumped systems. The lacic of any

deleterious effects attributable to the use of diffusion pumps

confirms their value in MBE systems, especially in those cases

where high gas loads have to be handled (e.g. in gas source MBE

where arsine and phosphine are used).

Earlier calculations indicating that S and Te should be

incorporated into GaAs under MBE conditions have been extended

to include Se with similar conclusions. The calculations have

been furtner extended to include S, Se and Te Iin inP and the

predictions for this system discussed in conjunction with the

limited experimental MBE data available.

Electrochemical sulphur and selenium Knudsen cell have been

demonstrated as versatile and highly controllable sources of

n-type dopant for MBE growth of GaAs and GaAlAs alloys. At low
growth temperatures, S and Se incorporate into both matrices in
a simple manner with no evidence for anomalous diffusion,
segregation or electrical activation properties. At higher
growth temperatures (>590°C for S and >620°C for Se) some
reevaporation of the dopant is observed during growth and is
attributed to the formation of volatile Ga2S and Ga2Se. This
loss may be overcome however by increasing the incident S or Se

flux or by increasing the arsenic overpressure. The behaviour

NSex
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has been modelled successfully in terms of the competition
between two reactions.

1) The reaction of S or Se with arsenic vacancies to give
incorporation of the chalcogen onto the arsenic sublattice as a
donor in the normal way. This reaction is known to proceed
unhindered at low growth temperatures.

2) The foftiation of the volatile gallium chalcogenides Ga2S and
Ga2Se)the Kinetics of which reaction are mediated by the

stoichiometry of the growing GaAs surface.

A thermodynamic frameworK has been described in which the
equilibria between the MBE species and the solid and gaseous Ga
chalcogenides are calculated. These calculations predict that
the volatile species Ga2S and Ga2Se should form under any
practical MBE growth conditions so the successful doping of
GaAs with S and Se must oe due to a kinetic barrier to their

formation.

Similar calculations for the aluminium sulphides suggest that

they should nave much lower equilibnwm N vapour pressures
under MBE conditions so loss of sulphur from GaAlAs alloys is
still believed to occur via the formation of Ga2S, albeit
progressively reduced by the dilution of surface Ga atoms by

the presence of increasing Al concentrations in these alloys.

The calculation for the aluminium selenides predicts borderline
pressures comparable with the incident Se pressures. Depending
on whether their formation is kinetically hindered or not, the
doping efficiency of GaAlAs with Se may be lower than for S at
high temperatures. The experimental position 1is presently

unclear in this high temperature regime for Se and would
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benefit from further work.

The doping study presented here has relied heavily on
electrochemical C-V and SIMS measurements on grown layers. As
such they only give indirect infomation on the doping
chemistry. This is a consequence of performing the experiments
in a production-oriented MBE system. More detailed information
on the Kinetics of the processes governing dopant incorporation
during growth might be obtained from a modulated beam mass
spectrometry study in the manner of Joyce et al (1). Although
the impinging and reevaporating dopant fluxes are much smaller
than the matrix element fluxes they studied, refinement of the

technique might allow direct identification of the

reevaporating species as Ga2S or GaZ2Se.

In practical terms, for GaAs selenium is probably the preferred
chalcogen dopant due to the higher growth temperature
achievable before the onset of reevaporation. Sulphur is likely
to be more profitably applied to GaAs/GaAlAs heterostructures,
especially HEMTs where GaAs growth temperatures may be used. In
this case it is likely that the wupper limit for electron
concentration using Si doping could be exceeded by the use of

sulphur with beneficial results for power devices and fast

HEMTs (2).

There are other material systems to which electrochemical
generation of chalcogen dopants might be profitably applied.
Sulphur and selenium have high solid solubility in InP and both
enable high carrier concentrations to be achieved OIO com ).
Apart from the electrical properties, the benefits of these

high concentrations in pinning dislocations in bulk inP growth
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are well Icnown (3). Successful intentional (and unintentional)

sulphur doping of InP has been achieved in MBE (4) using an

electrochemical source and morphological improvements have been

observed in highly S-doped layers.

Sulphur and selenium have also been used successfully as donors

in GalnAs and AlInAs layers grown lattice matched to inP (5),

althougn the narrow range of temperatures and arsenic

overpressures in which these materials have good electrical and

optical properties maKe it difficult to perform doping

chemistry studies in the same way as for GaAs. However, the

successful doping of these materials with S and Se is consistent

with the predictions from the GaAs and InP materials systems.

The antimonide alloy system however is a prime candidate for

the application of electrochemical chalcogen generation of

donors in MBE. Silicon 1is decidedly amphoteric in GaSb

producing p-type, closely compensated material. This property

also persists in GaAsSb alloys with less than 80% GaSb. Similar

difficulties exist with Al-containing antimonides (6). Selenium

incorporation and n-type doping has been achieved by the use of

PbSe compound sources, but the incorporation is complicated

both by dopant loss (presumably as Ga2Se) and the interaction
with Pb (7). Although it would be valuable to study all the
chalcogens in this system with electrochemical generation, the

worlc presented in this thesis would suggest that, in Al-

containing alloys at least, sulphur may be the most useful.

It seems lilcely however that silicon will continue to be used

as the main n-type dopant for GaAs/GaAlAs structures. The

disadvantages outlined in chapter 1 have largely been overcome
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or sidestepped. Sulphur or selenium are only likely to be wused
where their specific properties (e.g. high <carrier

concentrations or non-amphoteric behaviour) are required or

where the benefits of electrochemical generation are sought

(e.g. in the hyperabrupt varactor of chapter 8). Where such
needs arise however, this study provides the basis for such
use. Similar .ly, where S or Se might be applied in new
materials systems, in the antimonides for example, the
foundation for further experimental and theoretical studies has

been laid.
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The contribution of SIMS to the characterization
of llI-V semiconductor layers grown by

molecular beam epitaxy

G OT Spiller and D A Andrews. British Telecom Reseerch Laboratories. Martlesham Heath.

Ipswich IPS 7RE. UK

Secondary ion mass spectrometry (SIMS) is widely used in the analysis of semiconductor layers and devices,
such as those fabricated by molecular beam epitaxy (MBE). The need for controllably-doped, high purity, single
crystal layers with thicknesses from over a pm down to a few atomic layers, places considerable dernands on the
growth technique and on the assessment methods used to characterize the layers. This paper describes “*ow
SIMS is being used for trace level profiling of dopants and impurities and for matrix element profiling in MBt
layers. The profiling of very thin layered (multi-quantum well) structures is also considered.

1. iMroAKtioo

Secondary ion mass spectrometry (SIMS), with the ability to
detect many elements at concentrations between 1part in 10* and
10’ in thin layers (less than 0.1 pm thick), finds many applications
in the characterization of semiconductor layers and devices. The
high depth resolution (less than a few nanometres under ideal
conditions) makes SIMS well suited to the assessment of multi-
layer structures, which may contain a number of different
matrices.

The recent demands for microwave and opto-electronk devices
with progressively thinner, planar, epiuxial layers with extremely
abrupt compositional and doping profiles, has stimulated the
development of advanced crystal growth techniques, such as
molecular beam epitaxy (MBE)‘. Devices including photodetec-
tors, lasers and field effect transistors (FETs)* have been
fabricated from InP and ternary and quaternary materials such as
GalnAs and GalnAsP in the technologically-imporunt long
wavelength range 1.3-1.6 pm” Structures such as multi-quantum
wells (M QW s)' and high electron mobility transistors (HEMTSs)
with individual layer thicknesses of less than 5 nm have also been
grown by MBE.

This paper highlighu a number of ways in which SIMS has
contributed to the characterization of epitaxial layers (epilayers)
grown by MBE. The high sensitivity of SIMS makes it ideally
suited to the profiling of deliberately-introduced n- and p-type
dopants, incorporated to uilor the device properties, at concen-
trationsofless than | X 10* cm' *to greater than | x 10'* cm
The ability to identify unintentional impurities at similar
concentrations is also an important quality. Electrochemical
profiling’ is used routinely to measure the net carrier concentra-
tion in the epilayers and this usually gives the first indication ifan
electrically-active impurity (dopant or trap) is present, or if the
dopant has not been incorporated as expected. SIMS can then be
used to identify the impurity (independent of its electrical
behaviour), or produce the depth of distribution of the dopant. A

valuable approach in identifying impurities is the growth of test
structures designed to yield the maximum information from the
SIMS analysis of a single specimen.

The problems involved in profiling structures with very thin
layers (less than 10 nm) are also considered; the atomic mixing
which results from the sputtering process in SIMS’ makes the
analysis of these structures difficult. High resolution techniques
such as transmission electron microscopy are, however, already
making a substantui impact in this area’

2. Experimetal

2.1. SIMS In the analysis of semiconductor mater-
ials it is important to obtain the lowest detection limiu for
etemenu which are ekctrically-active as n- or p-type dopants,
while retaining the depth resolution required to analyse multi-
layer specimens. Practical detection limits depend on many
factors, of which the choice of primary ion beam and the presence
of mass interferences and instrumental background signals are the
most important.

Reactive primary ions, such as caesium and oxygen, are
commonly used to enhance secondary ion yields, thereby
improving deteaion limits’. For many n-type dopants in I11-V
materials, such as Si. S. Se. and Te and common impurities such as
C and O, the lowest detection limit is obtained with caesium
primary ions (detecting negative secondary ions): detection limits
with argon or oxygen may be higher by orders of magnitude.
Oxygen profiling is used to enhance the positive ion yield of
elements such as Be. Fe and Al.

Molecular ions, often formed from acombination of matrix and
residual gas atoms, can interfere with the detection of elemental
ions at the same integral mass. Although these ‘mass interferences
can be discriminated against by energy filtering or by high mass
resolution®*, the detection limit of elements will be affected and
impurity signab may be wrongly assigned. The unambiguous
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identification of impunties and profiling of dopants is helped if
more than one isotope can be profiled; the signals should be
present in the correct isotopic ratio if there are no mass
interferences. This does no guarantee, however, that the signal
arises from the specimen and is not an instrumental background:
while background signals from the vacuum such as C and O are
expected, others such as sulphur can also occur. Insome cases, itis
also useful to compare with a sample known to contain a low
concentration of the element of interest.

2 2. SIMS analyses. The SIMS analyses reponed here were
carried out in a Cameca IMS 3F* equipped with caesium and
oxygen ion sources. Primary energies between S-1S keV were
used in most cases, although energies down to |.S keV were used
in the profiling of multi-quantum well structures (see section 4).
Typical primary beam currents were | pA for and 0.1/1A for
Cs*. giving sputter rates of several /im h' Rastered areas were
2500r 500 pm square, with an area between 35and 150/im square
being analysed. Detection limits routinely achieved were 1-5 X
10* cm* * for Si. Sand Be. 1-10x 10* ¢cm' * for C and O. and
less than I x 10™ cm" * for Se and Te. Energy filtering was not
used in the examples given here (matrices GaAs. GalnAs and
GaAlAs). The problem of mass interferences in 111-V materials is
more severe in the analysis of InP. due to the presence of the
intense low mass P ' ion.

Concentration scales were derived by comparison with ion
implanted reference specimens. For convenience, these were not
usually run at the same time as the unknown specimen and care
was heeded to ensure that experimental conditions were
reproduced™. The concentrations are expected to be accurate to
better that +50%. considering both experimental errors and
possible dose inaccuracies in the implanted reference materials.
Depth scales were usually derived from a surface profilometer
(‘Dektak’'l measurement of the analysis crater.

13. MBE growth. Molecular beam epitaxy' is. in essence, a
vacuum evaporation process but with two main differenoes: the
vacuum is ultra-high (pressures < 10''* torr) and the product of
the evaporation is single crystal. Molecular beams, generated
from thermal Knudsen evaporation sources, interact on a heated
crystalline substrate to produce epitaxial layers. Each source
contains either a dopant or one of the elements that comprise the
compound to be grown. As the process name implies, the
transport of material from the sources across the vacuum to the
substrate takes place under conditions of molecular flow. The
interposition of a simple line-of-sight mechanical shutter between
each source and the substrate interrupts the beam and allows
different layer compositions to be achieved by switching between
sources. Shutter operating times are significantly shorter than the
monolayer deposition time ('»1s) resulting in potentially ex-
tremely sharp interfaces.

The layers described in this work were grown ina VG Semicon
Ltd VBOH or MB288 machine. Both are standard commercial
instruments and are used routinely in this laboratory for the
growth of device-quality layers in both GaAs and InP-based
material systems. The layers were grown using well-esublished
substrate preparation techniques and growth conditions". Typi-

cal growth temperatures were 500-680°C depending on the
material.
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3.1. Dapaat prnfiling. One of the advanuges of growing epilayers
over using bulk substrates is that the required dopants (n- or p-
type) can be incorporated into the layen during growth. In order
that the concentration of dopants may be controlled, it is
necessary to calibrate the sources. For example. Se doping in
MBE may be accomplished using an electrochemical cell™" in
which the flux depends on the applied potential. Figure 1(a) shows
a Se'doping staircase' in GaAs. for six different cell voltages. Two
different Se isotopes (m e” 78 and 80) were used to ensure the
unambiguous identification of the dopant (each profile has been
corrected for the isotopic abundance). By comparing the Se
concentration measured using SIMS with the cell voltage, a
calibration curve (Figure 1(b)) may be obtained.

A potential problem in any crystal growth technique involving
high growth temperatures (necessary to ensure good crystalline
quality) is diffusion of dopants during growth. Figure 2 shows a
depth profile through aGalnAs FET structure. Two highly p-type
(Be-doped. '-5x 10“ cm'*) layers are grown with an n-type
(Si-doped, ~10'" cm'*l layer in between. The SIMS depth
profile shows that a small amount of Be has diffused into the n-
channel from the lower layer, resulting in electrical compensation
of the Si dopant, a problem that may be solved by a correct choice
of growth conditions. The lack of Be diffusion from the top Be-
doped layer is probably due to the shorter time at the growth
temperature, compared with the lower layer.

3J. Impurity idcutification. The ability to grow epilayers of high
intrinsic purity, containing less than 0.1 ppm (<5x10'*cm  *)of
electrically-active impurities, is an essential quality of any crystal
growth technique. However, impurities can arise either from the
equipment itself (particularly in view of the high source (up to
1100 C) and substrate temperatures employed) or from starting
materials used to grow the epilayers. SIMS is used routinely to
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Figwe Ifa). SIMS depth profile of Se 'staircase’ in GaAs. showing six
doping Imis cofTcsponding to Se-ceil voltages of 180 (closest to surflMel.
200. 2ia 230. 240 and 250 mV. The two Se isotopes produce almost
indistinguishable profiles. (Analysis cooditwas 14.5 keV Cs * ions, detect-
ing Se'.)
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Finm 2. BerylUum depth profik through a GalnAs FET «v ™t/
showing Be diffiMon from the lower layer into the middle
rtfihmJ (Analysis conditions SkeV Oj primary ions, detecung Be .)

identify impurities in epilayers, but the crystal grower roust then
identify and eliminate the source of the impurity.

Figure 3 shows a depth prohle through a GaAs test structure
grown to test for the presence ofimpurities in the arsenic Previous
experience had shown adependence of residual carrier concentra-
tion on the supplier of the As source material and also on the
batch number**. In one particular case, in which a residual n -t
carrier concentration of *=10** cm “ * was obtained, wet chemical
analysis showed Te to be present at comparable levels**. A four
layer test structure was grown at different excess As fluxes in each
layer to highlight the dependence of the doping concentration on
the As source temperature. The SIMS profiles clearly show the

presence of S, Se and Te in the layer grown at the highest As
overpressure, indkatiog an impure batch of arsenic. The elements

were present in decreasing concentrations (S>Se>Te), as

expected from the relanve volaulity of these ekmenu. Sulphur has
also been identified as an impurity in MBE InP in a similar
experiment**.

The volatile rheonngM*« S, Se and Te are not routinely screened
by material supplien, and even at the detection limit of
conventional spectrographk techniques (typically 1 ppm, - 5x
10“ cm*“*), it is evident that these elements can still pose a
problem in semicooductor applications. The identification of

as important trace impurities highlighu the need
for more sensitive screening of arsenic (and possibly other
ekmenu) by materials suppliers. While SIMS could be used after
the growth of Uyets. analysis of the surting material by new high
sensitivity techniques such as glow discharge mass spectrometry
would be a more utaCsctory approach.

3J. Matrix skwMWi prafliac. Although the main strength of
SIMS lies in itt ability to detect low concentrations ofeleroents, in
some situations itis a valuable technique for rapid depth profiling
of matrix elements. Techniques such as Auger electron spectro-
scopy (AES)*, in combination with sputter profiling, are capable
of detecting concentrations inexcess of 1%, but profiling rates are
often several times slower than those routinely achieved with
SIMS. (This arises not from a (undannental limiution of the
technique, but from the low current density ion guns convention-
aOy fitted to AES profiUng systems.) However, quantitauve
profiling of matrix ekmenu (> 1% ) with SIMS iscomplicated by
the non-linear reUtionship between concentration and ion yreld at

B
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these relatively high concentrations. Nevertheless, qualitative
data is often a”~uate in these insunces.

Figure 4 shows an Al profile through a 8~ thick
Ga,].,Al,As/GaAs multilayer sample. Successive layers with
X>0.2.0.0S and 0 were grown at each of three different substrate
temperatures. A problem was suspected with the shutter on the Al
source, which may have resulted in some of the later layers not
containing Al. SIMS profiling quickly showed that all the layers
were present and that the problem had occurred after the
completion of growth. Such rapid confirmation that the intended
structure had been grown prevented the possible waste of
subsequent device processing time.

4. ProAHag of low dimcaiioaal strwctaws

There is considerable interest at the moment in ‘low dimensional
structures' (LDS). in which the layer thicknesses are suffiaently
small (less that SO nm) that bulk properties are altered. Techno-
logical interest arises from the ability to vary the bandgap in
multi-quantum well (MQW) structures by varying the layer
thickness', opening up the possibility of producing a wide range of
high performance opto-electronic devices for telecommunications
applications. MQW s comprise many (up to 100) alternate layers
of two different matrices, such as GaAlAs/GaAs or GalnAs/InP.

SIMS analyses of such structures it problematical, even for
matrix elements, because of the relocation of atoms that occurs
during any sputtering process, resulting in a loss of depth
resolution. The extent of this ‘collisional mixing' depends on the
penetration depth of the primary ion'”and is therefore dependent
on the primary beam energy, angle of incidence and mass of the
primary ion. In general, this effect will be reduced for low beam
energies, glancing angles of incidence and heavy primary ions. In
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addition, recoil implantation (knock-on ofatoms in the sample by
the incident ions’ ) and chemical segregation (caused by the use of
reactive pnmary ions'*), may also occur, producing a further
broadening of the profile.

Experimentally, the primary beam parameten may not be
independently variable: in particular, in the Cameca IMS 3F. the
presence of a high extraction field in front of the sample either
retards or accelerates the incoming ion (depending on the relative
polarity of the specimen and pnmary ion), resulting in a variation
of the angle of incidence with energy. Furthermore, the lowest
practical beam energy isabout I.S keV (net), at which the glancing
angle of incidence produces an increasingly elliptical beam which
is difficult to focus. The situation is better in quadrupole-based
instruments, which use a low extraction field™*. This allows low
energies (less than | keV) to be achieved and decouples the energy
and angle of incidence. These may then be freely varied to give the
optimum depth resolution. Although high extraction field instru-
ments, such as the Cameca IMS 3F allow more rapid, high
sensitivity profiling of samples than quadrupole-based instru-
ments. the latter instruments may be better suited to studies
requiring high depth resolution.

The performance of tne Cameca IMS 3F under low energy O,'
profiling conditions is shown in Figure 5 The Al profile from a
Il nm Gao 7AI0 ,As/8 " ~aAs MQW (after profiling through
0.1 /im of GaAs) isshown at 8.0,2.0 and 1.5 keV (net). The energy
per incident oxygen atom is halfof these values. The correspond-
ing angles of incidence are estimated to be 39. 64 and 90 to the
normal respectively. The improvement in depth resolution with
decreasing energy is clearly seen. The peak-to-trough ratio
increases from 2 at 8.0 keV to 100 at 1.5 keV. while the depth
resolution, defined here as 10-90% on the trailing slopes improves
from 4.7 nm at 2.0 keV to 2.9 nm at 1.5 keV (the value at 8 0 keV
cannot be defined in this way). These values correspond to
dz/r > 4.7 and 2.9% respectively at 100 nm beneath the surface.
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This paper has given a number of illustrative examples of the way
inwhich SIMS contributes to the characterization of semiconduc-
tor epilayers. Although the pnncipks of SIMS are straightfor-
ward. the reliable application of the technique requires an
appreciation of the problems which may anse from mass
interferences and background signals. An awareness of the factors
affecting detection limits isessential so that the best values may be
obuined.

It [Sevident that the value of SIMS dau is greatly enhanced if
the profiles are provided to the crystal grower in a quantitative
form: a correlation between electncal performance and dopant or
impurity concentration can then be quickly esublished. The
technique is subsuntially devalued in this area if only qualitative
data is supplied. Furthermore, the value of growing special test
structures, specifically for SIMS depth profiling, has been
demonstrated.

The use of SIMS as a means of rapid matrix profiling has been
shown. However, the profiling of LDSs is still a problem area and
more work is required to explore the feasibility of using SIMS to
analyse these structures.
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The Influence el growth conditions on sulfur Incorporitlon liUlaAs grown by

molecufar beam spitaxy

D.A. Andrt«irt.R. HtcwnQbotlom.and G.J. Oaviet
Brtttik Ttkcom Km utk Labontoria, Martialtam Hmtk Iptwkh IPS 7RS, (MM Kmtdom

(Received 22 December 1982; eccepted for pubUcatioa 17 March 1983)

sulfur cell has been used as a source of donors for molecular beam epitaxy
grown OaAa. The falvanicoeUb P t/A f/A fl/A f2S /Pt The electrical and optical propeitiefl of

the ilma grown in the flubetrate temperature range 550-590 *C are good. However, at wbetrate
temperature» above 600 *C the incorporatioo rate o fsulfur b much reduced. The reduction in the

incorporation rate b explained on the basb of the competing reactkmfl (1) the incorpontion of

sulfur into the OaAs matrix and (2) the formation o f volatile Ga"S. A detailed dbcuiaion of the
imxwporatioo atelevated substrate temperatures and with varying As*/Oaratiob preaented. Itb

abo demonstrated that if the substrate temperature b reprodudbly known tha t”

electrochemical cell can be used to introduce intricate doping profiles into epitaxial OaAs. A
hyperabrupt varactor diode has been fabricated as an example.

PACS numbers: 68.55. + b, 81.15.Ef

INTRODUCTION

The Group 1V elements Sn, Ge, and Si have been used
almost exclusivdy for donor impurity incorporation in mo-
lecular beam epitaxy (MBE) grown GaAs. However, the in-
corporation of these elements into the growing layers is not
straightforward, and some complications occur in practice.
Tin shows marked segregation at the surface,' and for thb
reason it Ddifficult to achieve abruptchanges in doping pro-
file. Germanium shows the amphoteric bduvior”™ implicit
in all Group 1V elements. Silicon, which appears the most
promising.” also demonstrates its amphoteric nature atcon-
centrations in excess of 5x 10°* cm\' Furthermore, it re-
guiresahigh temperaturesource which makesit particularly
ggngitive to unintentional impurities generated at the source
and its surrounds.*

The other major source ofintentional donor impurities
b the Group VI ekments, Se and Te. These have received
little attentk» until recently which probably arisesfrom two

causes. Thefirstb ambcooceplioa that hi|™ vapor pressure

f teriaia are unsuitable frir incorporation mto MBE grown

layers. However, it has recently been shown” that strong in-
teraction bft™**** the Group VI impunties and the GaAs
host lattice b sufficient to ensure effective doping. The sec-
ond b the practical problem thatduring bake-out mosto fthe
Group VI charge would be lost from the Knudsen cell. Re-
centwork hasillustrated experimentsto overcome thb latter
pomtWood*used**captiveaouroes**intheformofthedial-
cogemdesPhS and PbSetoobtain donor impurity incorpora-
tkm. The lead wasfound not to be tneorporated in detectable

WMMWiIf r>iKii« cf al ***have used SnTc in a similar man-

ner to ¥**” controlled donor incorporatioo. However, at

devated substrate temperatures (> 8S0 K) surfime segrega-
tiou of both the Sn and Te was observed. Davim cr a/."
described a novel method of incorporating S into OaAs u”
ing an dectrochemical cdl. Thb cdl utilixed the galvanic
ocD Pt/Ag/Agl/AgsS/PL When as EMF b appfied across
the odl, with the poflitive pole at the AfcS Aen thestoichio-
metry of the Ag” b ahoed, firom silver sulfide coexisting
with metallicsilveratone extreme to silver sulfide coexisting

4421 J.Appl.Ffiys.Mm. August IStS

0Q21-W7«/t3/0t4421-06802.40 ®

with liquid sulfur at the other. Within thb range of nonstoi-
chiometiy the chemical potentiab and therefore the activi-
ties o f both silver and sulfur atoms in the silver sulfide vary
with stoichiometry. Thus changing the cell EMF changes
the gas phase pressure o f sulfur over the cell. Then provided
the cell b kept at some modest temperature, i.e., 473 K, sul-
fur molecules S. where 2<x<8 effuse from the c”~ . In the
regime in which we chose to work the sulfur species was Sj
which predominates by 3-4 orders of magnitude over the
next most abundant species, S)."»

The primary advantage Of thb cell b ite fast time con-
stant, which was shown to be —1s. Thb b fast when com-
pared with MBE growth rates (~6 A s” ') and with conven-
tional thermal Knudsen cells. Thus one can consider
introducing, in a fimile manner, comirficated dopingp ro »
with very sharp interfaces into the growing byer with just
one cell.

T hb paper reports an extenskm o f that work winch ex-
amines the effect of substrate temperature variation and
Aa«/Ga flux changes on the incorporation of suite atoms
into MBE grown GaAs. The impetus fcr the work b the
improved crystd quality that can be obtained afi

(>850 K fijT GuAs and >950 K te GaAlAs).
Thus it been««*» necessary to investigate the incorporatioo
behaviour ofSj molecules in GaAs at these temperatures.

EXKRIMOFT

The work was carried out in a Vacuum

Generators MB288 three chamber MBE system which has
been described previously.” Thesuite doped”As epitax-
ial layen were grown on both n type (Si doped) sod se”
insulating (Cr-doped and undoped) GaAs wbstra»Sob-
strate preparation was carried out immediately before

the substrate into the M BE system using chrmirsj

treatments, . to those described in te lite«™”” -
After loadini, t e substrates were outgaised in the prepare

tioo chamberat 775 K until te pressureinte chamte fa

to < IX IO-’ torr. The substrates weretotra n s~ to
the growth chamber, where they were heated to -880 K in
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an anenic flux to deaoib the surftce oxide layer. This
jiM*=*deaninf procedure left the GaAs lufface freeof C and
O oootaminatiofi, within the limits of sensitivity of Aufer
Electron Spectroscopy (AES). Growth rates of 1/im h~'
were used throu”iout the S doping experiments.

The electrical and optical properties of the resulting
layers are "

results AND DI9CUSSION
A.SuNUrdoping ranullt

The effect of varying the substrate temperature (7.)
during growth is shown in Fig. 1. The sulftir flux was kept
constant throughout the epitaxial growth by applying an
EMF of ISS mV to the electrochemical cell.” This corre-
spondsto afluxofS, mcdeculesofS.2 X I(f molecules cm~"
s~'arriving at the substratesurface.Jo* waskeptcon-
stantat 2:1 whilst r, was increased in four steps from S90 *C
(863 K). It is evident from the C-V profile'® that there is a
decrease in carrier concentration with increasing substrate
temperature. Secondary lon Mass Spectroscopy (SIMS)*
bearsout the result that this is due to a decrease in the sulfur
atom concentration. We believe that the mechanism respon-
sible Ot this decrease in sulfur atom concentration with in-
creasing r, is the increased desorption of from the
growing layer at high substrate temperatures. A similar re-
sult was obtained when repeating this experiment but with a
lower incident S, flux 0f S.2X 1~ molecules cm~" s~"', i.e..
ataoeUEMFofI3SmV.

The incorporated concentration can be plotted as a
function of reciprocal substrate temperature so that the acti-
vation energy for desorption can be calculated. This isshown
in Fig. 2. Also shown in this figure are the data extracted

from the work of efgl.on SnTe mcorporation."™ It
can be seen that the temperaturedependence ofTeincoipor-

ation (measured by SIMS) into OaAs exactly mirrocs thatof
S incorporation. The activiation energy is the same in both
ernes, ~ 70k calmole~'over thesame temperature range. It
isclear thatthe high and very diflierent vapor prem im o fthe
two elements, at the substrate temperature, are not relevant
to the situatioo at the OaAs surfime.

?‘é}“}’ tﬁC—\ttpiggl_lnal_bi_ir%Bﬁlmaﬁk

4422 J.Aapl.Phya..V0i.S4,NO.t, AugMtIM 3

The desorption of sulfur from GaAs over this elevated
temperature range can be partially offset by increasing the
As4.-Ga ratio. This is shown in Fig. 3 where the substrate
temperature was kept constant at 61S *C (888 K), the sulfur
flux was also constant at S.2.10* molecules cm~" s~" whilst
the As4:Ga ratio was varied from 1.S:l to 9.3:1 in four steps.
As can be seen from Fig. 3 increasing the As4iGa ratio in-
creases the incorporatioo concentration of sulfur. Again this
exactly mirrors Collins data for Te from SnTe.

B. Tharmodynamic framawork
The desired doping reaction
JSj(9)-f e, 1)

where S/If) is diatomic gas phase sulfur,
vacancy in GaAs,

is an arsenic
isaNkmixed sulfur atom on an anenic
site in GaAs and « isan dectron in the conduction band of
GaAs, hasbeen considerad earlier.” 1t was shown, by consid-
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crini thesund«rd(kpendenceof |[K™] on andtheob*
served (kpendence on sulfur in the fas phase from VPE, that

(s;.)-»"prPA .4 Y

werePs, arethe(wes8uresinatmoal riiercsofspcciet

S, and A% in the gas phase, [S” ] is the concentration in
cm ! oof in GaAs and iC is the equiUbrium oonstanL
Substituting Pa* 2x10~* torr we obtain Pg
= 3.19X 10~"*torr for a useful dopingof [S”~] ==2x10"
cm~* at 360*C (833 K). Thus, based on reaction (1) any
typical MBE beam pressure would lead to the incorporation
of S as a dopant. In order to grow a layer with the above
doping level therefore, the flux of S, should be simply
5x 10" thatofGa—typically Ps, = 5x 10" " torr for Pq.
= 1X 10"* torr.
In the earlier paper the competing reaction

2Ga,, + jSjigM jaiSig) 3)

was considered briefly. It was clear from existing results'
that it was not an important consideration at 360 *C. The
present work indicates that sulfur loss is, however, most im-
portant at higher temperatures and reaction (3) therefore re-
guires closer analysis. First it is noted that strictly speaking
Ga in GaAs should be considered. However in MBE, condi-
tions are very close to the Ga liguidusofGaAs and consider-
ation of Ga (1)—or gallium liquid— is a very good approxi-
mation, well within the accuracy required.”* The detaib of
the approach including a check on the self-consistency ofthe
method are given in the Appendix.
Reaction (3) then gives

K —P

Takingqliterature values” " weobtain/T) = 9.22 X 10®
atm *at 360 *C. Substituting the valueo fP if inequilibrium
with [S” J=2x 10"cm "’ givesPqg, = 1.89atm.

Quite clearly therefore, thermodynamically all the sul-
furshould be converted to GajS even at 360 *C. There should
be virtually no doping, so any observed doping must be due
to a kinetic barrier preventing reaction (3) proceeding. It
should also be noted that changes very little over the
experimental range studied and is 2.30X 10® atm'' at
630 *C. There is therefore no thermodynamic explanation
for the observed changes in do]mig efficiency in this tem-
perature range.

There is just one flnal aspect to be considered at this
stage. It may be argued that as [S”. ] should not actually be
formed, it should not be used to calculate the value o f to
be substituted in Eq. (4). One naay start with the beam pres-
sureinstead (3X 10"” torr)and assume itis all converted to
Pgm UX Using this value in Eq. (3) we obtain
the corresponding value of Pj~ leading to [S”™]

s 1.33X I0*cm "'. This approximatk» is therefore excel-
lentwith allbut 2: 1X 1 0 " of the available sulfur following

the assumed route.

In order to understand more about the sulfur dopmg
reaction therefore, the kinetic barrier to loss of Ga”S must be
examined in more detail.

C J%-"fogn

It is evident from Fig. 2 that when the incorporated
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oonoentratioos o f S and Te are ploctad as a Ainctioa of rad-
pcgcal temperature they have tte same tcmpcratuit depen-
dence. The calculated activabon energy for the desorption
process in both cases is —=70 k cal mole"'. This isasunilar
tmnperaturedependence to that reported by Panish™ for the
border between different RHEED patterns on the GaAs
(100) snrftce as a function of Asj/G a ratio, e.g., the GaAs
(2 X4) As stabilized surface to the GaAs (3X 1) As slabihxed
surftce. Itis tempting to speculate that the rate detennuung
step for all three processes is the lom of arsenic from the
suiftce layer.®Particularly so, as in both cases the effect of
increasing substrate temperature on doping can be partially
oflxt by increaung the As«/G a ratio as is shown in Fig. 3.
Collins er al. observed a similar behavior for Te incorpora-
tion from SnTe with a variation of They, however,

that the increase in Te incorporation UX increas-
ing As4G a ratio was the opposite to what might be expected
from thermodynamic point defect models. This would be
true if the incorporation reaction were the only important
one. We suggest that the effect on the competing loss reac-
tion is the domiiumt one. Thus the lossof arsenic atelevated
temperatures not only leads to the formation o f new surface
structures but also leads to an increasing surface Ga popula-
tion free to bond to dopant atoms via a much lower energy
transition stote and so to a loss of volatile species such as
GsjS or (GaTe)2 Therefore, increasing the As”G a ratio de-
creases the free Ga surface population available to bond to
the Group VI dopantatoms. Thus we have the situation that,
aswe increase the substrate temperatureto 830 K, wesee a
change in the relative rates o f the two competing reactions (1)
the incorporation of sulfur into the GaAs matrix and (2) the
formation of GanS. At temperatures below 830 K the kinetic
barrier to reaction (2) reduces the formation of GajS to a
negligible amount, allowing reaction (1), where no kinetic
barriers have been detected, to dominate.

D. Application to varactor fabrication

Despite this increasing loss of sulfur with increasing
temperature we are able to demonstrate the usefulness of the
electrochemical cell in the MBE growth of GaAs provided
the substrate temperature is known reproducibly. Figure 4
shows a range o fdoping leveb achieved over a large number
ofgrowth runs even when working in a region where there is
some loss of sulfur. As is implicit from this figure a straight
line relationship holds between applied EMF and incorpo-
rated S concentration from levelsof —Ix 10*cm ™’
to 3-4x10" cm "’'. At high doping levels (-3-4x10"
cm " ")adeviation from the straight line is observed. This is
approaching the value for the solid solubility limit for S in
GaAs as observed by other workers using different crystal
growth techniques.”

A more practical demonstration of the versatility o f the
electrochemical cell is evident in the fabrication of a test
hyperabrupt varactor for use as a narrow band microwave
tuner. The epilayer was grown at 880 K. The C-V profile
through the varactor structure is shown in Fig. 3. As can be
seen the plot shows four separate regions which exactly
match the required theoretical profile. From the air/semi-
conductor interface there is (1) a region of constant doping
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level whose thickness is calculated to deplete out when con-
tacted to. (2) an exponential region with exponentof - 3/2,
131a plateau region in carrier concentration, and (4) a hypera-
brupt change to an N buffer region. The complete structure

no. SKIA% ilctiilinab bl etoitvanie.
I« oK
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was generated withj« i one dopantcell a talk that would be
difficult with conventional thermal Knudsen cells. Devices
fabricated from these byers were large. 80/im in diameter
with an associated capacitance of —4 pF. However, when
measured in the 2-11 GHz region the devices showed prom-
ising results, the scries resistance of the device was < 112
most of which is spreading resistance in the substrate. The
epilayer resistance was estimated to be —0.212. The capaci-
tance ratio Co jJCVMAX mcMured to be 14:1 whilst the
corresponding maximum voltage swing Vmax

CONCLUSIOI8

In conclusion, we present an examination of the vari-
ation in incorporation rate of sulfur atoms in MBE grown
GaAs with increasing subatrate temperature. An increasing
loss of sulfur is observed at temperatures in excess of 830 K.

This reduction in incorporation rate is exfdained on the basis
of two competing rcactions: (1) the incorporation of S into
the GaAs host matrix and (2) the formation of the volatile
species GajS. Increasing the As”~G a ratio partiaUy offsets
the effects of increasmg the substrate temperature. This
lends support to the bypotheus that it is an increasing loss o f
arsenic from the GaAs groadng surface that dominates the
rate determining step. We also demonstrate, from the fabri-
cation of a hyperabrupt varactor diode structure, that the
electrochemical cell can still be used to introduce intricate
doping profiles into epitaxial GaAs even in this higher tem-
perature (>830 K) range.
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APPENDIX

A.TIminoUyn niiccMcu lliont

Itisimpoctantiocheckthevalidityofthethermodyl»-
mic estimates and the approximations involved in the meth-
od wherever poambk. One such check can be made by com-

paring the sulfur pressures corresponding to
given doping levels ofS in GaAs with the lowest pressure of
sulfur in equilibrium with the Ga2$3 phase. This value of
course represents the saturation solubility of Sin GaAs and
experimental dau on this point is available.

Fust, the calcatation of sulfur doping kveb sho” be

assessed. In an enrier paper’ values were obtained in the
following way. Experimental sulftir doping levelswere taken

fn>m typical VPE work* using the Ga/AsCI3H j/H jS sys-
tem. Standard thermochemkal datt'™ was used to convert to

the G a/As/S system relevant to MBE. Crucially, the same
point defect model used to explain the VPE pressure depen-
dence (and activity dependence in Te doping by LPE) was
used as the for the significant extrapolatioo needed to

results in MBE oonditwos. The following resuitt
were obtained:
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Coaoentntioo
2.2X10'*

[S;;).cm™’

Equilibriuni value 4.2x 10“*. 4.2x 10“*. 4.2x 10**,
and 4.2X10“*

?a,.aim.

2.2x10**. 2.2xI0"\ 2.2x10™. and

These results oiay now be compared with the stability of
GajSslr) calculated from the equation

2Ga(/) + 3/2S2(f)»0a,S,|i). (A1)

which fives
(A2)

Standard thermochemical data”™ ™ for reaction Al
yields the value = 2.02X 10*atm*" '* at S60*C. leading
VO™ * 6.25 X 10~"* atm. The calculated solubility limit for
[S™ ] in GaAs is thus 8.49X 10*cm~” Although there is
still some uncertainty about the eiact position experimental-
ly™ itisin theregionof 1X 10*cm*“ ™ The agreement is thus
extremely good, and to some degree fortuitous, as the simple
two term expressions used for free energy throughout the

is more approximate than this. However, the
validity of the method is undoubtedly demonstrat-
ed.

One final point also deservescomment. The beam pres-
sureof Ps, = X formation
of Ca2S3under MBE conditions, evoi at 360 *C where the
formation of GsjS is kinetically hindered. It would if this
beam impinged on the same GaAs surface for long enough,
butduring growth the chemical potential of S in the growing
layer is reduced by the finite amount o f S present, i.e., by the
kinetic limit on the supply rate. The effective chemical po-
tential isgiven by [S ], which at theabove beam pressure is

4428 J.Appi. Phys.. Vol. 54, No. S, AuBuSt 1SS3

2x 10" cm “’'.and sobdow thesoittbility lim it The thermo*
dynamic treatment ornai be applied to the growing layer of
course, as this tt where the sanw (substrate) temperature ob-
tains for all species.
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Th9infliMnc* of growth conditions on M ltniuin Incorporation InQaA* grown

by motoeular bvwn «pitaxy

0. A. Adrtwt. M. Y. Kong* R. Htddngbottom. and Q. J. Otvist
Bhtiak Tekeom fintarth Labomoha, M artksham Heath, IpawkK K 7RE, Vniud Kingdom

(Received 14 September 1983; accepted for publication 10 November 1983)

An dectrocbemkal cell Pt/Af/AflI/AfjSe/Pt has been used as a highly controllable source of
St2 for a-type doping of GaAs grown by molecular beam epitaxy (MBE). Se is incorporated with
100% eflldcncy under all normal MBE conditions up to growth temperatures o0 f620 *C. Above
this temperature doping is still possible but with reduced elBciency. The general behavior is
mitnil*r to that already reported for sulfur doping, with the added advantage that doping can be
extended to temperatures some 30*C higher in the case of Se. Chemical analys has confirmed
that when doping efliciency is reduced, it is due to actual loss of Se. Thermodynamic analysis
litdirtpn that loss as GajSe is to be expected under all conditions studied, so successful doping is
due to kinetic barriers to this loss reaction. Excess As« is shown to hinder the loss of GajSe even

further.

PACS numbers: 61.70.Tm, 81.1S.Ef, 82.80. —d

INTROOUCTION

The search for n-type dopants for molecular beam epi-
taxy (MBE) of GaAs and other I111-V compound semicon-
ductors has, until recently, led almost exclusively to the use
ofthe group IV elements Sn, Ge, and Si. In practice, how-
ever, these elements have turned out to be lessthan ideal. Tin
hasa less than straightforward incorporation behavior'; ger-
manium shows the amphoteric nature intrinsic to all the
group IV dopants,” and silicon, although the best behaved
and most conunonly used of the group, still shows ampho-
teric character, particularily at high doping levels.* Silicon
also has an inconveniently low vapor pressure that demands
the use of high temperature sources with a corresponding
susceptibility to the unintentional generation of other im-
purities from the source and its surrounds.’

The other potential source of n-type dopants lies in
group VIofthe periodic table. Thechalcogens, S, Se,and Te,
are widdy used in GaAstechnology but have been neglected
in MBE for two main reasons. The firstisa beliefthat mate-
riab with a high vapor pressure at MBE growth tempera-
tures are intrinsically unsuitable. However, it has recently
been shown* that the strong interaction between the group
VI atoms and the GaAs host lattice is sufficient to ensure
incorporation. The second reason is the practical problem of
ftnwfiwing the volatile group V| elements during UH V sys-
tem bakeout. One solution to this problem that has been
pursued is the use of chalcogenide captive sources such as
PbS, PbSe, SnTe, and SnSe,’-* where the chakogen vapor
pressure is reduced in compound form from its elemental
value. However, Snand Te both show surfriceaegregatioo at
the h i™ growth temperatures necessary for the produetkm
ofthe highest quality GaAs, even when incorporated from a
compound source.* Ofthe others, SnSc2shows most promise
although its evaporation behavior does display some pecu-
liarities.*

*Calwtfk8treNunodSxicoiotion. Groercechryor -
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A novel, alternative approach has been developed in
our laboratories by Daviesefa/.,"whereby sulfur isincorpo-
rated into GaAs by the electrolysis of a sulfide electrolyte.
The combination of this electrochemical cell with a Knud-
sen cell yields a highly controllable, low temperature
(200 *C) source of sulfur dimers with a fast response time (1
S), giving significant advantages over thermal elemental and
captive sources in terms of flexibility and molecular beam
composition.

Using this source, we have characterized the incorpora-
tion behavior of S into GaAs (Ref. 11) and have suggested
that loss ofsulfur from the growing surface can occur via the
evaporation ofthe volatile species GaZS at high temperatures
or low arsenic overpressures. We have also demonstrated
that the electrochemical sulfur source permits the facile pro-
duction of high GaAs devices with complicat-
ed doping profiles.

In this paper, the study of the group VI dopants is ex-
tended to the electrochemical generation of Se and the char-
acterization of its incorporatioo into GaAs as a Ainctk» of
selcninm flux, growth temperature, and arsenic overpres-
sure.

ILEXPEMMENT

Theexperiments were conducted ina Vacuum Genera-
tors MB288, three-chamber MBE system which has been
described elsewhere.™ Selenium doped GaAs epitaxial lay-
ers were grown simultaneously on n* (Si-doped) and un-
doped OaAs substrates which were prepared using wdl-es-
tablished chemical treatments.” After loading into *
system, the substrates were outganed in the preparatian
chamber at 430*Cand transferred to the growth chamber
when the pressure had fallen below 10~* Torr. Subsequent
heating to 610 *Cin an arsenic flux resulted in desorption of
the nirfwT leaving contamination-free, highly or-
deredsnrfoccsasdeterminedbyrcflectioohighcaetgyelec-
tfon diikaction (RHEED) and Auger electron spectroscopy
(AES). Growth rates were typically between I and 2/«mh* .
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Theelectrochemical sulfur lourcehss beendescribed in
detail diewhere'® and is easily modiSed to produce idenium
vaiwr by rapbcint tbe AfAS electrolyte with AfjSe.”?

Briefly, an electrochemical cell Pt/AfjSe/Afl/AfIPt
was constructed by pressing a peQet of A f28 powder onto a
pfiw of Agipoa”. The Agi hasane”™M e electronic
conductivity and actt as an Ag*™ km conductor between the
AgjSe and the Ag electrode. By varying the emfacross the
cell, the full stoichiometric range ofthe AgjSe phase may be

and the activity of the selenium in this compound
controlled. Therefore, the equilibrium vapor pressure of Se
over AgjSe may be varied by several orders of magnitude,
from the Se-rich boundary (AgjSe in equilibrium with liquid
Se) to the silver-rich boundary (AgjSe in equilibrium mth
AQ). this electrochemical cell with a convention-
al Knudsen efhision enclosure results in a highly controlla-
ble, pure source of selenium dimers.”

The operation ofthe selenium source is identical to that
of the sulfur source except for the following points. Since
elemental selenim« is less volatile than sulfur, the selenium
source hasto be operated at a slightly higher temperature to
achieve the same fluxes. A temperature of 300 *C was suffi-
cient and permitted doping levels of 2x 10" cm~’ to be
achieved with ease. It should be noted that this isstill a desir-
sbly low temperature. Care must also be taken in exfdoring
the composition range of Ag2Se as a function oftemperature
as it possesses several phases, and it is possible to trespass
into regimes where elemental selenium is precipiuted in the

This can result in irreversible deterioration in the
characteristics of the electrochemical cell.

Uniformly doped layers with carrier concentrations in
the range 2X 10" <N d-Na< 2X 10* cm "’ showed excel-
lentdecttical propertiesand morphology. Mobihtiesof63SO
cm’ V"' s"" and 25000cm*V"'s"at 300and 77 K, re-
spectivdy, were achieved for Nd-Na » 8X 10" cm"’. Sur-
boe morphology was in general excellent with defect densi-
ties of tbe order of 10*cm ", oomparsble with the etdi pit
densities ofthe substrates used.

Figure | shows a combined carrier concentration and
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Hall mobility proik through a OaAs layer grown with a
fouf=ltep selenium staircase doping profit. The layer was
grown on ah undoped substrate and fabricated into the fa-
miliar Van der Pauw oMsa for mobility measurement The
measurement technique" makes use of an dectrolytic

Schottky contact to give controlled dissolution ofthe layer
and a depth profile ofthe local carrier concentration (upper

curve), local Hall mobility (middle curve), and sheet mobility
(lower curve). The changes in carrier concentratioo are
clearly resolved and are reflected in the local mobility curve.
On the other hand, the sheet mobility reveals little infonna-
tion thus highlighting the utility of the modulstion tech-
nique for extracting local information.

IIl. RESULTS

The effect of varying the substrate temperature (T,)
during the growth ofSe-doped layers is shown in Fig. 2. The
selenium flux was kept constant by applying a fixed emf to
the electrochemical cell. The arsenic to gallium flux ratio
(7 AsvJGa)waskeptconstantat 2.7:1 while T, wastnereased
in four steps from 580 *C at the interface to 690 *C at the
surface. The grown layer was electrochemically C-Kprofiled
using a British Telecom Profile Plotter'” to reveal the carrier
concentration as a function  depth.

It is readily apparent that there are two domaim of be-
havior. At or below 620 *C, the carrier concentration is a
very weak function of growth temperature, while above
620 *C it decreases with increasing T,. That this is due to a
decreasing selenium atom concentration is borne out by re-
sults from secondary ion mass spectrometry (SIMS)."

In a separate experiment, a selenium-doped layer was
grown at a T, where Se loss was observed and the effect of
varying the arsenic overpressure during growth studied. Ata
r, of 660*C and a nominal doping level of 4x 10" cm"’
(assuming unity sticking coefficient),/As™J Gawasvaried in
four steps from 4.2:1 to 1.5:1. Itmay be seen from Fig. 3that
y Iywiiim loss is supprened st the higher arsenic overpres-
sures. The dips in the profile at tbe changes in overpressure
are believed to be due to the dynamic response ofthe arsenic
effusioocell. Although the temperature tespooae ofthe efRi-
skm cell is critically damped the flux response measured by
the moveable km gauge shows some overshoot, presumably

due to temperature gradients within the cell.
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Theekctrochemical sulfur source hst been described in
detail elsewhere'® and is easily modiled to produce seknium
v«M)r by raplaciiit the A f,S electrolyte with AfaSe.'~

Briefly, an electrochemical cell Pt/AfjSe/AflI/AfIPt
was constructed by pressinga pdkt of AfjSe powder onto a
pfiw of Aglpoa”. The A”™ hass ne™M e ekctronic
conductivity and acts as an Ag” ion conductor between the
AgjSe and the Ag electrode. By varying the emfacross the
cell, the filli stoichiometnc range ofthe AgjSe phase may be

and the activity of the selenium in this compound
controlled. Therefore, the equilibrium vapor pressure of Se
over AgiSe may be varied by several orders of magnitude,
from the Se-rich boundary (”jS e inequiUbrium with liquid
Se) to the silver-rich boundary (Ag,Se in equilibrium " th
AQ). thisdectrochemical cdl with a convention-
al Knudsen effusion enclosure results in a highly controlla-
ble, pure source of selenium dimers.™

The operation ofthe selenium source is identical to that
of the sulfur source except for the following points. Since
elemental selenium is less volatile than sulfur, the selenium
source has to be operated at a slightly higher temperature to
achieve the same fluxes. A temperature of 300 *C was suffi-
cient and permitted dofung levels of 2x 10™* cm"* to be
achieved with ease. Itshould be noted that this isstill a desir-
ably low temptfature. Care must also be taken in exploring
the composition range of Ag2Se as a function of temperature
as it possesses several phases, and it is possible to trmpass
into regimes where elemental selemum is precipitated in the

This can result in irreversible deterioration in the
characteristics of the electrochemical cell.

B. Matnrtnl propnrtiM

Uniformly doped layos with carrier concentrations in
the range 2x 10*<Nd-Na< 2x 10* cm"* showed excel-
lentdectrical propertiesand morphology. Mobihtiesof6330
cntV -'s""and 25000 cm* V* ' s’ at 300 and 77 K. re-
spectively. were achieved for Nd-Na > 8X 10* cm"*. Sur-
bce morphology was in general excellent with defect densi-
ties of the order of 10*cm~*. comparable with the etch pit
densities ofthe substrates used.

Figure 1shows a combined carrier concentratk» and
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HaU mobility profile through a OaAs layer grown with a
fouf~tep selenium staircase doping profile. The layer was
grown on ah undoped substrate and fabricated into the fa-
miliar Van der Panw oMsa for mobility measurement The

measurement technique™ makes use of an dectrolytic
Schoetky contact to give controlled dtaaolutioo ofthe layer

andad ”~ profile ofthe local carrier concentration (upper
curve), local HaU mobility (middle curve), and sheet inobility
(lower curve). The ch a”™ in carrier concentratioo are
clearly resolved and are reflected in the local mobility curve.
On the other hand, the sheet mobility reveals little infonna-
tion thus highlighting the utility of the modulation tech-
nique for extracting local information.

I, RESULTS

The effect of varying the substrate temperature (FJ
during the growth of Sedoped layers is shown in Fig. 2. The
selenium flux was kept constant by applying a fixed emf to
the electrochemical cell. The arsenic to gallium flux ratio
(YAs4)G a) waskeptconstantat 2.7:1 while T, wasincreased
in four steps from 580 *C at the interface to WO*C at the
surface. The grown layer was electrochemically C-Vprofiled
usings British Telecom Profile Plotter™ to reveal the carrier
concentration as a function of depth.

It is readily apparent that there are two domains of be-
havior. At or below 620*C the carrier concentration is a
very weak function of growth temperature, while above
620 *C it decreases with increasing F,. That this is due to a
decreasing sdenium atom concentration is borne out by re-
sults from secondary k» mass spectrometry (SIMS).’

In a separate experiment, a selenium-doped layer was
grown at a F, where Se loss was observed and the effect of
varying the arsenic overpressure during growth studied. At"a
F, of 660*C and a nominal doping level of 4x 10" cm"*
(assumingunity stickingcoefficient),/As4i/G a wasvaried in
four stepsfrom 4.2:1 to 1.5:1. It may beseen from Fig. 3that
selenium loss is suppressed at the higher arsenic overpres-

sures. The dips in the profile at the changes in overpressure
are believed to be due to the dynamic response ofthe arsenic

eflbsioo cell. Although the temperature response 0fthe eflti-

sion cell is critically damped the flux response measured by
them oveab k ~ur” someovershooLp re "

due to temperature gradients within the cell.
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FIG. |AC'y depth protUc ofalbur-Uycr Scslopcd GaAs film where the
As«:Oa *omx<flux ratio wat chaaped aaindicated in the figure.

In a further experiment, the incorporation of selenium
into GaAs was investigated as a function ofarriving Se flux.
A growth temperature of 50 *Cwas used, with mJAs”\J Ga
ratio of 3.5:1 and the electrochemical cell driving emfvaried
in four steps from 180to 230 mV. The resulting depth profile
is shown in Fig. 4 and the carrier concentration plotted
against emfin Fig. 5.

Theoretical considerations predict an exponential rela-
tionship between the flux and the applied emf.” This is
clearly borne out by the straight line behavior ofthe logarith-
mic plot in Fig. 5. Moreover, the relationship holds true up
to the highestdoping level 0f2.5 X 10" cm ~” This contrasts
with the result of Smith tt al.,” who find a drop in apparent
incorporation efficiency above 10" cm "’ when selenium is
incorporated by noncongruent evaporation of SnSej from a
conventional ICnudsen cell. This deviatran is then probably
due to some peculiarity in the evaporatioa behavior ofSnSe®
rather than any intrinsic property otselenium.

Since the staircase profile shows flat treads and steep
risers, we have no evidence for segregation or dilRision of

no. 4. AC-K depth profik of®lbuf-toyer SeKtopwl OaAcfilm Wiccfc ke
Ito the dcctrachcminl Sc eemne it varied at iadkated m the
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selenium within the resolution of the electrochemical profil-
ing technique.

The temperature dependence of the incorporation be-
havior of the common chalcogen dopanu S, Se, and Te into
MBE GaAs is «<HHtnariT” in Fig. 6. The sulfur and seleni-
um data are our own and the tellurium data is drawn from
the work of Collinsetal} In this figu” reciprocal substrate
temperature is plotted along the horizontal axis and donor
concentration on the vertical axis. Sulfur and tellurium both
exhibit very similar behavior, and the activation energy for
desorption derived from the slope of the high temperature
portion of the graph is identical for both at 70 kcal mol"

Tt (edcopfud)

no. 6. laowporcMd doput «occaumwin rw pra /N .
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Sulfur does in (iKt show a plateau tegioii at slightly lower
tcmpcratufcs than those plotted, and desorptkm is negligible

below 370 *C.th e range oftemperaturesdepicted in Fig. 6 is
that in which the best quality GaAshas been grown, and it is

that tfHiiuin is the ody chalcogen dopant to show a
plateau within this technologically important range. This
plateau extends to almost 630 *C. Beyond this region, seleni-
um is lost from the growing surface in much the same man-
ner as sulfur and tdlurium and with a similar activation en-
ergy. Thisbeingso, itis still possible to achieve useful doping
leveb in this loss regioo simply by applying an increased
dopant flux, as was demonstrated for sulfur."”

It should be noted that the rather high growth tempera-
tures and reduced arsenic overpressures necessary to induce
selenium loss place the growing surface very close to becom-
ing gallium rich. The RHEED pattern from such surfaces is
generally rather diffuse, certainly well away from the As-
rich (2x4) pattern and more characteristic of the (3x1)
phase.

It is clear from the above that selenium, generated as
dimers from the electrochemical effusion source, is incorpo-
rated in a facile manner over a useful range of MBE growth
parameters. It isonly in the extremes of high substrate tem-
peratures and reduced arsenic overpressures that the incor-
poration efficiency is reduced.

IV. DISCUSSION

It has been shown by Heckingbottom ef that clear
predictions as regards doping behavior can be made on the
N« of thermodynamic calculations. These calculations

from a consideration ofthe energetics of chemical pro-
cessesand can therefore offer firm conclusions as to whether
a particular reaction is possible or not. In particular, they
show that the interaction between the GaAs lattice and the
group VI dopants S, Se, and Te is strong enough to ensure
their under MBE condhioos.

Thus the reaetkm

D

[wherejris S, Se,or Te, (g) indicates the gas phase. isan
arsenicvacancy in OaAs,j r a n ionized atom on an arsenic

site in OaAs and e~ an electron in the conduction band of
GaAs] is well to the right under MBE conditioos. At the

time of this study* the only experimental work” indicated
that there were no loss reactions of significance at a growth

temperature of 360 *C and this possibility was not pursued
fiirther. Later work" showed however thatatsubtly higher
grosithtemperaturesthelosaoftulftirfiromthegrowingsur-
bce becomessignificant A srider survey oflikdy competing

Is ™ + 2Ga(/[+Ga™g) @

[where Gafl) represents liquid gallium which is a good ap-
Pain MBE grownGaAssince growth oondi-

tin— gfig fioff to the Ga liquidus of the GaAs solid phase]
Anifiif lead to the loss of virtually aD the sulfiir firom the
gtw iiiig all normal MBE growth conditions.

a4 JAPPIPIYS.MOL56 ND A 15FreiLpiyHi4

Thus, at 360*C to obtain a dopant ooooentratioo
[Slul « 2x 10*cm™” would reqfire an equilibrium pres-

sure ~ inaccessible in MBE.
Aamilar anrdysis ofthe tendency to form OajSe by the

reaction analogousto Eq. (2) is possible usiiig the data of Uy
era/." aiui Kubaschewskia™Alcock.** For abeam equiva-
lentpressureof3x10" " T orr[enoughto givea doping level

of2x 10" cm "’ via reaction (1)] and a growth temperature
01360 *C the equilibrium pressure 0fGa,Se is0.28 Torr. At

higher growth temperatures, this pressure would be even
higher. Thus, as with sulfiir, no usefol doping should be pos-

siUe except for rm effective kinetic barrier to reactioo (2).

Inview ofthe apparentsimilaritieswith the dopingwith
tellurium shown in Fig. 6, it is interesting to calculate that
the comparable pressure of Ga,Te (the mqiority gas phase
species")is ~ 1.3x 10" " Torrsothateven here less than one
part perthousand ofthe Te would be incorporated u dopant
except for the kinetic barrier to reevaporation. Figure 6 ef-
fectively showsthe activation energy ofthis kinetic barrier to
reaction (2). It isclear that it issimilar for Se to that reported
previously*™ for Te and S at ~70 kcal/mol sugge” a
common reaction mechanism. As was suggested earher' *
when considering sulfur dopmg, the temperature depen-
dence issimilar to that reported by Panish”for Axlornfrom
the GaAs surface. Additkmally, as shown fm Se doping in
Fig. 3,increasing the As*/Ga flux ratio increases the amount
of Se incorporated, establishing that the concentratioo of
surface arsenic plays a key rede in hindermg the loss leactioo
for all the chaloogens.

The results show quite clearly however that
not all aspects of the situation can be explained in terms of
the Ga-As system. The preexponential factor is least for the
Se leading to the lowest actual loss rate of the three
[.K.Uvy«* under otherwise similar conditions (though the
Te results are not strictly comparable due to the interactioo
with Sn at the growing sur&ce'). The explanation for this
(Ufi"fence is not known. It is noted that Se, bcing adjacent to
Asinthe periodic thbleofdements, islikdy to be accommo-
dated in the GaAs lattice with leas strain than S or Te. but

there u iasuAcient datt to pursue this possibility nrore
M aatitativcly. Whatisdear isthe technological importaaoe

ofthh diflorenoce. Se can, asa result,belaed aaa dopantquite
straightforwardly at the higher growth temperatures and

low (~2:1) As«/Ga flux ratios consistent with the growth of
the highest quality GaAs layers.

V. CONCLUSION

Selenium ftom a beam ofSe, has been used succeasttilly
to dope MBE GaAs. The selenium is jnoorporated in a fimile
manner, and with effectively 100% eSdency under aD

ditioos allowing succcssfiil growth of GnAa, up to growth
temperetures 01620 X:. Above thistemperntu® incorp”

tion at useful levels canstill be achievedbut an mcreased kns

of selenium is olnerved. This lore is interpreted in terms of
the competitioo between the incorporadon reacti« athe

formation ofvolaiik Ga,Se which is increaainijy fhvored as
the growth temperature and hence surfk* gnmurn conen”
iratioo isincreased. Reducing thb gallium concentratioo by



incika«n ] the anenic overprwufe results in a reduced k*B
of selenium, thus suppoctinf the postulate that it b the ar-
senicooncentratioo on the OaAs surface that doaainates the
kinetics of the loaa reaction.

Selenium, therefore, shows a great amilaiity to sulAir
andteUuriumin its incorporation bdiaviorinto IO E OaAs,
but with an stability at the high temperatures de-
sirable for the best OaAs growth. In this respect it is prob-
aUythe moot ideal group VI dopant for GaAs, and in combi-
».finw with its generation from an electrochemical efbsion
source offers a most versatile, well-behaved doping tech-
nigue with low temperatures in the source, a frst response
time (1 s) and simple dimeric beam composition.
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TIM Influence of growth conditlone on euNur end eelenlum Incorporation
In Ga, _J,Af,Ae grown by moleculer-beam epitaxy

D. A. Andrewt,R. Heckingbottom, «nd G. J. Dtivies
British Tekeom Bestareh Laboratenes, MartUsham Htatk Ipswich IP5 7BE. Uniisd Kingdom

(Received 20 August 1983; accepted for publicatkm 8 April 1986)

An electrochemical cell Pt/Agl/Ag, X/Pt (X » S,Se) has been used as a highly cootroUaWe
source ofchakogen dime« fora-type-opingcrfGa,Al, Asgrown by molecular-beani *taxy
(MBE). The incorporatk» behavior has been investigated as a function of alloy composition,
growth temperature, and arsenic overpressure. At low temperatures, <600*C, sulfur and
sfleniMin are incorporated into Ga, _, Al, Asin a facile manner. At higher temperatures, where
loss of chalcogen dopant from GaAs has previously been observed, sulfur shows an enhanced
stability in the aluminum-containing alloys. Excess As<is shown to hinder the loss further. The
behavior is modelled in tenns of the relative stabilities of the volatile and involatile gallium and
aluminum chalcogenides under MBE growth conditions.

l. INTROOOCNOH

The group VI dopants S, Se, and Te have received in-
creased attention in recent publications concerned with the
growth of GaAs by molecular-beam epitaxy.™ This re-
newed interest stems from two origins. Firetly, the group VI
elements do not exhibit amphoteric behavior in IlI-V
growth, unlike the group IV elements.* Secondly, the low-
source temperatures required for doping with the group VI
elements imply a high beam purity.

Evaporation from the elements themselves has proved
incompatible with UHV techniques; their high vapor pres-
sures at typical bakeout temperatures imply that much ofthe
group VI charge would be lost from the source. Some practi-
cal solutions involve the use of “captive sources” in the form
ofthe lead chalcogenides PbS and PbSe." with the incorpora-
tion of the Pb being negligible. SnTe has been used in a simi-
lar manner, but at elevated substrate temperatures
(>570*0, surface segregation of both Sn and Te was ob-
served.” A novel method for the incorporation of S and Se
into GaAs has been described* using the electrolysis of a
solid-sute silver chakogenide electrolyte. A change in the
programming EMF applied to the ceU produces a corre-
sponding change in the chakogen vapor pressure over the
dectrolyte. Then provided the cell is kept at some modest
temperature (200"0 , chakogendime« (SjotScj) arepro-
An~ANin the molecular beam. These dimerk species pre-
dominate by 3-4 orde« of magnitude over the next most
abundant species Sj.

It has been shown’ that at elevated growth temperatures
(> 600 *C) the incorporation efficiency of the group VI ele-
ment is reduced. It has also been shown that by increasing
the AS4overpressure during growth, the loss of dopant may
be suppressed. This study has been extended to the incorpor-
ation of group VI dopants in Gai _, Al, As. Laye« of this
material, of high crystalline quality and high purity, are ob-
tained at growth temperatures some IC<* higher than for
typical GaAs growths. It might therefore seem that this in-
crease in growth temperature would preclude the successful
incorporation of group VI dopants in MBE Gai _j,Al,As.
This paper reports for the ll«t time the use of an el«tro-
chemical cell asa source ofSand Se dopant incorporation in
Gui _jAl, As.
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[I. EXPEMMENT

The experiments were carried out in a vacuum genera-
to« MB288 three-chamber MBE system using sul»t«te
cleaning snd growth techniques described previously. Tao
multilayer structures were grown to investigate the incor-
poration behavior of sulfur in Gai _, Al, As. The fi«t was
designed to explore a range of Al concentrations (x = 0.03.
0.075, and 0.15) and growth temperatures for a fixed ma-
dent sulfur and arsenic flux. The second explored Al concen-
tration and Asytotal group I11 flux ratio at fixed sulfur flux
and growth temperature. The sulfur flux used corresponded
to an intended doping level of n = 2X 10" cm

The resulting laye« were analyzed by secondary ion
mass spectrometry (SIMS).*” The changes in Al concentra-
tion were used as markere in the SIMS depth profile for the
expected response in the sulfur concentration. These compli-
cated structures were unsuitable for accurate analysis by
electrochemical C-K profiting, but measurements on bulk
laye« doped between 1X 10" and 1 X 10“ cm' ’ produced a
factor of 2 agreement between the SIMS concentrations and
electrical activity.

Ill. RESULTS

Figures 1and 2 show the growth sequence and SIMS
profik of the substrate temperature experiment, respective-
ly. There is an overall curvature to the sulfur depth profile,
which is believed to be due to an instrumental effect in the
SIMS measurement (possibly caused by drifting of the mass

corresponding to sulfur), but the changes stimulated
by the steps in the aluminum profile and the growth tem-
perature, and synchronous with them, are of most interest.
At 550*C the addition of aluminum to GaAs to form
O™ 0MAlo is As has no effect on the SIMS mass 34 or 32 sul-
fur sigiral There are two possibk effects that might be ex-
pected; achange in the rate ofany sulfur loss and a change m
the yield of ionized species from the SIMS process due to the
change inthe aluminum content ofthe Ga, _, Al, Asand the
subsequent matrix effects. The lack of any observed change
in the ion count rate argues strongly for both noc”~ge in
sulfur loss and no change in SIMS vyield for sulfur 32 and 34
species for Ga, .. Al, As (x <0.15). The alternative expla-
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FIG. 1 Growth sequence for the study of sulfur incorporation in
Ga, .Al. As asafunction of ji and growth temperature.

nation is that the change in any sulfur loss rate is exactly

by a change inthe SIMS sensitivity as the elemental
composition of the Ga,., Al, Asischanged. This seems an
unlikely coincidence.

In the GaAs region where the temperature was raised
from 550 to 600 *C, a small sulfur loss is observed at the
higher temperature. This loss iscompletely suppressed at the
initiation ofthe Gao « Alo,, As layerand remains undetecta-
ble down to the lowest aluminum concentration of
Gao,7 AloojAs. The loss reappears, however, in the GaAs
layer grown before the temperature was raised to 650 *C. At

no. LSIMSdcpthprolleortlieitnictaicilhtitraMdinFia. I.
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this higher temperature, the sulfur loss from the GaAs be-
comes much more ugniftcant but is again suppressed by the
addition of aluminum to form GsotsAlorsAs. This time,
however, there is still some residual loss from the
Ga,., Al, As which becomes greater as x is reduced. Note
again that the degree of sulfur loa is identical for the two
GaAs layers grown at the same temperature on either side of
theG a,., Al, As layers. As the temperature is raised further
to 700 *C, less than 10% of the sulfor remains in the GaAs.
This figure may be smaller, as the background level for the
SIMS machine is unknown. At this elevated temperature,
the addition of Al results in a much smaller but still signifi-
cant suppression of the sulfur loss. These results are sum-
marized in Fig. 3. where the sulfur ion count signal is plotted
against AlAs content for the different growth temperatures.
At 550*C the signal is uidependent of aluminum content
corresponding to no loss. At 600 *C approximately 15% of
the arriving sulfur is lost from GaAs, and this is reduced to
an unmeasurable amount in the case of GsqJAloBAs. At
650 *C the doping efficiency was of the order of 15% of the
value at 550*C for GaAs rising rapidly to 50% for
Gao YAloJAs and more slowly to 75% for Gaou Alo,j As.
At 700 *C, the suppression of sulfur loss was more gradual.
The doping efficiency rose from of the order of 5% in GaAs
to 15% in Gao ,5Alo, 5As. This loss seems severe, but extra-
polation suggests that the doping efficiency could rise
towards 50% at these higher growth temperatures for the
higher aluminum content of layers used in many devices
such as lasersand HEMTs where Ga© 7Alq3As iscommonly
used.

Figures 4 and 5 show the grown structure and the corre-
sponding SIMS profile for the investigation of the effects of
the arsenic overpressure onsulfur lossfrom Ga, ., Al, As. A
growth temperature of 650 *C was used, corresponding to a
region where sulfur loss had been observed to take place
from the previous experiment. Starting from the substrate,
GaAs were grown at 600 *C under an arsenic overpressure

no. 3 . Bofmasdmilftncze- oS, . Al Aaefitkaoa
XMigond ternpentvue
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FIG. 4. Growth sequence for the study of sulfur incorporation in
Ga, .Al As asafunctionof and arsenic overpressure.

A/+/ill of  where minimal sulfur loss was expected. As
the substrate temperature is raised to 650 *C, a degree of
sulfur loss is observed. This is suppressed by the commence-
ment of growth of the Gaogs™lo is  ®Fdto a lesser extent
by the layers containing less aluminum.

The overall behavior is shown in Fig. 6 where sulfur ion
count rate is plotted against AlAs content for the three ar-
senic overpressures. As in the previous figure, the incre-
mental change in sulfur intensity brought about by the
change in the Al flux has been used to determine the loss

FIG. S SIMS depth proUe of the structure iOiHtrated ia Fif. 4.
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FIG. 6. Incorporated sulfur concentration in Ga,
x and arsenic overpressure.

,Al, As as afunction of

rate, thus compensating for any instrumental drift. For
Jy/Jft, =6:1, the sulfur loss from GaAs is rapidly sup-
pressed on going to Gao 7Alo(3*  with almost no increase
in doping efficiency as the aluminum content is increased
further. For Jy /3, = 3:1, the doping efficiency rises slight-
ly more slowly and saturates a little later. For <v/e/iu =2:1
the sulfur loss is suppressed much more slowly at low alumi-
num contents, but the doping efficiency has still risen to
more than in GaogsAloijAs. In this respect the
Ga, _, Al, As nurrors the behavior of GaAs in that sulfur is
incorporated with greater efficiency as the growth condi-
tions move away from the group I11 rich surface structures
towards higher As« fluxes.

IV. DISCUSSION

Clear predictions may be made about the behavior of
dopanU in MBE experiments by reference to thermodynam-
ic considerations in the fnunework described by Hecking-
bottom et av* In particular, thermodynamic calculations
show that the interaction between the GaAs lattice and the
chalcogen dopants S, Se, and Te is strong enough to ensure
their incorporation under MBE conditions. Thus the reac-
tion

112X i(g)* =X~"N+e- 0)
[where X is S, Se, or Te, ( @) indicates the gas phase, IS
an arsenic vacancy in the OaAs lattice, X is an ionized
dopantatom onanarsenic site inOaAs, and e~ isan electron
in the conductioa band in GaAs] is well to the right under
MBE conditions. Further consideration” '® revealed that
competing reactioos, which are kinetically hindered at low

growth temperatures <560*C, becoo” important as the
growth temperature is raised and resuh in the teas ofchalco-

gen dopant from the growing surface in the form ofthe vola-
tile gallium chalcogenides Oa,X( f ). Thus the reaction

12X,(f) + 2Ga(/) = Ga,X( #) (2)

Andrens Hect(inobotlomandDaviM-—— 0



ticswell to the right under «1practical MBEconditioiis with
equilibrium pressures *(GejX) of 1.9, 3.7x10"”, and
2X 1 0 " atm for X~ S. Se. and Te, respectively." These
pressures were calculated for an intended doping level of
2x 10" cm"* and are not accessible in the MBE regime,
except perhaps for Te, where fewer than one Te atom in a
thousand are predicted to be incorporated. In addition, the
equilibrium between the gaseous and solid forms of the gal-
lium chalcogenides favors loss, and the reaction

4Ga(/)-1-Ga,X,(i) =3Ga: X(9g) (3)

also lies well to the right with an equilibrium pressure
P{Ga"S) of the order of 2X 10" *atm at 600 *C.

In the above, formation of volatile Ga”S is identified as a
possible route for the loss of sulfur. The equilibrium with
Ga-S, is used to determine the subility dMlany GajS so
formed. However, it is not suggested that the sulfurisactual-
ly present in GaAs as GajS,, except at the solubility limit,
only that in considering the equilibria between the sulfide
species, GaS} isa convenient analogy for the sulfur environ-
ment for which thermochemical data are readily available.
The calculations are therefore strictly only valid at the solu-
bility limit (hence the choice of a high doping level), and at
lower concentrations the activity of the GaZS) would be re-
duced. However, the predictions regarding the formation of
GanS are sufficiently strong that they remain valid over a
wide range of doping. It should be emphasized that the sul-
fide equilibria are concerned with the loss route, and the
actual incorporation reaction is still believed to be governed
by Eq. (1) via the interaction with arsenic vacancies, not-
withstanding the analogy with GaZs;.

The situation is somewhat different for the interaction
ofsulfur with AlAs. Firstly, there are at least three species of

aluminum sulfide for which thermodynamic data
are avaiUble: A1S(g). AKSj. and AljSI g). Although the
following is described in terms of AljSC g) for purposes of
comparison with GajSI g), the other species produce very
«imtlar equililnium pressures. Rewriting Eq. (2) for alumi-
num produces

1/2Sj-1-AlU) = AljSig), (4)
and substitution of standard thennochemical data"*"* re-
veab that foradoping level 0f2 X 10" cm™*, the equilibrium
AIZ pressure is of the order of 8X 10" atm at 600 *C, ris-
ing to 2.3 X 10"'®atm at 750 *C, which compares with the
incident PS20f6 X 10" * atm.

Although these pressures are many orders of magnitude
lower than for the gallium chalcogenides, they still predict a
borderline doping efficiency of the order of less than 0.1%.

The key difference betsveen the predicted behavior of
sulfurincorporation in AlAsand GaAs becomes clear when
the aluminum. analogue of reaction (3) is considered.
Whereas G Ni(s) (sulfur in the GaAs lattice) is unstable
with respect to the gaseous form GajSl g), AI*S, (sulfur in
the AlAs lattice) is predicted to be stable under hffiE condi-
tions of pressure and temperature. Hence, the reaction

4AI1()  AljS,(*) = 5A1iS( Q) (5)

lies substantially to the left with a predicted PfAIjS) less
than 1.71 X10~" atm at 600*CThb is much less than the

1012 J. Appi. Ptiys.. Vd. 00. No. 3.1 Augud if0O

corresponding figure for FfGajS) of 2x 10~*atiiv

Although the values of the predicted pressures are not
necessarily precise due to the uncertainty in the thermody-
namic dau and the simple two-term approximation used for
the free-energy calculations, there isa clear difference in the
predicted behavior for the relative stabilities of the gallium
and aluminum chalcogenides. It seems likely, therefore, that
the observed difference in the doping behavior between
GaAsand Ga,., Al, Asisstrongly related to these relative
stabilities.

Therefore, although the incorporation of sulfur into
GaAs is only possible due to a kinetic barrier to the forma-
tion of volatile GaZ. the equivalent loss reactions are not
favored for the interaction of sulfur with AlAs. and the be-
havior in this case may be explained from purely thermody-
namic considerations without recourse to hindered kinetics.

In considering the behavior for Ga,., Al, As, we may
model the GaAs and AlAs components separately, since
they have little heat of mixing and the activity coefficients
for GaAs and AlAs are near unity. ™ The aluminum activity
therefore scales as x, the concentration of the AIAs compo-
nent. However, the predicted difference in behavior is strong
enough (16 orders of magnitude) that between 6(X) and
7(X) *Csulfur should be incorporated even for Ga,., Al, As
very dilute in AlAs (x<I). where the activity of the Al is
much reduced. However, our dau suggest that something
slightly different is happening in practice. At low AlAs con-
centrations ( < 107). some sulfur continues to be lost. It is
assumed that this loss occurs as GaZ and, of course, in the
limit of zero aluminum content this is indeed so. High crystal
quality implies significant atom mobility in the growing sur-
face layer, and there will therefore be competition for the
sulfur atoms in this layer between the free aluminum and
gallium atoms. Although the reaction is heavily in favor of
bonding to the aluminum in the lattice (leading to incorpor-
ation), for low Al concentrations there is a higher probabil-
ity a sulftir atom will encounter two Ga atoms with the
subsequent options of incorporation or kinetically hindered
desorption as Gaz in the same way as for GaAs. Higher
overpressures of As« therefore increase the sulfur doping ef-
ficiency by suppresong the lorn reaction through control of
the surface arsenic and hence gallium concentrations. The
balance between the various thermodynamically allowed re-
action pathways is critically dependent on the details of the
surface kinetics. A simple model, requiring a sulfur atom to
have two Ga-atom nearest neighbors for GajS formation,
would predict an incorporation efficiency proportkmal to
I _ (1 _ x)\ where x is the AIAs mole fraction. This has
approximately the correct form but takes no account ofsur-
face diffiisk». Further modelling would require a wider ex-
perimental database to elucidate the kinetics in more detail,
but the situation for Ga, _,Al,As is clearly intermediate
between GaAs and AlAs.

For the ofselenium, we have shown that it exhibits
an excess of stability over sulfur at elevated growth tempera-
tures when used to dope MBE GaAs.This isbelieved to be
due to a kinetic barrier to the formatioo of GajSe (g) in the

same way as for sulfur. In fact, G a”, (1) » predicted to be
less stable with lespect to Ga,Se( f) under MBE conditioos
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than Ga:S,(5) is with respect to Ga}S( g), so the apparent
enhanced stability remains largely unexplained.

In considering the incorporation of selenium in AlAs,
calculation shows that AljScj (selenium in the AlAs lattice)
is barely suble at 600*C and at 2x 10" cm~" doping, and
significant decomposition to volatile AUSe is expected.
Thus, for the reaction

4A1(5) Al:Se,(s) = 3Al:Se(g), (6)

the equilibrium pressure of AKSe is predicted to be of the
orderof 3.1X 10" " atm, comparable with the incident sele-
nium flux (PSe. = 6x 10~" atm). The successful incor-
poration of Se in Ga, _, Al, As alloys therefore probably de-
pends on the existence of kinetic barriers in the same way as
for incorporation into GaAs.

Preliminary results indicate that selenium nuy be incor-
porated successfully into Gao TSM>ZAs ** GaAs growth
temperatures (~600*0 in HEMT structures. However,
dau at higher temperatures and other compositions are li-
mited, but indicate that incorporation may be less reliable.
Unfortunately, we are unsure whether this was due to the
chemical effects predicted above or simply a deterioration in
the electrochemical selenium ceil which failed while this was
being investigated.

V. CONCLUSIONS

An electrochemical cell has been used to dope
Ga,., Alj, As successfully with sulfur and selenium. At low
temperatures, <600 *C. the behavior is facile, as for GaAs.
Above this temperature, loss of chalcogen dopant was ob-
served and is believed to be due to the formation of the vola-
tile gallium chalcogenides Ga*S and Ga"Se, which are the
suble species under MBE conditions. Successful doping of
GaAs is therefore believed to be due to the existence of a
kinetic barrier to their formation, possibly mediated by the
surface gallium population.A*"

For sulfur doping of AlAs, simple thermodynamic cal-
culations predict that the volatile aluminum sulfides are un-
stable with respect to the solid form AIZS) (sulfur in the
AlAs lattice) under MBE conditions between 6(X) and
7(X>*C. The dopant loss route postulated for sulfur doping in
GaAs is therefore not favored for AlAs. The experimental
observations reveal an enhanced subility of sulfur in
Ga,., Al, As (X<0.15), where the loss is increasingly sup-
pressed at higher values of x. This is interpreted in terms of
competition for sulfur between mobile Ga and Al surface
atoms with the options of desorption as GajS or incorpora-
tion in the AlAs lattice.

The ffslcMi**ox< for selenium show a less clear differ-
ence between Se incorporation in CaAs and AlAs. In parti-
cular, AljSe, ispredicted to have a borderline subility under
MBE conditions, and the behavior for Ga,., Al,As may
not be very different to that for GaAs. However, further
work is needed in this area.

For growth of Ga, _, Al. As at elevated temperatures,
sulfur would appear to be the preferred chalcogen dopant,
while for devices suchas HEMTs, where GaAs growth tem-
peratures are more usual,” both have been used successfully
in this laboratory.

In cases where the chalcogen dopants are chosen for
their nonamphoterk behavior in preference to group IV do-
pants such as silicon, in the antimony-containing 111-V al-
loys, for example," the above comments regarding the
choice of chalcogen dopant for aluminum-containing alloys
may be particularly relevant.
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APPENDIX
Thormodynamlc calculatlona

In this appendix, the reactions considered are listed to-
gether with the pressures predicted. The method of calcula-
tion is already covered in the literature. #*

The conditions assumed for the calculations are as fol-
lows:

(1) Growth temperature = 600 *Cfor comparison with
typical GaAs growlh temperatures;

(ii))PX2= 6x10-"atm (X = S,Se) for2x10"cm -’
doping;

(i) (M1-1 IM = Ga(l),Al(s)l since MBE growth
takes place near the liquidus;

(iv) [MjX,I-1: The doping level of 2x 10" cm™>’ is
assumed to be close to the solid solubility of the chalcogen
dopant in GaAs and AlAs.

These conditions were chosen since they allow the m -
tivities of the solid components to be approximated to unity
and in some respects are a cafculatkmal device, since practi-
cal growth under these conditkms would almost certainly
produce poor morphology material. However, they do allow
comparisons to be drawn between the different material sys-
tems. It should be emphasized that the calculated values are
order-of-magnitude estimates only, relying as they do on a
simple two-term evaluation of the free-energy change.

(1) 2Ga(l) -I-1/282(g) = GajS(g)....J"GajS = 7 atm.

(2) 2Ga(l)-i-3/255(g) =G ajS,(j)..../»S2= 4 .5x10-
(3) GajS(g) KSj(g) = GajSju).....FGajS = 8.5x 10

(4) 4Ga(l)-hGajSjlx) =30ajS(g)
QaMum MtonMt rMCtIOM
(5) 20a(l) -I-1/2Se2(g) » GajSe(g)

1013 J. Appi. Phya., Voi 60. No. 3.1 Auguri006

atm.
atm.

..... J»GajS = 2XIO atm.

..... J»GajSe = 4.4x10" " atm.
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(6) 2G*(1) 3/2Scj(g) = GtjSe,(j).....»Se” -

4.6x 10""* »tm.

(7) Ga,Se(g) + Se,(9) « G*jSe,(j)...... PG«:Se * 2,9x 1Q-*amy».
(8) 4Ga(1l) + GajScjd) * 3GtjSe(g)...... PGajSe = 4.1 x 10" ~atm.

Aluminum Milfld« rMcttOM

(9) 2AI() + 1/2S,(g) = AL:S(g)....P AIrS = 8X |O"

atm.

(10) 2AI(i) + 3/2S,(g) = A1,5,(5)....P $2 = 2.4X 10'=’ atm.

(11) Al1jS(i)+S,(8) = A1,S,(5).....PA1:S = 6.5X10

atm.

(12) 4A1U) + ALS,(i) = 3ALS(8)..../»ANS = 1.7x 10"* atm.

Aluminum Mlunid« rMCtiont

(13) 2AI(i) + 1/2Se,(8) = Al;Se(g)..../»Al,Se = 4.4x 10" atm.

(14) 2AI1(i)4-3/2Sej(8)=Al:Se,(5)..../>Sc: = 2.1x10

-*atm.

(15) Al,Se(8) + Sc2(8) = AliSe,(5).....P AKSe = 11X 10 **atm.

(16) 4a‘1(5)

TE G, Ayi. hs [ R 70(5D)
i @] O P D) Qe J AT s
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I. Introduction

There is increasing interest in guided wave optical
devices, as a result of the expansion in the use of op-
tical fibres in telecommunication systems and cable
TV networks. Devices such as directional coupler
switches, phase modulators and interferometric ampli-
tude modulators can be made in both semiconductor
materials and dielectrics but a particular attraction of
semiconductor devices is their potential for monolithic
integration with light sources (lasers) and detectors.
However, discrete semiconductor devices have a repu-
tation for high optical loss, compared to similar dielec-
tric devices. This loss has been attributed in part to the
presence of free canien [1] and it has been argued
that in high purity low-doped semiconductor material
the waveguide losses could be comparable to those in
dielectric waveguides. We report here the fabrication
of sin~e-mode rib waveguides in GaAs/GaAlAs hetero-
structures grown by molecular beam epitaxy (MBE),
which is a growth technique highly suited to inte-
grated optics applications because it can provide large
area multilayer heteroatructures with precise dimen-
sional and compositional control. These guides have
lower optical propagation loss than any two-dimen-
sional semiconductor waveguides hitherto reported.
The guide structures are similar to those used previous-
ly for directional couplers and other devices [1).

OiEnnclig, av mermjemqaﬁb%lm

2. Experimental details

The material growth was carried out in a Vacuum
Generators MB288, three chamber MBE system which
has been desenbed previously (2). The n™ GaAs sub-
strates were Si doped. Substrate preparation was car-
ried out immediately before loading the substrate into
the MBE system using chemical treatments similar to
those described in the literature [2]. After loading, the
substrates were outgassed in the preparation chamber
at 720 K until the pressure in that chamber fell to < 1
X 10~" torr. The substrates were then transferred to
the growth chamber, where they were heated to 880 K
in an arsenic flux to absorb the surface oxide layer.
This provided an As-stabilized surface, reconstructed
to give astreaked C(2 X 4) RHEED pattern. This
**in-ritu” cleaning procedure left the GaAs surface free
of C and 0 contamination, within the limits of sensitiv-
ity of Auger Elecuon Spectroscopy (AES).

The waveguide structure consists of GaAs and
N*0.967".04" layers grown in the following sequence
(flg. 1). A 1.2Min thick n* GaAs buffer layer,

- » 8 X 10Mcm” ~, was grown fint, foUowed by
23 Jim thick Gsq "Alg 4AS, * 5 X 10
cm~”~. On top of these was grown the guiding medium
which was low-doped GaAs, (« ~ | X 10* cm*“ *), 1.5
im thick.

The substrate temperature was kept at 873 K for
the GaAs layers and 963 K for the GaAlAs layers
whilst the growth rate was 2 jim hour* * for GaAs.
Layer thicknesses and doping were measured using an
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Electrochemical Profile Plotter (Polaron Ltd). Al per-
centages were measured by both photovoltaic and
cathodoluminescence methods, and found to be dT- by
both methods.

In all cases the layers were doped with sulphur,
generated using an electrochemical cell. This cell
which utilizes the galvattic cell Pt/Ag/Agl/Ag2S(or
SE)/Pt. has been used to produce S and Se for dopant
incorporation in GaAs and GaAlAs (2). A change in
EMF changes the gas phase pressure of sulphur or
selenium over the cell and hence produces a change in
doping level. The main advantage of this cell is its fast
time constant, which was shown to be *1 s.

The rib waveguides were fabricated by defining
photoresist stripes of widths between 2tim and 1Snm
on the semiconductor material. The ribs were then
formed by ion-beam-milling (Ar”~, 500 eV, normal
incidence). The waveguide ends were cleaved and
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guiding was observed by end-fire coupling of a TE-
polarised He-Ne laser beam (Xz llS|im) through

X 45 microscope objectives (NA = 0.54) into the rib
guides. The output laser beam was detected by an IR
TV camera and, for loss measurements, a Ge photo-
diode.

3. Wavcfuide meaniements

Loss measurements were made using a “ sample-in.
sample-out” procedure. Conventionally, such measure-
ments are made by sequentially cleaving one sample to
a series of shorter lengths. However, it was found, for
the low-loss guides reported here, that variations in
coupling efficiency between different guides could be
larger than the propagation loss. The procedure
adopted was therefore to make a series of measure-
ments on very short guides (for which the propagation
loss could be neglected) and on the longest guides
available, for which the propagation loss was a maxi-
mum.

Loss measurements on two samples are shown in
table 1. Sample A comprised several rib guides (fig. 1).
width IV = 5urn "*ith arib height of 0.4 nm. All guides
were single-mode. Sample B had stripes of 2,4,6 and
15 /im width, with arib height// of 0.2 urn. The 2urn
and 4 “m stripes were single moded (losses shown in
table 1). The 6 jint stripes had two lateral modes and
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3 or 4 modes were observed in the IS pm stripes. The
mode spot size (intensity) was 10pm X 3 pm, to the
I/e* points, for the Spm wide ribs. To improve match-
ing to this elliptical mode profile, the input beam pro-
file was tailored by passing it through a slit.

The total measured insertion loss can be divided
into coupling loss from mismatch between the guided
mode profile and incident laser beam profile, reflection
losses at the air-GaAs interfaces, and propagation loss.
For a plane wave incident on an air-GaAs interface
(n = 3.45 at 1.1Spm), the reflection coefficient is
""1.S dB at each end of the guide. For short guides,
multiple reflections at the interfaces need to be taken
into account; the effective loss at the output face may
be less than I.S dB and as low as 1.1 dB. depending
on the relative phase of the reflected light. This loss
can in principle be reduced to a very low value by
evaporating an A120 3 dielectric layer onto the cleaved
facets to form a X/4 anti-reflection coating.

For sample A in table 1it can be seen that for short
guides, most of the measured insertion loss can be ac-
counted for by reflection loss, suggesting that end-flre
coupling efficiencies >80% were achieved. These high
coupling efficieiKies reinforce the conclusions of
recent studies of coupling between fibres and LiNb03
waveguides (3] that under the right circumstaiKes
there is no fundamental barrier to achieving veiy effi-
cient coupling to planar guided wave devices. It was
found in this work, however, that careful positioning
of the lenses relative to guides was required to achieve
high coupling efficiencies. The variation in insertion
loss seen between different guides could be in most
cases attributed to the quality of the cleaved facets.

Table 1 alsoshows that we have been able to fabri-
cate waveguides of length up to 13.5 mm, with mea-
sured losses as low as 1.9 dB cm ~”~ A series of careful
measurements consistently produced values of propa-
gation loss in the range 1.7 dBcm~” to 2.1 dBcm~~
The lowest loss measurements previously reported for
semiconductor waveguides is 2.3 dB cm**, for a hybrid
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oxide-GaAs epitaxial structure grown by VPE (41.
The results presented here are of especial interest
because they are on MBE-grown material. This growth
technique is very suitable for growing multilayer struc-
tures. for example for optimised directional coupler
designs. Preliminary measurements on three-layer
structures, with ~0.5 (im of GaAlAs (A1 20%) as
the top layer, indicate that absorption due to metal
electrodes on top of rib structures can also be substan-
tially reduced.

We expect that in integrated optical circuits, de-
vices and interconnecting waveguides will typically
have lengths in the range 1 mm to 5 mm. The propaga-
tion lossof <2 dB cm"* demonstrated here, indicates
that device losses of < 1 dB are thus attainable in semi-
conductors.
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ELECTRON TRANSPORT ACROSS
DEPLETED REGION OF A FINE-GATE
GaAs : AlIGaAs HETEROJUNCTION FET

/lﬂlvfirrms Stmteait/iiciaf Jnices amd mauriaU, Eltcirom
irons™

TI» lee-iemperaiuit dwractcratia of a dtpletcd
AlGaAt Iwicr<~anctioa FET witli PIC Icagik of 1000 A ana
wtdik 10 Jon «how ikat ifec cun«M m laitivBy ipece-charp-
hmiMd. TW on*« of «docMy laiuratio« a obacrvod as ih«
«ourcc<drain bias a increasad. The uruciure in ihe differen-
iial of rcsuiaiKX a aiinbutcd to tia cmssion of opiK
pbooom by hoi ekarons.

We have fabricated GaAs : AlGaAs hetertqunction FETs with
fate lengths of 1000 A. The Iwtercquiictioo «a* »own by
molecular xt** epiuxy and consi”™ of 1300A AlGaAs
mown on lan of GaAs on a serai-inaulattng substrate. The
initial structure was a 100pn x 10pn oicsa defl™ by
optical lithography and wet etching with source and dram
contacts provided by Au ; G e: Ni diffusions. A 30 kV electron
beam was used to expose a fne tine in the PMMA resist, and
AuPd gate metal was deposited by hll-off. Analysis of
Shubnikov-de Haas osallations yielded a carrier <»snantra-
tionofd X 10* cm w* and a mobdity of MOOOOcm V  $
The resistaaoe between touroe and drain was 1000 at 4 2 K
in the absence of an applied pte volup, and the application
of a negative pte voltap produced a strong increase in **xx**
anoe to hundreds of kilohms. indicating that the porti™ of
channel beneath the pte was totafly dominatmg the d e v«
conductivity. We wiH therefore assume inour disc”~n t~
this portioo of the device is the acuve ckment At 42  me
apphoition of a smafl source-drain vohap across a highly
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«depleted chuinel produced rapid drop in resttUaoe u
th”~n in Fif. - The | V relation in Fi]. 2 ihowt the low-
voitafe nooohmic behaviour passing into an ohmic region.
The low-voltage portion is shown in detail in Fig. 3 in the
forni / X and It IS seen that a linear relation is found
which dcvutcs at higher voltages. This V* dependence indi-
cates that spaoe<harge-liinited conduction occurs because of
the injected charge dominating the characteristic

oo Upt
1))
400
I
00
A I >Ac*i = N
-01S -OK) -00S :ooo pﬁ%,gﬁ r[ODf

Fi} 1Ckaime| resuiM ce Bafunction <4sm ret’érmn voltate
-15V

The expression for the space-charge-limited current is'

where n is the channel mobility, d the channel length, ¢ the
dielectric constant of GaAs, Co the permittivity of free space
and i4 IS the cross-sectiooal area of the channel The linear
region of Fig. 3 gives a value /ild* - 1iO x
10" m*'V*'s' ‘. We note that the /x F* regime n depen-
dent on a constant mobility and that an increase in mobiUty
with electron temperature would explain the deviation in
Fig 3. This increase h expected as we estimate the earner
concentration to be » 10* cm’ *, and the electron gni is non-
degenerate at these very small values. Hence the mobuity is
temperature-dependent, being determined by scattering from
impurities m the AlGaAs and at the AlGaAs-GaAs interf;”.
Returning to Fig 2, we assodatt the ohmfo regime mth the
onset of velocity saturation; here only the inject”
centration varies with V and the electron vdoaty is indepen-
dent of voltage. Auuming that the saturation drift velocity is

r K| a1 SV

4 P O A 04 ic

O({[\H%Z

J2
Sadf drmounmiceo fa aronthy defikted ckanei

2 X 10'ems* ' and usuig the value of jud™ obtained from
Fig 3. we cakulaic n - 1000cm”~V's' and d - 1800 A

2j- m, o -—

17Ma-15V

10

05

Q * i)*004**001c\>}c 00B 0020 **O"H
VKL
Q23)

F—g3 Law-voltage remits Ehlmtdiﬁl hheform 1 Xv=

The increase in d above the gate length of 1000 A arises from
the fringing field of the gate across the 1SOO A of AlGaAs. The
value of the mobility is enormously reduced compared to the
initMI value of 2 x 10* cm”™V *'s'w hich we attribute to the
lack of carrier screenmg of charges within the AlGaAs. As a
final comment on Fig 2 we suggest that the rise in current at
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the highest velues oi voltage may be due to earner (low
moving away from the interface and, possibly, impact ionis-
ation ofelectrons in traps in the GaAs or AlGaAs.

We have measured the first and second dilTerential of resist-
ance as a function of source-drain voltage, and this is shown
in Fig. 4. The principal feature is the structure at 40 mV and
8S mV. We suggest that this corresponds to phonon emission,
as has been observed earlier in point-contact spectroscopy
and modulated structures.* The structure arises because some
electrons do not lose energy until the optic phonon threshold
(36 meV) is reached; they then emit an optic phonon, and the
consequent reduction in their energy corresponds to a reduced
contribution to the current. However, we cannot eaclude the
pouibility that a number of elecuom have travelled across
ballistically without suffering elastic collisions. The increase in
energy of the structure, approximately 10". above the LO
phonon energy, may be due to a small voltage drop near the
ends of the channel where electron-electron scattering pre-
vents carrier heating. We could not observe structure at an
energy of three limes the LO phonon energy as has been seen
in other systems.*
Acknowledgments: This work was supported by the UK
Science A Engineering Research Council, and T. J. Thornton
acknowledges a CASE studentship with GEC.
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We present results on the transport properties of the 2D electron gas in a narrow channel formed

by the split pte of a GaAs-AlGaAs heterojunction field-effect transistor.

There are both

guantum-interference and interaction corrections to the conductivity. We find that the temperature
dependence of the phase reUxation length is in agreement with a recent theory based on scattering

by electromagnetic fluctuations.
varies with temperature as P .

PACSruiers: A3, 2203, BALG

There has recently been considerable experimenul
interest in one-dimensional quantum interference
(weak localization) and interaction effects.”*" Quan-
tum-interference corrections in a two-dimensional
electron gas become one dimensional when the phase
coherence length, L©» exceeds the width of the sam-
ple, W. The correction, expressed as a conducunce
per unit length SG, is given by

bC ™ - dNofHt

When (0 exceeds the localization length diffusive
behavior will not occur as carriers are strongly local-
ized* and conduction will proceed by hopping. If the
overlap of electron states is small then transport is due
to (phonon-assisted) variable-range hopping.

Thouless” suggested that if the overlap is significant
the hops are caused by electron-electron collisions.
The diffusion coefTicient, D, is given by
where L« is the localization length and the
elytron-electron scattering time. Therefore the con-
ductivity will vary as «. . It is well known that if
kfl > 1 the Landau-Baber P behavior of t« is aug-
mented by diffusion corrections with a weaker depen-
dence on temperature. However, if electrons are
strongly localized then these corrections may not apply
and T« will vary as Recently it has been suggest-
ed* that if the localization is one dimensional, a
phonon-assisted hopping process could give a conduc-
tivity varying as T*, provided the energy difference
between hopping sites is less than the thermal energy

Beyond the regime of quantum interference the conductivity

KT.

Negative magnetoresisunce is found in the regime
of quantum interference; in one dimension the
theoretical relation is*

(2)

where W is the width of the conducting region and L
is the cyclotron radius, (t/eR)*"*. Equation (2) arises
from the change in the effective length scale and is
due to the penurbation of the wave function by the
magnetic field; it is only valid for L, > W. Significant
decrease of £, below W results in 2D localization
behavior; analogous 3D and 2D behavior has been dis-
cussed elsewhere,”* u has the behavior of G(R) in
the presence of spin-orbit coupling and spin-flip
scattering."

In addition to quantum interference the electron-
electron interaction produces a conductivity conection
which is one dimensional when (UDIKTrA>W,
where k is Boltzmann*s constant. The interaction
correction to the conductivity can be written

gG-(-e*f,D/*»)(tD/2kn"* 3

where fid o» ™% interaction parameter a D is the
Boltzmann value of diffusion coefficient. To first

order the quantum-interference and interaction correc-
tions are additive™ when both are weak.
In this Letter we present resulto on one-dimensional

U9s C 1916 The American Physical Society
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conduction in narrow conducting channels in GaAs-
AlGaAs heterojunctions. We Hnd both the interfer-
ence and interaction corrections together and, from
the negative magnetoresistance, we confirm the ex-
istence of a recently predicted 1D electron-electron
scattering mechanism.Further narrowing of the
channel results in the loss of these corrections and the
conductance decreases as P, and a positive magne-
toresistance is found. Eventually with even more nar-
rowing a transition to variable range hopping is found.
The samples used were GaAs-AlGaAs heterojunc-
tions, the cairier concentration was 4.0x10" cm~*
and the mobility at 4.2 K was 2x 10" cm™ V~' sec~".
The samples were in the form of Hall bars with Au-
Ge-Ni Ohmic contacts. A gold gate of 700-A thickness
was fabricated on the 1S00-A thick AlGaAs with a
small gap IS “m long and 0.6 “im wide between the
two halves, as in the inset of Fig. 1. The gates were
fabricated by electron-beam lithography with use of
PMMA positive resist. By application of a negative
voltage to the two gates, the underlying GaAs is de-
pleted of electrons and current flows through the nar-
row region not covered by pte metal. Further in-
crease in the negative gate voltage results in a reduc-
tion in the width of the conducting channel until it is
removed. The action of the pte is similar to the
squeezing action of the regions in Si accumulation
layers used previously.**'* However, the problem of
pte overlap onto source and drain regions (which can
give activated conduction at low temperatures) is re-
moved here and the pte voltage now acts to narrow

o
400°h
0=K
20
to
00

QD 002 004 006 000 010 012 014
Mognttic Fitid (TESLA)
FKf. 1L The values of conductance as a function of mag-
netic field, indicated by crosses. The lines indicate the best

fit of Eq. (2) at each temperature. Inset: The pte defining
the narrow channel in the underlying heterojunction.
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the conducting channel rather than to offset the
squeezing action of the P** regions in the metal-
oxide-semiconductor device. In the absence of a pte
voltap, the device resistance was 700 O at 1.3 K, and
when the pte voltage was such as to induce the one-
dimensional behavior discussed later the device resis-
tance was peater than 10 O. High-magnetic-field
Shubnikov-de Haas measurements indicated that the
carrier concentration remained constant as the channel
width was reduced.

Conductance and magnetoconductance measure-
ments were earned out below 1.2 K. The field across
the channel was always less than 1 V/m to avoid elec-
tron heating. Figure 1 illustrates the increase in con-
ductance induced by a magnetic field with -1.2 V on
the pte. The results of Fig. 1 did not fit the 2D ex-
pression”™ whereas an excellent fit was obtained by use
of Eg. (2). We note that it is not necessary to intro-
duce spin-orbit coupling into the theoretical expression
in order to obtain agreement with theory. In 2D the
spin-orbit coupling in GaAs heterojunctions is only
significant at very low temperatures and very low mag-
netic fields." Analysis of a number of temperatures
between 1.0 and 04 K yielded a consunt” value for the
width of the conducting channel of 450 A + 10% and a
temperature-dependent Lq which is plotted in Fig. 2;
this figure will be discussed later.

From the values Qf ;0 in F*f- ** possible to ob-
tain the value of due to quantum interference IEq.
(1)1. This was always small compared to G, having a
maximum value of just over 20% at 0.41 K. In order to
investipte the correction due to the electron-electron
interaction we have added og to the conductance g for
each temperature and plotted the resultant value
apinst T~ as shown in Fig. 3. A linear relation is

FIG. 2. The phut relaxation length plotted apinst tem-
perature on a log-log scale.
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FIG. 3. The conducunce after addition of the quantum-
interference correction, plotted against T~

found which gives a value of D of 660 cm”™esec” " for
an interaction parameter of 1.35 appropriate to this
carrier concentration.*™ If we assume the two-
dimensional density of states for GaAs, this
Boltzmann value of D gives a value of g§ = 8.9x 10

n 7' for a value of width of conducting channel of 450
A. This is in satisfactory agreement with the value of
8.3* 10"“ n "' derived by extrapolation to zero T~* .
At all values of temperature the interaction length
scale. (MD/kTy”~. is considerably greater than the
sample width. However, it is surprising that the f"
law is found for such large changes in conductance.
The values of magnetic field were such that gmB < *7*
and the interaction correction wu not significantly
enhanced.

We now consider the temperature dependence of
the inelastic length shown in Fig. 2. The power of
temperature for the best fit is ~ 0.35 £0.06 which
agrees with recent predictions that in ID the dominant
scattering of electrons is a low-energy process arising
from electromagnetic fluctuations.™*” The fiuctua-
tiofu domifute over the disorder correction unlike the
2D situation where the disorder correction is strong
giving a T"' dependence of the phase relaxation
time.” Altshuler et ai predict a phase relaxation
length (O fiven by™

where L is the sample length. If we assume the
Boltzmann values of D and g derived from the inter-
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FIG. 4. The conducunce for a number of gate voluges
plotted against P. (a) ~ 1.210, (b) F,- - 1.215, (c)
K,- - 1.220, (d) - 1.225. The error in g is approxi-
mately 5%.

action behavior, Eq. (4) predicts that (0"5.6
X10"*7” ' cm in reasonable agreement with the ex-
perimental result of 1.6x 10” *r”  cm.

Deaeasing the pte voltage in steps of 0.02 V result-
ed in the introduction of a strong temperature depen-
dence as shown in Fig. 4. These results are consistent
with the P Dbehavior discussed earlier. A further
feature of this regime was a strong positive magne-
toresistance at low fields, of magnitude 30% for
5- 0.1 T. This behavior may indicate that a shrinkage
of the wave function is lowering the conductance.
Further reduction in the channel width results in hop-
ping with an exponential dependence on temperature,
i.e., phonon-assisted hopping. However, the experi-
mental range was too limited for us to esublish the
precise power of temperature.” It is seen from Fig. 4
that the conductance shows oscillations about the T
line. We do not have an explanation for this but, in a
similar manner to oscillations which occur as a func-
tion of carrier concentration, the effect may be related
to the small number of conducting electrons
[N(Ef)kTLW\. At the lowest temperatures this
number can be of the order of unity.

In conclusion, these results show that the magnetic
separation of quantum interference and interadiM
corrections can be achieved in ID as well as 2D.*"
We have also found the existence of a recently predict-
ed mechanism of electron phase relaxation and the
transition from diffusive transport to bopping.
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Frequency-enhanced fractional quantisation in GaAs®
GaAlAs heterojunctions
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Previous work has established that varying the frequency of measurement has a pro-
nounced effect on the measurement of the quantum Hall e ~ t

Wakabayashi 1983. Wakabayashi et al 1983, Long et al 1984). This arises from Q
being a Lnifestation of localisation in the Undau level. If states at the centre of *e
level are weakly localised, plateaux of quantum Hall resistance are not found a .
However ifthe frequency of measurement is increased, then when the amphtude of the
drift path of the centre of the orbit is less than the localisation length, tte plateaux of
Quant™d Hall resistance become apparent. The frequency-aided delocalisation occur
first at the centre of the Landau level where localisation isweakest. Further mcrease in
frequency delocalises states inthe tails of the Landau levels, thi» desttoymga “« c e »
S fo n fortheobservationofthe ghe .Theex” incr® Mm

the observation ofthiseffect depends on the localisationlen”, *

wiUbe sample-dependent. Previouswork (Pepperand W akabay”i f

that the maximum observable localisation length is the sample length.

cut-off The previous work showed that increasing the frequency A

bv delocalising tail states, and the quantised value was only found when £,

0022-3719/8"170439 + 06 $02.25 (g) 1984 The Institute of Physics L439
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typical velocity of electrons in the plateau of the ground Landau level is 10*cm s~ ata
frequency of 10 MHz; this gives a drift length of 150 A. In the tails of the levels, rough
estimates of the diffusivity D suggest that the diffusion length in a frequency (ucan be
decreased considerably using the MHz region of frequencies. This is particularly effec-
tive a&the localisation lengthsare long. Accordingly wewould expectthe accondurtivity
to be less dependent on scattering and disorder and be more dependent on the
electron-electron interaction than it would under pc conditions. We therefore investi-
gated the possibility of using the effect of frequency to observe the fractional quantum
Hall effect (Tsui etal 1982, Stormer etat 1983. Uughlin 1983).

The samples used in this experiment were MBE-grown modulation-doped GaAs-
GaAlAs heterojunctions in the form of gated Hall bars, 1.9 mm long and 0.2 mm
wide. The mobility fiand carrier concentration n, could be continuously varied be-
tween 120000cm ~MV's"' at n*=5x 10"e' cm'» and SOOOOcmA”V's" at n, =
2.7 X 10" c" cm'~. Lock-in techniques were used to measure only the in-phase
component of current from a matched current monitoring resistor and the two-terminal

RAte JTreqentumtdldietQ \assB)aA>OHz. T»> BnK. V, — w02V

pigai« 2 The tco>tenniiul conductance Gnvenotaafnetic helda t 80 Hz. T *

V ,» t+0ZV. The Landau level filling factor vushova on the top scale whilst the expected
values of C:tare shown on the right-hand side.
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conductance method of measuremeniwas u$ed(FangandStUes 1983 PoweU <«/IW)

Out method of measutementeliminated the role ofgale

%?ble loss; herew compens ted forthe loss at those frequencies where itoccmed. " e
nimagDeloconductaniceosciUalioliswere measured at r -+ i.4Km

**'Nejl”te of the DCquantum HaU effect obtained at 280 mK “
ASs«« .“tateger plateL am very broad downto. - 2;the “
high enough to observe the 1= lplateau. Figure 2shows the high-field tw o -tent”
obtained at 1.4Kand80Ha Here thei- land2”t« ta areob«rv.”
but the higher temperature preventsaclear plateau fori - 3. whicha **P*"'Aj'*
In figure fwe have indicated the eipecied positions of the plateaux and it
L r1 is no additional structure. Figure 3shows Crr plotted agauwW magnenc «eld for
tag” n” uptoS5MHa. At frequendesupto IMHzthe i - *~
their expected values and additional structure appears at a Alhng » 1- Wi»
faSher”~ase in frequency the i = 2plateau remains Hat up to 25MHz Imt faUs m
value Thisisduetoc”lelossandweindUiatllielotsincreasesUnearlywithfteque”
A1k d to aSmaitic capacitance 0f0.8 pF. Tliis enables us to extract the
A isdear the fractional quantisatio« is piesen.

ITSSToirflInd I. the Sucture at I beinga Elateau atthe correct value of
cJiSduoance at 5 MHz. A distinct featureof the resultis the coUapse ofthe | - Imteger
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3and 4

plateau; this has disappeared at 5 MHz and becomes a minimum at higher frequencies.
At frequencies higher than 2.5 MHz the i = 2 plateau starts to disappesw and *comes
aminimum. At 10 MHz there is evidence of further sirurture (figure 4) but this is not
analysed here. Increasing the frequency to 20 MHz results ina pronounced immmuin at
I = 2; appreciable loss was found at this frequency preventing analysis of lower-order

equency was found to have a pronounced effecton higher-order Landau levels.
Tlie principal structure was always at the 8 filling faaors and this was appiuent up to
V« V which occurred at a magnetic field of 1 T. Figures 5(a) and (h) show the Landau
levehndexation at frequencies 0f500 kHz and 10 MHz. Itisseen Aat at lowfrequena«
miy integer quantisation ispresent but at higher frequenciesthe fractioM e
It is"noticeable that when an integer peak appears strongly loc”ised. and does
a quantised value at low frequency, it is not significantly affected
penists when other integers have disappeared. Thisis | _. 0¥L
rers which being spin-split are the weakest, and ISexemphfied by the **tence o

3Mak 6 iUiLates the progressive decline of the i » 4 and 6 integer peaks

and the appearance ofthe VV and V peaks.

We haTinvewigated theaee«xecoaaahinc”ofcamer
variedbvtheaatevotUie.Hie enhancementofthe fractionsand decrease ofthe mteger
peaks by frequency is most pronounced as n, decreases; this is despite the decrease m
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mobility. Presumably the frequency isminimising the disorderelementand the reduaion
inn, isincreasing the relative importance of the interactkm for a given filling factor.

We now turn to a discussion of the main points of this work, namely the frequency-
induced appearance and enhancement of the fractional quantisation and coincident
decrease and collapse of integer quantisation. The essential feature of the experiment
is that the diffusion length of the electrons is smaller than the localisation length. The
drift length of the extended electrons is small and we therefore remove the role of
localisation lengths greater than this. We expect, as in Si, the conversion ofthe quantised
plateau to a peak as frequency is increased. However, the results go beyond this and the
integer quantisation disappears and then becomes a minimum. We conclude that this is
the result of electron interactions which are also producing the fractional quantisation.
The frequency is enhancing the liquid state and the interaction. Our measurement is
monitoring the response of the electronsover ashort period of time (1/oi) and it appears
as if the entire Landau level does not conduct for very short intervals of time (10°*s).
The observation of an insulating state when the time is short suggests that when £f is
between Landau levels the system behaves as a pinned solid and is an insulator. As the
time increases the liquid state becomes apparent, giving conduction, and the integer
quantisation reappears. Itisthe liquid motion itselfwhich givesdiffusion and conduction

We therefore conclude that at very short intervals of time, or insignificant disorder,
conventional (integer Landau level) magnetic quantisation will not be observed. The
only quantisation apparent will be at fractional values and transport istotally dominated
by mutual interactions of electrons.

The results suggest that in any Landau level the interaction increases as the filling
factor increases. Thus the integer disappears and the §occupancy is favoured over i etc.
There is a complicated relation between disorder, interactions and frequency. The
disorder and localisation give a plateau based on the interaction-induced fractional gap.
Increasing the frequency enhances the gap, but also minimises the plateau by reducing
the disorder-induced localisation. Therefore we expert the system will behave as a solid
at sufficiently high frequencies and for all values of carrier concentration.

We have enjoyed many discussions with Dr J Wakabayashi and Dr D Woods. This work
was supported by SERCand in part by the European Research Office of the US

We acknowledge a NATO travel grant. C McFadden and A P Long acknowledge SERC
grants. C McFadden also acknowledges a GEC (CASE) studentship. We are grateful to

the technical staff of the High Magnetic Field Uboratory, University of Nijmegen for
their assistance.

FeniFFeed ksP] 19830y /& BroAs7
RB]%thl Rev. Lett,
P Had hJ . Phys. C Solid Sum PHys ]7'.433’8
¥ A T 50

SoinerH L, GrergA, RiDC. HergdC, Goerd A CatheigramW Benys. rev Lett. B

-B,IDC.Q:]TH'H LaIBZBHdA mPhys Rev. Lett. 48 1D
Vﬂm‘ I\MU‘\ HdFEﬂ'H‘M %hysmaHTB 1 bx€3



fi

Attention Is drawn to the fact that the
.opyright of this thesis rests with its author.

This copy of the thesis has been supplied
pn condition that anyone who consults it is
Wderstood to recognise that its copyright rests
With its author and that no quotation from
~he thesis and no Information derived from it
' lay be published without the author s prior

ritten consent.



—



