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ABSTRACT ' ' - -

N [

: _ -1 R o
Low frequency (10 © - 10° Hz) current oscillations due to field depend-
o ) )
ent trapping were gtudied in Cr-doped high resistivity GaAs. Blectrical

.
. - .

conductivity in the dark as a function ofiﬁfgpé;ature and photoconducﬁivity

o_ o . M
around 90 K and 300 K were stydied under both low and high field conditions.
- . . | sy . ' . i

%

_— N\ y . .
The energies of seme dominant impurity levels.were determined.
Particular importance was attacheé“fo the photoconductivity generated by \'

0.90u‘;adiation. Tts generation was explained in terms of a model based

on double excitation and an energy level diagram cbntaiﬁing'four impurity

c
levels, one pf whiéh ;cted_qs a sensitizing centre ' §<‘
The Aependence of the current oscillations on a number of con- E E
, 25
Erolling parameters was-studied in the temperature ringe 90°k to 300°K." ‘ : ;
The threshold field, intensif? of 0.90y radiation, and é%igshold femperatdre ; :
were three of these pafameters; and they yielded a value ofﬁminimum nd' N é
. ) 4

‘_proddbt needed for}the generation of oscillations that indicéted the mech-~

-

anism responsible was field dependent érappfhg.

i)
S

Optical and temperature quenching of ther;cillations ;as useé

“to identify one(particular‘impurity level as being responsibie fof?the

’osciilaéory behaviour of the matéria%. A This level swas found to be‘9-45 eVv -
above the valence band, and‘é¥§o acted as both<€;;/::mpensating levgf gnd
the sensitizing‘cent:e inrthe material. \ <. o

An originél two source experiment was p ﬁbrmed to confirm thah"

the 0.45 eV level was quponsible for the field'déﬁﬁndeég\55§pping

mechanism. .
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CHAPTER I  INTRODUCTION

I-1 Origih of Project '

. Low frequency current oscillations in. semi-insulating Cr-doped

GaAs were first’observed in these laboratories by H. M. Brown and E. Fortin

. S
- - P2

during the study of éntfinsic photoconductivity and surface effects of .the‘_,'r
- material (69M1, 69M2). ' These oscillations (10" = 10? Hz) were found to
occur at 90°K for applied fields greater than 750 V/cm and initi%lly only

when the sample was illuminated by 0.90p radiation.
: ' r

A search of the then current literature indicated that this

anomalous behaviour was not unique tg the samples being used, but had been

-

" reported by other authors, not oniy for*@&-doped GaAs (69I1, 69V1), but

also for high resistivity GaAs doped with copper (61Bl), oxygen (63Bl,

. L)
66K1, 67T1l, 68T1, 69v2), and .alsc GaAs compensated.by irradigtion of fast

S A LTS

PRSIV

neuvtrons (68Sl, 69Sl). While a theory had been proposed to explain such

hr A AR N

behaviour in a seﬁiconductor (61R1, 61R2, 61R3, 63R1l), the fact that the.
oscillétions in GaAs would occur for different compensating agents, as well
as the fact that GaAs contains a large number of impurity levels (am™

important factor in generating the oscillatiors), many of them little

known, made it difficult to determine the'actual mechanism resPéhsible

for the oscillations.

- With these two fadts in mind, it was then decided that a syste~

i

ﬁatié study of the oscillations would be undertaken, with the aim of deter-
mining the impurity level or-levels in the GaAs that were directly

responsible for the oscillations. Also, if the résearch proved fruitful, _ o

& //fgl// ‘ S ) | . . ._\

!



a possible mechanism g}plaining this particular\béhaviour of the material

would be proposed. It was also felt that such an investigation would

contribute to (or at least confirm) the knowledge of the energy values of

. !
the impurity levels in the material (experimental results were published

at the.'end of the_research period (70L1)) - ,
-Final%y, it should be mentiohed that during the investigation
of the current ésciliations,_a second anomalous effect was encountered in
the material, that of photoconduction "mgmory“; and this was subsequently
‘invegtigated by F. Pr#t (7253) and evéntually served as the material for

'

his thesis (72r4).

I-2 F;ihod of Study

. The investigation of the current oscillation; in the GaAs was
' divided into two main areaé of study.
Pirst, a determination of some of the electrical. and optical
properties of thelmatérial, with particular attéhtion to: |
; - the I-Vv charactefistics of the sample, both in the dark aﬂa_
o v under,illum;;ation;
- the_temperature.dependence of the current; and
‘= the specfral response .of the.sample in the rangé of 0.7y to
l.6u.
fhis allowed the determination of some of the impurity levels in the.
material, as well as ;urniéhing initial data on the osciilatio?§.

Second, a investigation of chosen parameters_affectind the

- creation and qﬁenching of the current oscillations in the GaAs. These

iy,

|




parameters were:

o]

the above

for current oscillations in GaAs (previously mentioned references plus
70T1, 70T2, 71v1, 72B1, 72P2), the following three points were of par-.

ticular interest:

were attained:

™~
- tgﬁperatu#e of the sample; ! _f;
- inteﬁsity of the incident rad;ation;
- wavelength of the incidertradiation; . °
- electric field applied t; the sample; and ) '
- previous optical histor; of‘gﬁe sample. L‘ B}

Finally, as a method of substantiating the results cbtained by
procedure, a two source {optical) experiment was performed.

While-the results in general conffrﬁed the published information

1) The determiqetion of the '0.45 eV impurity level as the

one responsible for the oscillatory mechanism; ~

2) The importance of the above mentioned level being partly
P ;

v

filled with electrons if current oscillations werea to be generated;

N

AT LN

and . : . : .
3} .The determination of an original experiment (two scurce '’
experi@ept) to ve@ify which level was responsible-for the

oscillations. . : . ] ’

‘After the results were organized and stu

/[ L

, two objectives ¢

1) A simple energy level diagram of the impurity Yevels in the-
material was determined; and

2) A mechanism explaining -the current oscillations in terms of

the above energy level diagram was presented.”

.



j | --4—
' { o

N

.

I-3 Plan of Thesis

— .

The first part of this thesis (Chapter II) deals primarly with
tﬁe theory of.current oscillations, with a brief outliné of the mechanisms
that have been proposed to explain such osciilations. Since FPield
Depeﬂdent Trapping is the mechanism responsibie for thé Ssciliations
observed in this work, a more extensive presentation'of this theory: as
originally proposed by Ridley and Waékins (61R1, R2, R3) is given "in an
Appehdix at the end of the thesis. The séction on current oscillations.

~ends with a description.6f;travelling high field domains in a material,

these being the actual oscillations.

i

r

The latter part of .the chapter briefly describes the effect
that sensitizing centres can have on a Photoconductor, in particular on

; . . ' ' .. 1 :
carrier generation, a critical parameter in generating the current
3 .

-

oscillations.

The following Chapter (III) describes the experimental material

b

and equipment used in this research, and details the procedures followed.

hr R R IR )

Chapter IV gives the results of this research and discusses
them. It is divided into four main sections: '

1) electric proper?ies,

"2) optical properties, ' | |

3) current oscillations and queﬁching,

4) summary of results
In each section the results are presénted and then discus;ed. Since in
some cases a particula? ?esulé may apply to more thén one section, there

occurs the docoasional overlap; however, the results have been presented




‘as systematically as possible. ;
Finally, the coﬁbluding Chapter briefly restates the major

accomplighmgnts of this work and propqses a number of practical abplib-/

1

1 }
ations for the.effect_stéaied.
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CHAPTER II ‘THEORY °

/

o "At #ow tgmp?ratures_and pnder high electfic fields, high resis-
tivity GaAs, when illuminated with radiation of Eertain wavelengths
i?‘fhér%;hﬁ,becomes unﬁtable ahd "generate;“ current oscillations in
the circuit. These coscillations are éttributéd to a méchanism ihit;ated
by the appearance of Negative Differential Resistivity (from here on
referred to as N.D.R.) in the sample. The firs; part of this Chapter,
, then, will_describe the most.tcmmon causes of N.D.R.'ié a material such
as GaAs, including the one actually responsible for the oscill;tioﬁs in -
- this case: Field Dependgnt Trapping (;rom here on referred to as F.D.T.);
The second part of this Chapter will,déscribe the effects of
having a region of N.D.R. in tbe1s;mple;the formation and travel- of high
field domains whicﬁ traverse the sample from cathode to anode and thus
register as\current'oscillations in the monitoriqg circuit.
Because the formation of high field domains is partly depen~
’ dent on the free carrier concentratlon, and the free carriers in this
work were optically generated, the last part of this Chapter will deal
with impurity centres (sensitizing centres) that can‘optically affect
such cafrier concentrations. Also, these sensitizing centres are of

special importance in this work since they were found to be responsible

for F.D.7T.




II-1 Negative Differential Resistance (N.D.R.)

1.1 - Gunn Effect

v
1

While oscillatory current behaviour had been observed in-Gaas

(and other semiconductors) prior to 19614/11 wasn't until Ridley and

Y

Watkins (61R1) proposed that N.D.R. could be generated under certain

conditions in a material that a‘more'syséématic study of this phenomenon

was undertaken. The model was based on a materlal that had a conduction
:

band with two sub51dla?y sub—bands sepap?ted by a certain energy dlfference

[ et 3

(as is the case with GaA%J. -The N.D.R. arose when, under the 1nf1uence
of a hf@h‘electric field parallel to a principi} axis of the crystal, thé‘

charge carriers (electrons) in the conduction band were accelerated, and
('; N . .
their effective temperature.vose above the lattice temperature. The net

effect was an alteration in both the mobility and electron density in the

bands, The result was a transfer of electrons- from a high moblllty, low
B!
t ‘A

effective mass centre valley to a low moblllEy,rhigh effective mass

=

satellite valley. When this occurred, the drift velocity as a function

of 5pplied electric field decreased, thus yielding a region in the I-V
characteristicg of the material where an increase in applied field ‘ {
resﬁlted in a\gecrease in current, or N.D.R. . )
The presence of N.D.R.'i%*the material gave rise to the form-
: - !
ation of high field domains at one plaS§ or nucleation ppint in the
crystal (assuming the crystal was 1on encugh), and the domain would

-

travel across the crystal and produce current drop while in transit.
. . . l\\ : -

After the disappearance of the domain at the anode (corresponding to-the

electrons falling back ta the centre valley), a new domain would form

. o
- S f{ii
. : : i



fields above about 1.5 kV/cm. These values greatly exceed the values

near the cathode. This process, when repeated, manifests itself in .

cu;;ent oscillations, and a ﬁore detailed description of the domains will

be given in'a latter part of this Chapter (sec. 2). h ¥
-Gunn diséovered current iﬁgtabi;ities in GaAsiwhich he ihitially

could not explain (64Gl). Further experiments, however, confirmed that,

the theory éeveldped by Ridley and Watkiﬁs, and in@ependently by Hilsum

(62H2['in 1962, was thg correct explanation of the behéviour. The now .

familiar Gunn oscillations, which are -typically in the GHz region for

GaAs (due to ddmain'Velocities > 107 cm/sec), are thained for aﬁplied : - 1

typical of the oscillations in this work. Thus the Gunn effect is not

believed respoﬁsible for the effect observed in this study. The next

mechanism to be discussed, however, yYields results closer to those obtained

1

A

in this research.

-

i AT w0 I N

lﬂ? - AcousfoelectriplEffect |

~

- A second mechanism that can induce N.D.R.-and thus the for-

. .

mation of travelling high field domains in a méterialris the acousto-

i T
electric effect (57Wl).. Under normal conditions, in a semiconductor

such as Gans; a low applied D.C. field will iﬁduce a diift velocity to
. dy, ' , L 3
the electrons in the condugtion band which will be small in comparison

LY . -

to the wave veiociti,of the phonons. In‘this-éase, the electrons on the one
hand and the phonons on the other, can be treated as independent systems,
and any coupling between them as.a small perturbation.

If,however’;, the appl%}d field is inéféased to the point where



/
.the drlft velocity” exceeds the wave velocity of the phonons/"/,///,
/"

(3 0 x 10 cm/sec in GaAs), then the two systems

The net effect can be illustrated by considering the basi
_ . tustr: 3 g the basic ////

mechanism (6252). When ﬁgg/dfift velocity of the electrons exceeds the

S

velocity of qpund,<aéaagtic waves in the crystal gaig eneréy from the
field and a growing hyﬁergonic wave %s generated famplification)( ‘ If
"the amplitude of'the.sound wave is sufficiently large, the potential dif-
ference between crest and trough will eicééd kT and substanﬁially all of

the free carriers will be bunched in the potential trough (free space

”
>

charge) and ﬁhe local deformation potential, or Eiezoe;ectric fiéids, will
exceed the app}ied fieid; Increasing the electric field under these con-
dftions will push the electrons harder against the walls of their potential
trpuqhs and will increase the power going into the sound wave_without )
causing the electroné to drift faster than the sﬁun&'wave. Thus for
sufficientiy high applied field, the acoustoelectric current will be‘
a&fficiently large to make it comparable in magnitude to thé ohmic current.
The result will be a éqrtiai cancellation of the ochmic current which will
show up as a deviation'from Ohm's Law in éhe I-v characteristics of the
cry;tai. The changé will be a decréﬁse in the cur;ent-for increasing
field (above the threshold field) yielding a region of N.D.R. | In

analogy to the “transfékreq eiectrdn theory" of the.Gunn oséillatibns, the
acéustéeiéctric effeét'deécriggs the net transfer :f carrier energy and
drift momentum to the acoustic flux, which must culminate in a decrease

~ in the' carrier mppilitylfor increasing applied fields.

Current 6gcillations due to travelling domains formed through

‘6 no longer independent. /

SA1A LYY

AR
PREIL:
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this effect have been observed in a number of materials 66252, 6551, 65Wl),

including GaRs (64B2, 66H1, 66K2). In GaAs the oscillatory ffequency has

: been found to be in the range of 10 Hz for fields over 800 V/cm. As well,

it has been found that the osc111atory period is 1ndependent of the appllEd
field once the threshold value was reached. While the threshold field- |
found in this work is the same as that needed for the acoustoeleccric
effect:, the free carr#;r concentration, and thus the ntproduct, (as will

be seen), was too small for the effect to occur. In this kork, the

oscillatory frequency was several orders of magnitude smaller than that

T

‘due to the acoustoelectric effect, and the frequency-field independence did

not appear. The next mechanism, however, yields results consistent with

the ones obtained in this resgearch.

.

1.3 - rield Dependent Trapping
The third mechanism that can induce N.D.R. in a material is field

dependent trapping (F.D.T.) of free carriers. Generally, the capture cross-

section of a charge carrier by an impurity centre in a semiconductor is

2
dependent on the energy of_the charge carrier. Now, sinte an electric

field can increase the energy'of the charge carriers, the capture cross-

Bection, and thus the rate of capture of the charge carriers, will also

depend on the.strength of the electric field. Therefore the condition

o .
needed for N.D.R. is that the capture rate increase with increasing electric

field above a certain critical value Bf field. This condition could be

sa sfied if the centres in a particular level presented a modified repul-

'siv' Coulomb potential to the charge carriers so that the carriers would

|
i
i
1
1



-11 - ' . . :

o | : ok

have to surmount a barrier before they would be trapped.

The potential distriﬂ;tion around a repulsive centre is shown' . . éf f;

QTP PUR I PRSI T I

schematically in Fig. 1. 1t may be thought of as a superposition of a
Coulomb repulsive potentiél due to electrostatic repulsion and;a short |
range attractive potential. The attractive poteﬁtial would be due to the
impurity atom‘not having as yet satisfied fully its ;;bital condition.
Once tﬁe electron has overc;me the net negative repulsive fofce it sees
at large distances, it would bg.trapped‘at the centre. ¢ in this case is
the potential ba;rie; the electron has to overcome éo be captured. -

AF low f{elds no‘chhrge carriers would be trapped} but as the
‘fielh ingfeased, more ﬁﬁd more cdrri;;s would -have suffidienthenergy_to

surmount the barrier and be captured by the impurity centre. Assuming

that the lattice temperature remains constant and that no impact

ionization occurs, then the generation rate of carriers remains constant

-

for increasing field and a drop inccarrier density occur ’

YR LUARUILIS |

It can be’ shown . (Appendix) that the barrier height ¢ for F.D.T.
to be effective must be ¢ > 0.08 eV. Barriers of up to 0.2 eV have been
measuted for copper, nickel and gold in Ge (55B1, 5651, 60J1). Ridley

_ ] .
and Pratt (65R2) have observed N.D.R. due to.F.D.T. of electrons in n-type

v
o
v
'

i
R
_F‘

Ge containing Au centres. : ‘ S k;
Current oscillations due to F.D.T. have been observed in high
resistivity GaAs by a number of authors (ref. given in Chapter I). _ The jﬁ

oscillations cccur for appliea fields of 200 ta 2,000 V/cm and-have a fre-
1

quency of 10 — to 10s Hz which is field dependent. As will be seen in f??

Chapter IV, the experimental results obtained in this work satisfy the ‘ _ ."ﬁ
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above conditions. ' . . ' : ' P Vi
The above explanatlon of the ;\D.T. effect is fairly descriptive.
For a more detalled analysis, the reaigr is referred to the Appendii at the

-end of thls'manuscrlpt.

* B

1.4 - Other Effects
" A number of other mechanisms responsible for N.D.R. in n

a crystal have been suggested. . These include:’ electrons exhibjiting

negative effective mass at certain.high electric fields (59K1); anisotropy

oy

and population shifts of the many-valley structure ¢of the conduction band

£

in Ge (63El); and the field quenching effect (59Bl).g§ Except for the last

Y

mechanism, which differs little from F.D.T. (65B4), no experimental evidence

[

-

PRSI U TR TANT

has been found to support these theories, and N.D.R. is usually attributed

R TN R e LA TR AT R 1

to one of the three mechanisms discussed in the last three sections.

-

ECNL IR

NATIR

IT-2 High Field Domain’

A bulk'semiconductornexhibiting differential negative resistance
is inheréntly unstable-(63Rl). Thls is because a random fluctuation of -
carriex deh51ty at any peint in.the semiconductar produces a momentary
Space charge.which grows exponentially in space and tlme.’/ of interest“
here 1! the bulk negative resistance behaviour of GaAs due to voltage
contfolled differential negative resistance {the othef fype is current . 7 | ij
controlled). The'general current density vs. éiectric field characteristics
of such a crystal is shown in Fiqg. 2;2. -As-can be seen from this Fig.; ‘ 3ﬁ

~for voltage controlled N.D.R. the electric field is multivalued. The J-E

Fel
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curve shown-in Fig. 2-2 refers to the microscoplc 1nstantaneous,charac-

/

teristlcs of the bulk semiconductor and are not the D.C. characterlstlcs.

Because of the N.D. R., the semiconductor, Lnitially homogeneous,

becomes electrlcally heterogeneous in an attempt,to reach stability. For

-

voltage controlled N. D.R., this results in the forhation of travelllng
high fleld domalns. Ridley has shown (63Rl) that for voltage cont;olled
N.D.R.,-the electrical state most favoured by the principle of least
eﬁttopy production- is the one which has least Joule heating, leading to
the material splltting up into domains. It can be seen from Fig. 2-2
that the d;ﬁferentlal posit1Ve ‘resistance increases with fleld, or g§'> 0.
If, however, there is a region of slightly hlgher field as shown in*

Fig., 2-3a, the resistance in this region is larger. Thus less current

wlll flow through thls reglon, and in fact the current will tend to flow

1]

around 1t. This will result in the region elongating in-a direction S

perpen@icular to that of the‘current flow to form-a high-field domain,

which separates the regions of low field as shown in Fig. 2-3b. ) The

interfaces separating low- ano high-field domalns must lie along equl-

potentials so that they are in planes perpendlcular to the current dlrections.
;7 One can consider the behaviour of such a crystal in more detail

if ofie considers the crystal to be biased for a field E (see Fig. 2-2).

At soge point A in the crystal there exists a region of high re51st1vity

which could be due to a réndom n01se fluctuation, or possibly a per-

manent non-uniformity in dopiﬁay This means,tha the field will become

_ Ly
non-homogeneous across the sample, or in other words, there will be more

carriers flowing into the region than out. If there are two types of

RPN

!
e

Li




until it reaches a stable conflguratlon for values E.
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carriers separated by a small distance d, there will be a dipole formation,i
or domain, created as shown in Fig. 2-4a, resulting from the fact that more
charge carriers of both types flow into the'region thaf out. .- The charge

distribution at the steady state is shown in Fig..2ﬂ4b, and the resulting

electric'ﬁield distribution in Fig. 2-dc. d in this case will represent

the width of the domain. Because of N.D.R., the current in the low-field

region will be greater than in the hign-field region. The field wi 1

t

continue to grow towards equllibrium levels outs1de the N.D. R. reglon,
1. ; ' |
1 and E2 when the’ Current ‘

flow in both'regions-will be the same. (see Fig. 2-2). The dipole is

e

now in a stable configquration. The potentinl distribution is shown in

Fig. 2-4d, and it can be seen that the dipole will now travel through theag

- - >
sample towards the region of low potential, or anode. When this occu%i

» E ' S¥
and the domain, disappears at the .anode, the field will.begin to rise J '

uniformly across the sample from its low value El until E > ET (E is the

threshold fleld), where a new dipole layer will form at a suiltable nucleation
centre near the cathode. Thus the process repeats itself. B

It has been found thati.this behaviour is dependent on the product
of the number of electrons per cubic centimetre, and the length of the
sample (nf product) -(65Kl; 66Ml). If this product ig-large (e. g.
nk >‘107'cm for F.D.T.), the dipole layer will grow, and since it is

nmade up??f‘mobile carriers; will travel as it grows. 2As mentioned, growth

continues until the current flow in both regions of the domain equalizes.

- For this to occur, the number of carriers must be sufficlently large 50 ' f

that the necegssary amount of space charge is built up during the transit

. » ) “l
. Hli
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1

time of the doamain (before it reaches the anode). When the ng product is - : E

" not large enough to produce this behaviour, a steady state occurs in which o
the field and charges are so rédistributéd in the sample that the differen-

tial resistance as measured across the sémple terminals is positive

(BeM1, 54S1).
; .
Travelling high field domains such as described above have been Coe

observed in a number of semiconductors, among them Ge (65R2, 66K2, 67K2)

and Ccds (59B1, 65B4), as well as GaAs (69S1l, 69T2, 67Kl, 67T1, 64Nl, 70L1).

? Boer in particular has oLserved the travelling.doméins in Cds and photo-
graéhed them (both still and movie photographs) using the Franz-Keldysh
éffect (61B3) . 'Simila; photographic experiments on GaAs also using the
Franz-Keldysh effect were initially un§uc9essfui (6552 ), but ﬁore refined

techniques and a better choice of illuﬁinating light by Shirafuji (68s1),

" succeeded in oﬁtaining photographﬁ of ﬁ:l,'xe travelling domains in semi-
. 3 ,

-~

insulating neutron irradiated Gahs.
In very high resistivity samples at low temperatures, the need

for a sufficiently.high nf product to obtain the travelling domains may .

require the optical generation of fre? carriers. Even then, in some -
: - ' ' ] . . N B
® cases, optical excitation across the gap would not increase the free

o -

. _ —
carrier concen;;ﬁiion sufficiently for domain formation were it not for

the presence of certain centres in the material (sensitizing centres) ) 55
’ : B
which greatly enhance the photoconductivity. Since this ‘béhaviour was 4

i

present in the sample used in this study, the next section will describe

this "sensitization of photocurrent™ effect. ]} T
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II-3 Optical Sensitizing -Centres
‘7 -

Consider a semiconductor containing two impurity levels in the

' L)

forbidden- gap, ‘as illustrated in Fig. 2-5a. The s centres (fast centres),
with approximately equal capture cross section for electrons and holes,
will normally be located just below the conduction band and will act as
;recogbination.céntres, while the r centres (slo; centres), with much
larger cross sections for the capture of free holes than they have sub-
sequently for the capture of free eléct;SBs, will be above the::alenee band
and thus be hole traps. Such r centres have been reported for GaAs by a
_number of ;uthors (72B2; 6951, 67s1). )
According to Bube, under optical excitation of such a maéeg}al
with intrinsic Tight, the Fermi level for thermal equilibrium is replaced
by an Flgctron Fermi level (Efn) and a hole demarcation level (Edp).(GOBl)
as illpstrated in Fig. 2-~5b . These two levels divide the gap into fegiéns

of traps and recombination centrass as follows. If a hole is located at

the hole demarcation level, it has equal probability of recombining with a

4
free electron and of being thermally ejected to the valence band. Thus all
_centres lying between the electron Fermi level and hole demarcation level
act as recombination centres; all centres lying above Efn are electron

traps; an all centres lying below E

. )
dap are hole traps. i \

Consider the effect these levels will have at low temperature on
a high resistivity material where the density of carriers under optical

excitation is much larger than the thermal Qeneration of carriers. If
' 2

there is only one tyﬁe of centre between Efn and Edp' with about equal

captuie cross section for holes and electrons, then this level will act as
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a recombination level and will produce a smﬁll free lifetime for photo-
excitgd carrie;s. The r centres, if they are compensated acceptors and
tﬁus_dontﬁin an extra electron, have little effect on the seﬁsitivity of
,the:gateriai‘ginde they lie below the hole demarcation level (Fig. 2-5b).
If however the temperature is decreased (or the light intensity inqreased),.
the hole demareatiqn level shifts to below the r centres (62B2) and the
méterial becomes segsitized fof‘the following reason: both r and s centres
"now act as recombination centres, Holes captured at r cenﬁres have'a ‘
' . !

longer life there before recombination than'holéé captured at s centres. l - N%E“

Thus the r centres become 'occupied principally by holes, or in effect, most

of the electrons in the ' r centres become effectively transferred to the s

centres. Thus the lifetime of the free electron is increased since it -
faces mainly centres with small capture cross sections (r centr;s}'and almost
nﬁ"centrEEJW1th large capture cross sectionr(s centres). The rgsﬁlt of '
this procéss is thus an increase in"photoconductivity.as the temperaﬁure

. ’
'6f the sample is lowered. References to sensitizing centres found in Gahs

(as well as other'materials}, with further elaboration into the effect,

will be given when the results are discussed in Chap er IV.
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CHAPTER III  EXPERIMENTAL MATERIAL, EQUIPMENT AND PROCEDURE

III-1 Ha%erial and Equipment

1.1 - Scme Properties of Gallium Arsenide v

Gg}lium Arsenide is a heéeropolar III-V semiconductor with a t ;)
. O . K o '

band gap of 1.43%eV at 300°K. It thus'occupies a position intermediate

7 ) - ’

between tbgilower band gap g;oﬁp v elemental sgmicénductors_(e.g. Ge and
S1) and the higher band gap II-VI photoconductors (e.g. CdS) (6181). '
Because of its fairly large band gap'_yéry pﬁre Gahs would ab:?:;\gp iq"a_ :
ator, but.in practice it is found that it is very diffiéult to keep %he
material pure when preparﬁfg’lt. As a result of this, standard pfé;

I

paration of this compound . (ingots grown by a conventional Bridgman tech-

nique (59Wl1l)) yields monocryStalliné\n~Eype GaAs with electron concentrations

A
6 17 -3
in the order of 101 +=« 107" om 7, and electron mobilities varying from 2,700

to 5,600 cmV ‘sec ® at 300°K (61Bl). The reiatively low resistivity of:
the material ( < 103ﬂ-cm) is due to the inadverggnt introduction qEﬂf

impurities in the material during preparaﬁion, no matter how carefully the
preparation is done. The result is a multitude of impurity levels in the

material, with some of these now known, but with many more still being

investigated.

-~

The standard procedure for obtaining high resistivity GaAs is to
\\compepsate nofmal low resistivity material, A number of compensating

methods have been used ranging from direct evaporation of copper and then

annealing (61Bl) to neutron irradiation of the material (69S1). The
objective, though, is the same: to compensate shallow donor levels (or

acceptor levels if p-type Gahs is initially obtainéd) and so incxgase the
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energy difference existing between the conduction band and the first (of”
nearest) impurity level containing elegtrons. This method is quite

B - ‘ { -.
effective and semi-insulating GaAs with resistivities of the order of ‘ //i’ .
9

10® - 10

Q -cm at BOOOK is,now commercially available. ©

r

-

, ~ One of the characteristics  that makes Gahs an interesting material

to study is the fact that its conduction band has & subsidiary minimum algng the

[100] difgction in 'k-space, and the energy difference between two of them is

o quiteziarge, in the order ?E)0.BSeV(69V3XIn—semiﬁiﬁsulatihg GaAs it is

v

> possible to apply a sufficigntiy high electric field to "heat" some oé the | ‘
éarriefs in the1lower minima ;nd ﬁave_them transfer to the higher one.
Since the upper vaiieY'has a much'larger effective mass, the current drops
for incré;sed applied electric gigié and N.D.R. (and';esulting Gunn oscil-
_1atiénsf set in, as described in the last Chapter. _However,_as_was also
discussed in thg last Chapter, there are othér N.b.R. mechanisms that can
in&uce'current'oscillétioﬁs .

1.2 - sample Preparation ' '

. . _ 7
The monocrystal <111> Cr compensated high-resistivity (p > 10 Q-cm)

GaAs slab was obtailned commercially from Monsanto (St.Louis), and was cut B s

T - . - 3 ' I i
into parallelepipeds of dimensions approximately 10 x 2 x 0.5 m .  The v

sample was first glued to an adjustable lapping holder by means of glyptol
-thinned with acetone, and all six é&des weré'lapped using Sy alumina powder

) . . ' ,

moistened with distilled. water. ..
) ’ -. o O
The specimen was then chemically polished for two minutes at 70 °C

in a solution of HNO, :HF :H,0 in a 3:1:2 ratio.
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- After the surface treatment, Inditm wire of 99.999% purity was
evaporated onto the ends of the sample to serve as contacts Jocated about« . ‘
5 mm apart. ‘This was performed under a vacuum of 10 6 mn Hg in a Veeco-4G0

Evaporator. . The contacts were then annealed in a Helium atmosphere at 450°¢

P

‘for three minuﬁéé. The end contacts resulting were .ohmic.
. - y . ‘ : '

Specimen dimensions were measured by means of a Vernier micro-

scope which 'had an accuracy of % 1x 10—2‘mﬁ..- Fig. 3~1 shows a typital : ' T

"sample with In\ngfifff evaporated on. o L _-‘ SRS h
) ' - - - ) " e ¢ ,rir

1 3 - General Apparatus

. -

The principal piece of apparatus used in the experlments was an

OPTICAL CRYOSTAT‘ (70F1) made of stainless steel and brass, with the lower

portion pf.the cryostat having“a‘detachable tailepiece fitted with a quartz
window. At liquid nitrogen temperatures a vacuum of the order of. 10 6
Hg could be obtained. Fig. 3-2 shows a cross-sectional diagr&m of the_ .~
cryosta%. -

The inner tail assembly had a BeO plate fixed to it allowing very
high electrical lnsulation and ‘good thermal contact.. The temperature.was oo
measured using a copper cdhsiantan thermocouple affixed to the rear face of Lo ok
the BeO plate,. with the E.M.F. being monitored by a Hewlett-Packard 3440 A | zyi

G
Digital Volthmeter. The - sPecimen.yas mounted on the front face of the §e0

plate using copper pressure contacts.
The volfage applied to. the specimen Qas'supplied by a Keithley
240 A High Voltage Supply for high field runs, and a standard 1.32 volt

Hg.cell for the low voltage measurements. Both power supplies were monitored
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Fig. 3-2

Cross-section of Optic§1 Cryostat

)
Sininis®

¥

- 26 -

vt
AT
o

A

e

zd

]

Xe
“

‘

a) Cross-section of Optical Cryostat

{rear view) ' \
B / ..
b) Cross-section of opticaifgriostat Tl

{front view) - L
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Jblock dlagram of the apparatus.

. Intensity Grating Monochromator fitted with the appropriate Kodak filters

: nd s . ' '
~so~as to cut out the 2 and higher order radiation. The output of -the

- 27 -

. . ) .on . .
using a Selectest "Super 50" voltmeter. The signal from the/sample was
. —N

monitored u51ng a*kelthley Model 602 Solld State Electrometer whose 1nput

4, .
resistahce was greater than 107 . When current osc1llat10ns were present,
thelr waveform was observed on a Tetronlx 545 B Oscilloscope fed from the

electrometer while the oscillatory frequency was measured qQn a General

Radlo 1192/Z Counter via the same electrometer. Fig. 3.3 shows a 5Schematic

'
]

Monochromatic radiation was obtained from a Bausch and Lofib High

monochromater was calibrated using an Eppley Vacuum-type thermopile
connected' to a KiPP and ZONEN high sensitivity“"ﬂicrova“ Multirange Micro-
ammeter. The Entrapce slit was kept at‘either 3.56 or 1.78 mm, while the
Exit slit was 2.00 or l.OO'mm,'and the speetral'range scanned was‘between
0.7y and irﬁu. A black opaque tube was conhected.direcfly froe the exit
slit to the Quartz window of the-cryoetat to eliminate exrernai radiation,
as illustratedwin Fig: 3;4.
In the optical qeenching experiments, excitation radiation was

provided by a qugrtr—iodide source'iﬁ aesodiation'with a 0.90¥ interference
filtexr, while the Bausch and‘Lomb monochromator was used'as the quenching

> o Rl . N
source. - The electrical cbnneegions'to the specimen were the same as in-

the first part, except that the oscilloscope used was a Tetronix 502 A

-

Dual Beam Oscilloscope and the frequency counter was replaced by a Honeywell
Electronik 19 Chart Recorder which allowed a permanent record, of the

oscillations to be obtained. ‘Fig. 3-5 shows the optical arrangement for

N W
S e
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the two source experiments. . ' ' -

~

The quenching experiments were repeated using the Bausch and Lomb
monochromatox as the exciting source and a Spex 3/4 metre ceerny Turner : '%
Spectrometer as the Quenching source (in conjunction with the appropriate
Corning and 0C£I filters). ?he Spexiepectromefer,had a mo;orized adjus-

table scan rate and allowed the spectxal range from 0. 651 to 2, 05u to be

. lnvestlgated ' ' ', . ‘ i

III-2 Procedure
The study of the GaAs was divided into two main areas:
1 - Electrical and Optical Properties

2 - Current Oscillations and Quenching.

3

Initially measurements were made at both 300°K and 90°Kk but this procedure

‘I

. . (] . .
was discontinued when the 90 K measurements proved thermore interesting-and

i

fruitful. ' - -

2.1 - Electrical and Optical Properties, 5
2.1.1 I-V Characteristics

The dark current Id was measured as a funce/ph of applled voltage T

v at 90° K, the lowest temperature that could be consistently reached w1th

the cryostat, and at 300 K, room temperature. The aim here was to see if

. N : i
,j\\\ff.wae possible to detect any negative resistance characteristice in”tﬁé . Lo
N 2 [
sample, as well as to Qeter?ine the ohmic region for the specimen. The [

V' . . ! '_}r'
procedure was then repeated for the photocurrent Ip for an excitation ( S

radiation of 0.2%0u (approximately band gap value at BOOORJ. e
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o . _ . ,
At 300 K the dark current was always subtracted from the _

measured photocurrent to obtain the true photocurrent, but at 90°K the

measured value of . photocurrent was used since the dark current was negllglble.

For example, for Vv = 400- volts at 300 K, Id v 0,7pA, wHile I 9 CuA -
] P

for an excitation ;adiation of 0.90u. At QOOK, the corresponding currents

-

-9 o _ .
were 1 x 10 amps. and 8 x 10 5 amps respectively.

2.1.2 Temperature Dependence of the Current Vs

Since the temperature dependence of the current can yield
information on the impurity levels in a material, the dark current of the

sample for both low (2.7 V/cm) and high (800 V/cm) field conditions was

meegured for the temperature range 90 K to 300° K. As well, the photocurrent
£% the sample was 51m11arly measured for excitation radiation of wavelengths
0.90p, 1.16p and 1.30p, since these wavelengths were found to have a

critical effect on the generation and quenching of the current oscillations.

2.1.3 Sbectral Response Curves

-l.

The photocurrent was measured for wavelengths 0.70u to 1.60p
(limit of Bausch and Lomb grating)_at 300% and 90°K, both for low and high
‘field conditions. Since the mormn lhromator had been §§9~iously calibrated
{see Fig. 3-6 and 3-7) for these Ypectral regions,‘a ﬁormalized spectral

distribution Of the current was plotted in all cases.

L




Fig. 3-6

- 32 - - ~
Calibration Curve For Bausch and Lomb
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Fig. 3-7
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+

Calibration Curvé for Bausch and Lonb

. Monochromator B

t
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~ 2.2 - Current Oscillations and Quenching :

*

.:;,_ 2.2.1 Dpependence Of‘ Prequency of Current Oscillations on: .

~A. Temperature: as it was found that the photocurrent oscillations

?
|

for a‘fixed;apblied field would appear only below certain temperatures, the
dependence of the frequency of oecilletions of the photocurrent on the
temperature was investigated for an appliedrfield of BOO V/cm and'an
exciting radiation of 0.90y. The procedure was to quickly cool the specimen

in the dark with liquid nitrogen from 300 K down to about 90° K. The 0.90

-

u
‘radiation was then used to generate the osclllations and while monitoring
the frequency of the oscillations, the sample was allowed to heat up to
300%k over a period of two or three hours. It was not possible to reverse
the procedure since the cooling rate could not then be controlled.

B. Intensity: because the intensity of the exciting radiation

had a bearing on the generation of photocarriers, its effect on the fre-

quency of oscillations was measured at 90° K and 800 V/cm for 0.90M radiation
by»adjusting the size‘ef the entrance ‘s1lit of the monochrcmatcr while keeping
the exit slit fixed. The intensity calibration.for the monochromator at— .
0.909 is given in Fig. 3-8. -

C.‘ Wavelength: at'loﬁ temperature the oscillations were present
only when the sample was 1rradiated with' infrared of certain wavelengths,
80 the behaviour of the oscillaticns as a function of excitlng T
wavelength, again at 90 K and 800 V/cm, was measured.

D. Voltage: the voltege applied to the sample‘was a critical
factor “in generating oscillations;~gc its effect on the frequency at 300%k J

was measured. As well, this allowed the determination of the: minimum ‘ ' ‘
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' Fig. 3-8 Intensity Calibration
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1

voltage required for oscillations '

2.2.2 Quenching:
Ty .

A. Thermal: thermal qﬁenching of the oscillations was determined

-

. -
from the temperature dependence of the high field rhotocurrent, as outlined

T L
in section 2.2,1A. . : |

! B. Optical: the investigation of ghe self-quenching of the

[
1

oscillations as -the wavelength of the exciting radiation was varied was

performed by analy§3s of the spectral respopse’£2§vg§ measured in section

2,1.3.

R
C. Second Source: the two source experiment allowed a determination

of the wavelengths at which a second optical source could quench .the oscil-

lations being generated by a primary source. The specimen wés cooled down

53

to 90°K and then an 800 V/cm field and 0.90u radiation was applied to it.

I

This procedure would generafe the oscillations. The second source would
be used to scan up in energy from about 2.0p until the oscillations were

quenched. After the oscillations were regenerated by watming the specimen

.above v 125°K and reccoling to 90°K, the procedure was repeated, but this /)

“time by scanning down in energy from 0.7p.  This al%owed a determination 'Ha;if i
“of the range of wavelengths over which the quenching was effective. To

~ 1

determine any intermediary values of wavelength which would not quench .

the oscillations, the automatic scanning would be started on a new run at

A

a certain wavelength past the quenching wavelength, again from both high
energy and low energy values. By this method it was possible to determine

over whichranges of wavelength (and hence energy) the oscillations were . ; '
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optically quenched.

The results obtained by following the procedures outlined in

this.Chapter are given and discussed in the followihg Chapter,

I -
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. |
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‘'IV-1 Electrical Properties

CHAPTER IV  RESULTS AND DISCUSSION
, i :
. The experimentéi results obtained by following the procedures
g N - - .
described in the pfevious Chapter, and the interpfétafion;of these'results,

are discussed in this Chapter under three main headings:

1 - Electrical Properties,
2 - Optical Properties,
3 - Current Oscillations and Quenéhing.

A number of parameters pertinent to the oscillations are célculated

from these results. As well, the energy values of some of the impurity .

levels in GaAs are evaluated, in particular those levels responsible for F.D.T.

. . . . 4

and the quenching of the oscillations. These values are then used to . EE-
" e ) . X . - . . ) [ Tt

. , . 7 : !

discuss the behaviour of the Gahs in terms of an impurity level energy e

diagram.

v - o :
1.1 I-V af 300K o

- LY
-\ .

Previous Hall measurements on the specimens (69M1) have yielded

£l . . . . * .
a negative Hall constant at 300°K, while P.E P. experiments on the samples
. * ‘ ' .
1nd1cated that electrons are the mlnorlty car 1ers. It is believed that

R

the GaAs is closely compensated pnd at tempera‘ures belaw 300°Kk dark con-

A
ductivity is due prlmarlly to holes wlth the trgnsitions to electron con-
oY

'duct1v1ty 0ccurring below, but near BQp K (6131)

S

In the dark at 300° K, the specimen was found to exhibit Ohmic

behavicur for applied ‘fields of up to 500 V/cm with the resistivity of the .

-

* photoelectromagnetic : : .
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sample being about 5 x 10 {-cm (Fig. 4-1). For fields larger than .

_— i
500 V/cm, "the current deviated from Ohm's Law, and in the range of 500 V/cm !

to 1,800 V/cm (the highest value of fleld measured) ; the I-V slope decreasedf
o

as illustrated‘in Fig. 4-1. This behaviour suggests that above the Ohmlc

region some sort of eXtraction mechanism is taking free charge carriers out

. of the conductlon process, and that this carrler extractlon process increases
with field. . One possible mechanism would be F.D.T. This p0351b111ty is
further enhanced by the appearance of current osclllatlons above an applied

field of 950 V/cm. Durlnq the osc111atlcns, whose frequency varied bet—

o

ween 5 and 10 Hz, the current value would'change by about 25%.

Because of the mixed conductivity of the sample at 300°K, it was
not possible to ‘¢btain the minimum carrier concentration necessary for the

onset of curreht:osciliatiqﬁs at 300°K (the minimum nf product necessary

for domain fctmation}; * This is.due to the fact that the F.D.T. mechanism

is operative. on the negative charge carriers (elﬁctrons) while the current

value at the onset of oecillations is due to both types of carriers (mixed

. _ ’ o , - . _ |
conduction; see 72P4), However, the carrief:Ccpcentrationrcan-be estimated
to within an order of magnitude if it is assumed that the current is due

primarlly to electrons and that the scatterlng factor is un;ty, s0 that '

TR, = ¥y (uH - Hall mobility, Mo~ electxon moblllty).- Then, using

H ’ 1 .
’ . r
- 7 .
un = -2.3 x 103 cm2 (V sec) (69M2), for a current of 2 lx10 A and a C ,
7 .-3. .
threshold field of 9. 5 x 102 v/cm, the carrier concentratlon is 92 10 em -, . R
or approximately-lo8 cm 3. jhis makes the nt product (sample 1ength o ' o e

v ‘ - 7 8 -2 .
= 0.50 cm} approximately ? x IQ? cm 2 or roughly 10 ~ 10 cm *, in good
o . : S ow o

agreement with reécrted values for F.D.T. (69S1, 72T1). - ’
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, Fig. 4-1 - I-V Characteristics at 300 K
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Fig. 4-1 has the same characteristics as those reported by other
anthors for oscillations due to F.D.T. at BOOOK {69351, 69V1, 69v2 72Tl).
Because of ir;egularities'in the frequency, as well as the lack

. . .o ] - : ;
of optical data at 300 K, the oscillations were studied primarily at 900K.

1.2 I-v at 90°K
wWhile it is possible to obtain information about the type'of-
carrier and conduction of semi—insﬁlating GaAs at 300°K in the dark (61Bl,
69M1), this informatién is presently not available for 16w temperatures
(90°K) . The reason for this is the increase in the resistivity of the
GaAs: at the lower temperature, the increase being about four orders of
magnitude. ~As can be seen in Fig. 4-2, for the ohmic region whicﬁ exfeﬁds

to 10 V/cm, the resistivity of the sample is of the order_pf 10 ﬂ-cm.

For low applled fields (1 v 10 V/cm), the current in the sample is of the
ordgr of'lo ~13 A, sufficiently close to the limits of the test equipment
to make Hall measurements totally inaccurate.

However, as has already been mentioned, below but
near 300°K the dark conductivity is dﬁe primarily to mobile holes {61Bl}.
Thus, at 90°K onerwould expegt few free elec@rons contributing to con-
ductivity, and certainly tdo few .to allow fo? the current oscillations
(nf product well belowaminimgm required, for domalin formations), even for
fields up to 2 x 103 V/cm.

If one considers again fig. 4-2, it can be seen tha£ above

3 ; . o
10" V/cm the current deviates from Ohlm's Law, but unlike the case at 300X,

_ the current behaviocur is now superlinear. No explanation is known for ' o

.
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Fig. 4-2 1-V Characteristics at 90°K
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Fig. 4-3

"y

Dark Current as a Function of Temperature

- Under Low and High Field Conditions
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this behaviour. . All measurements were performed below this superlinear

‘region:

Al

1.3 variation of Dark Current with Temperature

I the lower temﬁérature range of the dark current vs. tem-
'pefaturé data (Fig. 4-3), the activation energy obtained from the linear
por£ion of the graph, 0.12 eV, is the same for both low (2.1 V/cm) ana
high (800 V/cm) field conditions. This is not the case in the higher
temperature range (near 300°K), where the activation energies were 0.64 eV
and 0.70 eV for low‘and high fielés respectively. 'The reason for this
discrepaﬁcy is probably due to the fol;pwing factor: at lower temperatures
both values of field used were in the ohmic region of the s;;ple. At
higher temperatures, however, the high field value falls in the non-ohmic
region and therefore different conditions are operative. Consider the-
higher temperature region first. _ -

As has been mentiénéﬁ, it ;s'beli;ved that below 300°K the dark
conductivity is due primarily to hofés: In that case, the 0;64 eV level
would correspond to the thermal freeing of holes; that is, the tﬁérmal
excitation of electfons from the valence band to the impurity level. If
one takes,the band gap value of‘?ans at 300K to be 1.43 eV (66Wl, 6952),

=]

' |
/\then the level lies 0.79 eV below the bottom of the conduction band, in

‘(gobdcagreement with the published values for the Cr level in GaAs (68Al,

6861, 70K1, 7161, 71K1, 72Pl, 72P2, 73Al).

As explained by Schmidlin and Roberts (68s4), widg band-gap

materials which have been compensated exhibit different activation energies
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for the ¥c and non-chmic region. The principal condition for this to

apply howeﬁer, is a field squared dependence of the current at high fields
(or a space charge limited region). This is not the case here. ‘lHo;eQer,
the onset of F.D.T. may be inhibiting the spéée charge region-formation

at 300°K since the field of 800 V/cm is fairly close to the threshold fierd
(950 V/ém) for F;B.T. Below 300°K, where no oscillations accur-due to a
decreasing n product, it maf well be that the necé%gary field sguared
dependence does chur. This would then partly explain the superlinear
behaviour of the current discussed in the last section. - Since no measure-
ments were éaken of I-V between 90°K and 300°K, and since the high field

value of 800 V/cm falls in a non-ohmic region near BbOOK; no definite

¥
i?terpretation of the 0.70 eV activation energy can be given here.

B '
" The 0.12 eV activation energy is also due to thermal freeing of

holes. This placgs a partly filled acceptor level 0.12 eV above the -
valence band. This value is in fair agreement with published values (71Cl1)
and is normally associated with copper as an acceptor in GaAs (61Bl). As

\ . .
will be shown in the next section, the optical properties of the sampléﬁ-_?

)

indicate the presence of a“number of active IEVels.which lie in close

proximity to the valence band. ‘
One further commen£ can.Be made éoncerning the data presgnﬁed in . 1

fig. 4-3. It can be seen that the break from the low temperature impurity

level to the higher temperature impurity level occurs at approximately 225°K.

This value will reappear in the following sections when the optical, .
properties and current oscillations are discussed. ,
|
{
1
|
1
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. Iv-2 Optical Properties - < ) ¢
2.1 IP—V Characteristics -

O . '
At 300 K under the influence of 0.90p radiation, the GaAs sample

exhibited ohmic behaviour for applied fields up to 2 x lO3 v/cm. No

T —

current oscillations were noted and no other anomalies were observed.

For an applied field of 100 Vv/cm, the value of current increased
from 3 x .'I.()_f8 A in the ddrk to about 2 x iO-s A under illumination; or | o
aimost two orders of magnitude. At 300°K, the.019bu radiation, with a
resolution of #0.01p, would emit a sufficient amount of intrihsic
radiatidn {0.891) to cause intrinsic carrier excitat%;h and thus th;
increase in the current value.

Photo-Hall studies on the material by other workers (69M1, 72P4)

indicate that the GaAs is strongly n—type at 300°K for illuminating rad-

jation of wavelength 0.90u to 1.15u. p

. . : . : o o
The situation is somewhat different at low temperatures (90 K).

To begin with, the ratio of photocurrent to dark current for A = 0.90u
becomes of the order of 107, so that the effects of the dark current can
be neglected. The ratio of IP to Id is not-constant for all illuminating

wavelengths however, as will be/;een in the next section.

. N A%
The IP—V characteristics of the GaAs at §O°K, as illustrated in

Fi%. 4-4 fall into three distinct regions. Up to about 100 v/cm, the
material has an ohmic behaviour. This begins to deviate above 100 V/cm

and as was the case at BOOOK.in the dark, the current begins to exhibit

"sublinear behaviour. The'cu;rent reaches a saturation value of 250 V/cm,

.

. + 1
and from there up to 750-V/cm it decreases gradually, clearly illustrating ! i

I
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r
the region of N.D.R.. The non-linear sﬁturating and then decreasing
\
mechanism

1 : |
! Y

\

Abqye the threshold field (750 V/cm) the current osciiiates

behaviour is due to the increasing effectiveness of the F.D.T.

" at higher fields.

(frequency ~ 1 Hz) as domains form and then travel,across the sample,\aé

~ »

explained in Chapter II.  Note that the peak value of current continues
to (very) gradually fall as the field is increased up to 2 x 10% v/cm.

| ‘,Since the number of carriers is much lérger at 90°K unde; light
excitation ‘than at 300°k in the dark {the Ip to I_ ratio was about‘l"o2 at

d
BOOOK), the field in the domainé (and hence the difference between the

high and low values of cﬁ;rent) is now much larger. Subseqpently, all

'low current values read essentially zerc for the'scalg-used in Fig. 4.4
Note that the operating field used in this work to study tﬁe

oscillations (800 V/cm) is just above the threshold value needed to generate

N Q
the oscillafions. A higher value,  however, would have been .in the non-

ohmic region of ﬁhe dark Furrent, so the B0OO V/cm value was felt to:be an
adeq;aie compromise between the two limiting factors:

The role of the 0.90y radiation and how it induces a high free
carrier i?ncentration will be discgssed in a subsequent section.

;g. Since photo-conduction at §0°K is strongly n-type, it is

possible to calculate from the data in Fig. 4-4 the minimum nf product
needed for the onset of current osciliations.. Using Un = -2.0 x 104cm2/V sec
(72p4), for a current of 1.7 x 10 % A and a threshold field of 7.5 xflo2 v/cm,

one obtains a value for nf of 3 x 109 cm-z. This value is larger than the

. g - ' :
one calculated at 300°K (nf ~ 107 - 10" cm 2)- i

v



":product obtained ig consistent with the‘above value.
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As will be shown in a later section, when intensity (rather

than field) is used to control the onset of oscillations, the minimum nt

—_——

It
\

2i2 Speétral Response\
. Fig./4 -5 iFlustrates the spectral response of the sample at 300°%K

for wavelengtnﬁ near the gap value under both low and high field conditions.

3

Except for the peak due to intrinsic excitation, there is only one .other

structure present. This is a broad peak with band edge traillng Ain the

0.96y to 1.00p range. It is not too apparent at 1ow fields but beccmes

slightly more promounced at higher fields. J N
- . - | 2

. _ | :

There is some difficulty in deriving an activation energy from

. 3 ! -

this data due to the width of the level. . Since the impurity response

comprises a broad maximum followed by an exponential tail, it would seem

+

. - .
valid to take as an "optical activation energy" for the level the'energy

corresponding to the wavelength at the‘half maximum-of the sensitivity

’ -
response (52M1). ' This yields an activation energy of 1.01 eV.

2
The photo-Hall mobility in this region 1s negative (-e0o enm'

\
(v '.=|ec)-.1 (72p4}) which indicates the conductivity is due mainly to

eleotrons. This suggests,:heﬁhnistence of a fairly‘high density of levels,

I
~ containing electrons, situated lf%l ev abOVe the conduction band, or 0.42 eV

\ ' | R
above the valence band These deep levels are most probably compensated
. }

acceptors and may be the ones responsible for the high resistanoefof the

sample (and for the current oscillations, ‘as will be digscussed in a later

gection).

-2

it
T
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Fig. 4-5 Spectral Regponse.at BOOOK for

High and Low Field Conditions
e
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At 90°K, under low fie;d conditions, the spectral response of
the GaAs crystal shows several regions of interest, a; illustrated in
Fig. 4-6.

The first and highest peak corpeéponds to the intrinsic tran—
sitions, yielding the band'gap value of 1.51 eV. The decrease in fhe
sensitivity at higher'enefgies { A < 0.82y) may be attributed éo an increase
in the absorption coefficient resulting in an increase in\the fraction of
carriers recombining at the surface of the material (69Ml).

At photbﬁ energies less than the band gap, the response falls
due to fact tbat the creﬁtion of electron-hole,pair; ceages. TherL_is a
peak at 0.90u (1.36 eV) which is due to the photo-excitation of eléctrons
from gni%hpurity level to the cogduction band; since it is known that the
current in this region of-wavelengfh is n—typé,even though mixed coﬁduction

I
is present (72P4). This would place the impurity level Q.15 eV above the .

valence band, in good agreemenp‘with pﬁblished results (64Bl, 6651, 6652,
72B2), and 'is due to copper impurities in the samplefwﬁich are inadvertently
in_troduced du.rin;\ preparation.
It will.be shown in a later s;;tion tﬁat this copper impurity

plays a role in the cu}rent oscillagapns.

The peak'at 1.28u corresponds to an activation energ§ of 0.97 eV.
Again due to the electronic nature of the conduction process at this wave-
length, the peak is associated with ar partly filled level 0.54 eV above the
‘valence bagd. such a level is usually att}ibuted.té either copper

impurities or a 1attiée defect, and has been observed both in Cr—-doped GaAs

{69V1) and in GaAs compensated by other means (66Fl, 67s1}.
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. No real mé?ning will be‘assigned as yet to the valley at 1.16y,
corresponding to an activation energy of 1.06 eV,.but it;>£ignificancé will | /
bé made ciear when the diiigggigh'of the Egenching qf current oscillations
is given. -

Note that the s;anning in Fig. 4-6 begins.from the.low energy
énd and goes up in energy. As well, the scanning had to be done by fixed
increments‘oé wavelength, each reading taking up to one hour to stapiligé._
A fast scan froq ;he high energy eﬁd yields only a broad peak betagg;
0.8@1.1 and 1.00y, a; illustrated in Fig. 4-7. This suggests that some
type of slow process is involved, éndaits interpretation is the subject of
another work (72P4). a N ~
Spectral scan; at high fields were attempted. However, the

appearance of oscillations at certain wavelengths, prevented any meaningful

data from being obtained.

2.3 Variation of Photocurrent with Temperature for Selected

Wavelengths {
Because of interest in the roles the yaxious impurity levels
might play in Ehe curient oscillations, the behaviour of the phétocurrent )
with tempéraﬁure was measured for the wavelengths corresponding to the | ¢%

extrinsic peaks'mentioned in the last section (0.90p and 1.30p). As well,

the effect that radiation of 1.16y wavelength might have on the photocurrent .

was also measured since this radiation was found to be responsible for the - f/jf’/

quenching of the oscillations; The results are illustrated in Fig. 4-8.

e

[P

The 0.90y radiation will be considered first. e . -

o,
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Spectral Response at 90°K under:

‘ B
Low Field Conditions—-Scan Up
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Fig. 4-7 Spectral Response at 90°k under

\\Low Field Conditions-Scan Down
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Fig. 4-8 Photocurre@t'as a Function of Temperature

Under Low Bias Condition for

. Q
Various Wavelengths
L
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2.3.1 0.90y | .

It nan be seen from Fig. 4-8 that when the GaAs is illuminated
with O.QQé radiation, it becomes sensitized since the photocurrent at 90%x
is 2 x 102 times larger than at 300°K. This increase in photocurrent at
1ow‘temperatqrés can be explained with theAaid of the theory of sen-~
.sitizing centres présented in Chapter II.
For GaAs at 90°K, 0.90p radiation lies in the extrinsic range.
Thus the 0.15 eV impurlty level must be contributing ‘the carriers. Other
.workers have shown that the material is n-type at 90 K under 0.90p illum-
ination, and that the conduction is mixed with n v p. To explain this
one needs to postulate a model baned on double excitation. Such a model )
is shown in Fig. 4-9.

. Level IT would be the level just mentioned, while level I would
. -l . Y
have to be an empty (due to compensation) donor level located about 0.15 eV
below the conductidn band. Such a donor level has been reported for GaRs

{(66B1, 6652). Centres 3 and r aré‘the fast and. slow recombination centres

of the type'described‘in Chapter II. Initially (dark at 90°k) level I
.

and centres s'are empty, while level II and centres r are partially filled.

Upon illumination with 0.90y radiation, double excitation occurs, as
illustrated bywtransitions (1):and_(2). The hole created by transition
(2) is.captured;bk centre r'(ttansition (5)). The electron, which is

now in level I has two possibillties; it may be trapped by the- fast centres
s (transition (3)), or it may be trapped at level II (tramsition (4)).

It is not likely.to be- trapped by the r centres because of the nature of -

that centre, that.is, because the r centres have a small capture cross-

t
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section for free electrons.

If transition (4) &ccurs (1evel I to level II}, the electron will
be excited into the conductlon band by the 0.90u radiation and will thus

contribute to the photocurrent. Transition (3) (level I to the s centres)

will result in the s centres‘becoming occupied principally Ey electrons.
. Thus most of the electrons initially in the r centres are effectively trans-

- ferred to the s centres}
E 7

The netﬁéffect is thus’ the same as described im Chapter M. | Once

\
the system has reached steady state, the lifetime of the free electron is

&

increased. since it now faces mainly centres with a small capture cross

section (r centres) and only a few centres with large capture cross section

{s centres). The net effect is a large increase in the mixed conduction ?E

: i . -

. 4

and hence the photoconductivity of the material. As will be seen, this -
model also explains in part the characteristics of the clrve dué to the 1.16p ! ¢

radiation in Fig. 4-8.

[
2,3.2 }.16u
Again from‘éig. 4-%. it can be seen that the 1.16y radiation
quenches the photocurreht at temperatures below " 125°k.  The reason
§or this can be explained in terms of the mode; just discussed; ¢ ' ”
‘ At ‘temperatures higher than ~ 125°K, the hole dema;cation level T
'1ies above the level containing the r centres (Chapter II, section 3).
The 1 16u radiation would excite electrons to the conduction band and the
level with the«r centres would behave as an ordinary impurity level

b}

resulting in impurity pﬁotoconductivity. N L S o

: Y
[ .



_the r centreg in the level. They now effectively present a small capture !
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L

the temperature is decreased héwever, the hole demarcation level

!

level shifts towards the valence band. At a. certain témperature (& 125°K

in this case) it crosses the impurity level. This changes the nature of
.. — '

-

cross section for electrons, so that electrons being excitéd to the conduc-

tion band are'not'likely to- recombine at the,r‘centres. Instead tﬁey are

trépped at the s centres which have large caﬁturé cross sections for free
electionsf

Effectively, most of the electrons -formerly in theHr centres
- . N N
are transferred toc the s centres. Since there are no -other free carriers

being generated, the photocufrent_decfeases rapidly. E . f/

Since thermal quenching occurg when the hole demarcation level
crossés the accéptor level containinthhe r centres, the depth of the

PN

acceptor leﬁel Er aé‘mequred from the valence band can be written as

: °p v -
= . ' — OB1)'
E_ kT In. G* ) | (60B1}
N
~ ) ~
. . T b . )
where s/ = capture cross section for electrons

8P = capture cross section for holes ™

- Nv' = ‘density of states in’the valencgfbaqd ) ' o

- ™~ g -
n =7"electron concentration.

] . . . . . . ) r’—-k. o - e —_— At _O_L _
Assuming‘the ratio of 5 /s” to be about:loz_(6781) kT ~ 0.01 eV (for 125 K)
Sq

‘andin v 10 Y jem ™3 the value of E, is estimated to. be v 0.4 eV.  Such a level

/

) has g;en reported and 1is attributed to a lattice defect (72Bl}.

‘ . 5 . b
-~ - .
[ ' {

-~
~




" The 1.16u‘radiéti?n quenches the current oscillations at 900K.~‘ g ’

THis quenching effect holds true only for témperatures below A 125°K. - As

w

will be shown, thieﬂ%ehdyiour is consistent.with the model described above. -
. . - - oL . o . .
b

2,3.3 1.300°

)

» ' ‘ r ‘\

Under the influence of 1.30p radiation, the photocurrent’ shows

only slight variation with temperature up-tO'm 250°k. It then increases
- - ' .

exponentlally as the dark current. becomes predomlnant. The photocurrent

is due to electron exc1tat10n.(mater1al is n—type) to the conduction band
from the level (0.54 eV above the valence band) identified opticallyrin a

* previous section. ‘ | | o

.In the rggge n - 126° K to v 225° K,,all three photocurrents decrease -

~in value as the temperature rises.' Above % 225 K, the three. photocurrentq

. increase as the dark current begins to be dominant. No detailed 1nvest1gation
’ . .
of this range of temperature was pefformed in this work.

For the 0.90p radiation, the decrease in photocurrent in the ) "

o

nv 1259 to v 225 K temperature ranﬁe is exponential. The activation

energy assoc1ated w1th this decrease, 0.09 @3’ has been reportqd for high .

‘.t

resistivity GaAs by a number of workers as being due to copper acceptor

smpurities located just above the valence band (6251, 72pP1). : o
: - : ' p ' ‘ ‘ '

| .

e
r



UN

AN

v

- Bl -

~ 2.4 Energy Levels

" The energy values for the impurity levels

\

-

at 300°K and 9D°K

determined in this research are shown in Fig. 4-10.

'Ail/gnergies are measured from the top of “the valence band. The

levels markea I, II, s and r axe believed to correspond to the ones dis-

cussed in the double excitation carrier generation model.
. :

The impurity 1eve1 corresponding to the r

centres has been

asaigned the value of 0.45 eV on the basis of the valley found in the

spectral responsa and the fact that the 1 l6u radlatlon quenches the

oscillatlons and the photocurrent.

If one assumes that the 1mpur1ty levels shxft sllghtly ( v 10%)

e .
as qse temperature decreases, the shift being away

the 0.12 eV level at 300° K may correspond to the O.
However, this requires a 20%,shift in energy which

7% shift in energy would place the 0.42 eV level (a

fr the band edges,-then

15 gV level at 90°K.
v .
seems rather,hlgh. A

£ 300°K) at 0.45 eV when

the sample was cooled to 90°K, so that these two levels are believed to

¢

be the,same one.

Iv-3 Current Oscillations and Quenching

* .3.1 Dependence of the Current Oscillations o

\\v/j : | :

3.1.1 Temperature ;. .

A. Photocurrent: Flg. 4- 11 illustrates

dence of the photocurrent for high field condltlons

n

the temperature depen-

- ‘ The two curves

' correspond to the maximum (Ipmax} and minimum (Ipmin} values of photo-

4

o
b current during the oscillatlonS. At lcw temperatures )m 90 K) the ifwo

S
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values differ by a ratio of about lO4 but this ratio decreases as the

temperature is increased. This behaviour is believed to be due to the
. ) o ,
fact that as the temperature fises, the nf product required . for domais
‘formatiqn decreases. 'The result would be smaller valﬂes oflfield in the
domain (and larger ones in the regio%/ogiside the domain) . .
That the minimum el product reghired for domain formation
. decreases as cne’increQSes the temperetuge of the'sample can be seen if

one considers the temperature at which the oscillations stop, in this case

o . .
225 K. . (This value of temperature has been mentioned in previous sections

. when discussing electrical and optical properties of the material). Using
Imax = 8.0 x 10 A at 225° K, for a field of 8.0 x 0° v/cm, and
4 -1 2] -2
u N -1.0 x 10 cm (v sec) ~, ene obtains a value for of 3 x 10 cm .

Table 4-1 sumarizes the behaviour of che minimum nf prcduct

as a function of temperature.

One possible explanatioﬁ for the behaviour -illustrated in Table

4-1 is that the F.D.T. beccmes more effective as the temperature of the

. sample is increased. 1f this were the case, then one would expect that
the period of the oscillations would decrease (or the frequency increase)

as the effectiveness of the trapping increaSed.. This would bé\due to the

fact that the domains could traverse the length of fhe,sample in?; shorter

'3

period of time. This assumes that the domain size is much smaller than .
the-sample 1ength and'does not change.eﬁéreciably as the temperature'is

increased. As well, it aSSumes a growth time for the dcmains much smaller

Y ~

than the period of the osc111ations. Growth times of domains in GaAs have

been-reported in the range of 10 -6 sec (72T1), which is considerably shorter
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(Tahls 4-1 Variation of Minimum nf Product witﬁ fempefature '
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Temperature Radiation n{ Product Controiling Parameter
. -2 .
Oy u cm 2 : . -
_,/"-‘\ ¢ . 9 . . .
Qo 0.90 - v 2 x 10 Radiation Intensity
20 0.90 v 3 x 109 Electric Field
. 8 - : - -
225 - 0.90 v 3 x 10 Temperature
' 7 T . .
300 . Dark - “ 5 x.10 Electric Field
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- exponentially frdgza value of v 8 x 10--1 sec to v 6 x 10-3 sec, or until

‘period t of the osc111ations.

- 66 - S

than the period of the oscillations obtalned in this work (l sec. to 10 -2

-~ ﬁ'
gec) . - - : }

-y

.' -I ‘ ’ -
.B. Period: The behaviour of the period as a function of tem-

perature i&,illuetrated in Fig. 4-12. The graph shows that the period of
oseillatione is fairly constant at +~ 1 sec for temperatures below " IESOK.

‘It begins to decrease between a 125°K and ~ 160°k, and then decreases

the oscillations stop at 225°K. If the exponential fall at higher tem-

peratures is associated with 'an actlvatlon energy, the value of this energy

is found to be'0.21 ev. while this behaV1our for the frequency“of the current
I r

oscillations ln GaAs' has been reported (but with dlfferent actlvation energ1es) S

(6951) , the following interpretation has not been presented be&ore.

-For fixed intensity of 111um1nation and, applied field the motion
of the dcmains across the length of the sample w111 be determined principally
by two factors: the number of free carrlers n (electrons) available for the ‘ -
F.b.T. process, and the probability P of these carriers being captured at an
impurity centre through the F.D.T. mechanism. ?ne.product-of tnese two ' "J
factors, nP,'will determine the velocity of the domains, and thus the

Sy " ‘ "

~ The number of free carriers available in thlS case is determined

by the temperature dependence of the photocurrent_due to the 0.90uradiarien. Thus

. k %5‘ A o -

@ . - . -
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Fig. 4-12 Temperature Dependenc

of Oscillation
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»The probability of a carrier being captured through F.D.T. will
depend on the barrier height ¢ presented to the electron by the impurity

centre. The temperature varlation of the capture probablllty will be - ’

(see Appendix) ' ?

'.) P - . .

Thus the veloéity v of the domain will be given by

-E_+
nt?

vie nP = e kT ' I

- ghe period of the oscillations t decreases as the temperature
increases, so that !

where EA is the act%yatlon energy found in Fig. 4-12 and has the value of

0.2FeV. . : s '2///

sincelthe period is inversely proportional to the velocity, then

(I) and (II) yield

Y
-Ey = - (~E  + $)
Substituting the values of EA and En gives . . : . ;

b = 0.30 ev

This value of ¢ satisfies the condition that the parridr height
o e C

be >-0.08 eV. - - . : ' S

1
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4

Barrier heights of 0.2 eV in n-type Ge containing Au  centres
- e

have been reported by Ridley and Pratt (65R2), while in the investigation. -. . ‘

of GaAs:Au Schottky barriers, potential barriers of 0.2 eV at deep centres

have been feoorted by Senechal and Basinski (68S2). Thus the value of

0.30 ev found in this work for a barrier height seems reasonable. How-

ever, further experimental evidence would be requlred before one could

positively attribute this energy to the repulsive Coulomb harfier respon-

sible for F.D.T.

PRE N
h
8

3.1.2 Intensity of I1lumination
The behavidur of:the frequency of oscillations yith changing
intensity of the.O.BOu,radiation is illustrated i¥"Fig. 4-13. -

This behav1our is consistent with the explanation given in

Section 3.1, lB for the temperature dependence of the period of\oscillatlons.

Since the period of osc;llatlon at fixed temperature (90 K), field (800 V/cm}

-

and illuminating radiation (0 90u) would depend solely on the carriex’ con—

'
.

centration, an increase in carrier-‘concentration results in a decrease in

the period. * Thus the period will be inversely proPortional to the inten-

Slty, or a linear relationship exists between the frequency, and the ' S .

‘ . ." . - S

intensity, as found in Fig. 4-13. R

The maximum carrier ponCentration-available for domain formation and

progress would also be determined by the 1ntensity Thus the maximum current

during oscillations will be linear with intensity. This is illustrated

+

in Fig. 4-14. | . é"

'? ) Since the intensity controls the free,carrier concentration, it
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Fig. 4-13. Frequency of Oscillation as afFéﬁ:tibn
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will also control the minimum n2 value required for domain formation.

From .
4 > . ‘
Fig. 4-14 one can obtain the minimum value of current needed to generate the oscil- ’
oo, ’ y .
- =5 . oo 4 =2 -1 -

lations, 7.3 x 10 "A. Using p = —2.0 x 10 cm (V sec) and

2 f
E = 8.0 x 10 V/sec, one obtalns a value for nf of 2 x 109 cm 2. This

is in good agreement with the va;ue of 3 x 10 em obtalned for the

’

threshold voltéz in section 2.1.. ’\ i}

3.1.3 wevelength of Tllumination ™~

[

: , . _
fﬁ\ . A manual scan from the high energy end of the spectrum (0.70u)

determined a region of existence for the oscillations between 0.85y and 0.96n
as illustrated in Fig. 4-15. Abpve 0.96u it was found rhat the oscirlations
were quenched and that the photocurrent decreased by about three -orders of
magnrtude: " The rise in the photocurrent (and the onset df\osc1llat10ns) ; Cif
near the band gap ?s attributed the generation of charge'_carrieregyy
excitation across the gap, or by excigation from the 0.15 eV level neaz the
valence band. bf’iower energies ‘th Aradiation either ﬁails to create-the “1;' '<<
necessary number of free carrlereﬁrequlred for domain formation (n%. product)-"
. S . .

or it empties the 0.45 eV sensitizing centres {for wavelengths near 1.16u)
thereby quenching'both the oscillations and the photocurrent (as will be
explained in a later section). »

‘Note thereimilarity in the eﬁaperof tﬁie chgbé and the oﬁe
.OStained at low fielde;kwhen seanning also sterted from the high energy .

. ~ _ . .

end (Fig. 4-7). The main difgerence is the presence\qf a broeder'peak
(extending to about 1 05u)a1n the low field scan. The“reaeon for the

’

appearance of such broad peaks (in both ‘low and hlgh fields cases) is

Y, ' oo Lo :
. ) 1_\ } i
. v . . ‘.‘:E:LJ S . \‘\.;-—J & . :
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thought to be due to both sen51tlzing and memory effects in the materlal,

and forms the subject of another work {7294).

e o

1l1.4 .Elect;i& Field '
Fig.'4-16 illustrates the behaviour of the frequency of oscil- : .

lations as the applied electric field was varied at\idoox in the dark.

. ! . ,
N O . . . .
The results at 90 K‘under 0.90p illumination were similar.

The relationship is superlinear, and’ clearly indicates that the 4
frequency of osc1llat10n is field dependent. Thié'also shows thatlthe
capture rate is field-dependent, since the frequency will be determined by ' : s
the capture rate (for fixed values of tfmperature and carrier concentration,
as is the case here}. ' | g !

As derived in the Appendix, the captuxe rate must increase more . ' o
rapidly than-the square root of the field if F.D.T. iz to take place. As -
Fig. d—16 illustrates, this condition ie-satisgaed here.

3.2 Quenching . ' ) L L.

L

3.2.1 Optical Quenching .
As mentioned %y section 3 1 3, if a spectral scan was performed at
high fields at 90 K, the oscillations would self—quench for wavelengths .. .
above 0. 96y, as illustrated in Fig. 4-15. A series of scans, begun at
both ends of the spectrum (0.70n, and 1.60u) yielded similar results. | b
. If a particular scan was Hegun at_the high energy end of the ' f }; S
4 S

Bphctrum (at 90°k and for an applied field of 800 V/cm), the oscillations

~  would be generated by radiation in the 0.86u to 0.96y range. If the wave- C

N | . r

- - ’
4 . -
. . .«
* A : - . : . ! ]
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X . : ; : LN '
'1engtn was lncreased past 0.96y4, botn the, osgillations and the photocurrent

-

were quenched. ' ﬁ
When scannang,started from the- low energy end (1.601), the | . )
oscillations were generated by radiation 'of wavelengths ™ 1.43u to v 1.26p.

" In this_case the oscillations wer?~very irregular. At lower wavelengths

-

than 1.26u, the oscillatlonS\and the photocurrent were again quenched.
After the oscillatlons ceased, they could not subsequently. be
- .
regenerated at that temperature at any wavelength. \\\\\
2 The oseillations would be genjrated by the 0.84p to 0.96y

radiation because of the 1a}ge number of carriers that are generated in

/r'
this range of wavelengths, as illustrated in Fig. ‘a- 7. The osclllatlons

could ‘also be generated by the 1. 28u radiation because of the presence of

an impurity level 0.54 eV above the valence band. This would hold espec1a11y
true if the level was heavily populﬂted, as the size of.-the peak in Fig. 4-6 -
seems to indicate. KQ well, the peak is rather wide so that there exists

¢ ' an energy range over which carriers are generated. ' ' -
| ' The most significant agspect of these spectral scaps “was the fact

that both the oscillations and the photocurrent were/quenched once the sample

Qas illuminated with radiation in thef;,ooufﬁ6/i.20u range. This effect can L

T

be explained by assigning a,reai/neaning to the'large_valley centered around

1.16p as jllus atéd in Fig. 4-6. . '

///”// The GaAs contains an impurity level 0.45 eV.above the valence -
. - : ) o
L

//,,////' band, or 1.06 eV {1.16p) .below the conduction band. The 1eve1 is composed
of r centres, that is sensitizing centres, that are partly filled -and thus - |

negatively charged due to the ccmpensation of the material. These centres
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thus act.so as to make the material highly photo sensitLVe at 90° K for
0.90y radiation as was explained in section 2.3.1. As well, due to the
neéetive eharge of the centre, itlpresents‘a repuls{Ve barrier to free
charge carriers (electrons) . - The free charge carriers, however, may
become trapped at the centre if they are "heated" so'ttat they have
sufficient energy to overcome the potential barrier. Tﬁe energy is pro-
v1ded by a high electric field, and the effect ig F.D.T. Current OSCll-'

Y

lations thus result. -

If the wavelength of the incident radiation is changed to 1.16p \
both the current oscillations and the photocurrent are.quegched. . This is
due to the fact that the radiation empties the r centres. " As a result,
the repulsive barrier is no longer present and the F. q T. mechanlsm ceases
to be operative. © As Qell, since' the electrons formerl;\in the r centtes

. . L
recombine in the fast S centres. there are few free carriers and the photo-

conductivity drops. No© wavelength (in the range con31dered) can generate .

the oscillations since the'0.45{év level is now<empty and the F.D.T- efffect
. .’ . - . ;
cannot take place. . -

It has been mentioned that the current oscillations were

.quenched for temperatures beléw ~ 125°K by the 1. 16u ragfation. If the

o

sample was heated to above ~ 125%K, the oscillations, ¢ cduld be regenerated
o -
(with the proper wavelength cf lllumination}. Since m'125 K corresponds

to the temperature at which the hole demarcation level crosses the level @

containing the r/Centres and thus allows the level to be refi}led then
this this again indicates that the 0.45 eV level must be at least partly

 Eilled to generate'oscillations, As well, it explains why fhe temperatuxe
. . %

]

i



of the.sample had to be increased subsequent to a quenohing'run if -the
osciliationS‘were'to Be regenerated. o .
. 3;2.2. ! PThermal Quenching

The second manner in which the osciliatioos could be quenched .
was by changing the temperature of the eample.

For osciilations generated by‘o 90y radiation at 90°K, the
quenchlng occurred if the temperature of the sample was increased above .
225 g. Por oscillations - generated in the dark at, 300 K, the quenching

-

would occur when the temperaturé was decreased.

: ' :
The exact temperature at whlch the oscillations ceased in the dark :

could not be determined since, as the temperature was decreased, they could

I

be regenerated by increasing the field. ) However, in the temperature range

* s

Q

" 275°K to 225°K,§uo oscillaticns could be. observed either in the dark or . - B

' be understood. - _ - S o o - S

with illumination of 0.90u wavelength. The reason for this behaviour is

.('| . x
-

not known.

{ ' . - o o
Note, however, that the temperature range v 275 K to v 225

corresponds to the break in the temperature dependence of the dark current ' _ \\

from the 0.12 eV activation.energy to the 0.70 eV activation energy in Fig. 4-3.

T§18 temperature range also corresponds to the changeé in photoconductivity

from decreasing to'increasing value (with rising temperature) for the three

wavelengths illustrated ‘in @ig. 4-8. A more intensive investigation of

the current oscillations in the temperature range v 225%K to ~ 275°K would

be in order if the exact mechanism involved in this particular range is‘to

U]
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3.2.3 .Quenching'by a second Source '__ )

- "

.In the two source opg;cal quenchlng study of thg GaAs samples,

nr
the osc111at10ns were generated at 90°K uslng a, 0.90i source and were

' quenched with radiatiqn £rom a Sedbnd source. Whlle the 1nvestlgat10n of

this effect was exten51ve, tﬂe results.obtalned were quite 51mple.

e

In scanning with the quenchlng source from both 1ow and hlgh energy
ends, the results were similar; tﬁe osc111at10ns were quEnched for 1nc1dent 6. T

radlatlon in the-{1.16%0. .03)u range. Attempts to quench the 050111at10ns

with radlatlon vf other wavelengths,from 0. 10u.to 2.00u failed.

The 1nterpretation of the results is con51stent w1th the prev1ous
- 1.»"‘ ~ )
arguments. 1.06 eV (1. 16n) radiaticn empties the slow r centres {sen— -

-

sitizing centres) and the carriers’recombine at the fast.s centres. This

prevents the r centres from acting effectively in the F.D.T., which

. 13 A
'prevents-the necessary ¢ ent drop for N.D.R. to be created . .

As for the one source experlment, the photocurrent was quenched

N i —

. .

"here as well. In this case however,it was pOSSLble to see if: quenchlng
occurred flrst for the oscillations or the photocurrent.

In a11 cases the OSClllations would disappear first, and the . .

photocurrent would then decrease with a fairly fast decay time. ~ This

means that the oscillations did not disappear ‘because the free carrlere . /
‘ o

concentration was too small (n? product too small to form domains), “a fagtor ] )

that would have to be considered when only one gource is used. Insteadr

the oscil;&tione cease because the O. 45 eV level has been emptied and F.D.T.

-

no longer occurs at the r centres. The decrease in the photocurrent was . {

-

. 5 L.
not as large as for the one source experlment since 1n this case the 0.904, !
. T 1
\



" gource still provides impurity photoconduction.

]

N\

I . . S .
Thus the ;BSthS:Qf the two source experiments further indicate

that the 0.45 eV level is the one responsible for the F.D.T. mechanism.

Iv-4° Summary of Results

G - .
The main results obtained in this investigation of semi-

[3

insulating GaRs:Cr are presented in tabular- form on the following two

pages.

’,
‘Table 4-2 lists the impurity }evelé found in GaAs in this iﬁ;es—
tigation,‘both_at 300°K anﬁ 90°k. As well, the methoﬁs by whiéh the levels
were found are mentidneé. The fourth column copt&ins the levels that have
been identified byfothér authors, and the next column i:gicates the impurity
believed to be reéponsible for the level. Finally, thg references for
these levels are given.,. | |
- It can be seen frdm‘tpis Table that the emphasis in this work

wﬁs on identification of the lével responsible for F.D.T., which was found
to be-0.45.ev abové the valence band: |

All values of eneréy‘in Table 4-2 are measured from the top of the
valence ﬁand., ‘ ) . ' ) : -

Table 4-3 summarizes some of the characteristiés of the threé main

‘types of 6scili&tory phenomena that has been observed in GaAs. The fouxth

columnilists the chﬁkacteristics of the oscillations studied in this work.

i ‘

The aiﬁilarities between the characteristics obtained” here and the
slow domains (column 3) clearly indicates they are due to the same effect:

F.D.T. °

—

-
1
'

mescas |

PN -

Sy
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Impurity Levels in GaAs as Found in rhis'erk

Table 4-2
Energy Temp. Method of Identication Reported Impurity ,Reférences'
Level Ok . " Values Responsible
eV ] : eV . ; .
. . . -
1.36 Postulatéd 0.158 Cr, Cu 66Bl, 66S2
. 0.79 300 Temperature Variation 0.79 ° .Cr 68AL1, 6BHL,
qf_Current 70K1, 71G1,
) R " 71K1, 72pP1,
. 72P2, 7%&%:
0.54 90 Spectral Scan: 0.54 Co ? 66F1
0.5 cu - 69V1, 6951
0.56 Lattice 71K1 :
: Defect '/
: ’ o Y
0.45 90  Spectral Scan . 0.45 Lattice 61Bl, 62B2,
' . . Defect 64B1
(0.4 ) ( 100) dptical Quenching 0.43-0.51 Lattice 7282, 72‘2‘
o T ' 0.39-0.45 Defect '
. _ Temp. Quenching Sensitizing v
72B1
0.48 | ? © '70HL
0.42 300 Spectral Scan [ . 0,42 cu? 6181
0.15 a0 Spectral Scan’ 0.15 ' Cu 64Bl, 6681,
e - 6652
0.12 * 225  Temperature Variation 0.1 Cu 71G1
of Current . 0,13 Cu 61B1
0.09 100  Temperature Variation 0.09 Cu 6182, 72P1,
to 225 ‘of Current ' Sensitizing ? 61Bl, 64Bl .
| 72p3 M
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CHAPTER V CONCLUSICN

a o _ s
A study was made of some of the electrical and optical properties
- of semiinsulating Gahs:Cr (at 90°K in particular). The GaAs exhibited
anomalous behaviour under 0.90y radiation and high field conddtions: current
oscillations occurred, primarilf'for temperatutes below 225°K and for applied . !
fields greater than 750 V/cm.

1 - The cause o? the current oscillations was discussed in terms

‘of a number of possible effects‘that have been proposed by other workers.
‘Of these, the Guﬂn effect and the . acousto—electric effect, two of the three

‘main effects, were: rejected, prlmarlly due to the high frequency of the -

oacillatione they normally exhibit (> 105 Hz), as compared to the low values

obtained in this study (1 Hz to 100 Hz). As well, these mechanisms require

a minimum nf product for domain formation that was much higher (v 1015 cmrz)

than the values found in this. gork (~ lO7 - 109 cm 2). This left Field

Dependent ‘Prapping as the mechanism :esponsible for the oscillatzons.

+ 2 = The semi—insulating GahAs exhibited non-ohmic behaviour dt\?ooox in
the dark for high applied électric fields," oscillatory behaviour occuring for
fields greater than 950 V/cm. At 90° K, under the influence of 6.90u radiation, %
the threshold voltage needed to generate the oscillations was 750 V/cm. At E
this temperature in particular, the current-voltage characteristlcs exhibited 2 é

‘a region of Negative Differential Resistivity due to Pield Dependent Trapping

of carriers. "

Ay




3 - The optical measurements yielded a humber of impurity 1&vels i -
. § ' L

in the material, in particular one 0.45 eﬁ above the valence band. A

second level 0.15 eV above the valence band was found to‘he responsible for ) ' : /
a high photqcurrent at low temperaturee// The role of this level was

1ained in terms of a model based on double excxtatlon. hs well as the
0.15 éV level, the model contalned a 1.36 eV level and two reccmblnatlon

centrég\ a fast s centre whose energy value of could not be determined, and

-~

1

a slow r centre corresponding to the 0.45 eV }evel. ‘ Subsequent behaviour
of the sample was explained using these energy levels.
4 : The 0.45 eV level was found to exhibit properties.that
indlcated it was ‘both the compensating level and the level reeponsible for

-

F.D.T. of the free charge carriers. Infrared quenching of the OSClllathDS

LY

by l.16u radiatlon, as well as self—quenchlng near thls wavelength were

used to show that the emptyinq of the 0.45 eV level stopped the current -
. oscillations by preventing F.D.T. ‘of electrons from taking p%ece 1n a.}arge

enough number to create a region of N.D.R. in the sample. This meant that ‘ L
the 0;45 eV level had to be partly filled if F.D.T. was to occur: By L(

using the frequency behaviour of the oscillations, a height of 0.30 eV was

proposed for the repulsive Coulomb barrier surrounding the 0.45 eV level.

L JE

5 - It ;as found - that successful observation or annihilation of -
the oscillations was critically denendent on the carrier concentration. The

\e\pature of the compensation, on the other hand, seems to have little ?mportance
on being able to generate the oscillations._ Current oscillations have been
observed in high resistivity Gahs compensated with many different agents

(61B1,.63B1, 66K1, 69V2, 6951). The 1eVe1 respon91b1e for the current oscil-

1aﬁézji found in this work was due to a lattice defect in the material.
' .

¢ ‘ !
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Optical quenching'of'the oscillations could be carried out
~ ‘- : . :
on GaA@ﬁEo?qensated by dlfferent means. This would determine whether
~ .
or not the level responSLble for the oscillations is a natlve defect.

-

Hall peasuremen;s in the oscillatory'regime Qould be in order to
ascertain the type of charge oarrier and type of conduction present
duriné the osciliations. This preeents brob;ems,‘however, due to the
hiéh resistance of the material needed to h4ve the effect and due to the
fact that the domains are in motion.

| .

6 - A number of practical applications stemming from the

1

-

.oscillatory hehaviour of the material can be envisioned. One such application

would be in long time delay lines. This area uses the iow frequency of the

oscillations for its main paraimeter. Because of the high photo-sensitivity

of rhe material,'signals could be triggered optically. Work in this area
is already belng done’ (72T1) In its eimplest form, the material could be
used as an- osclllator in the 1 Hz reglon, with the applied field controlling
the frequency. However, foremost in 1mportance is a thorough knowledge of
these low frequency effects in GahAs so toat a method of controlllng them can
be devised. This is of ‘particular 1nterest since these oscillatlons cause
ingtabilities in Gunn devices. Work in this area is already in progress

(73T1).

|
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¢ . APPENDIX FIELD DEPENDENT TRAPPING

g | o

A Effect of Change of Capture Rate on Carrier Concentratioh

L]
-

Field ﬁependent Trapping, as orlglnally proposed'by Ridley
. and watkins (61Rl, 61R2, 61R3) requlfés‘that the captake rate of repulsive
centre change with anl;ed fleld (above a threshold value) . The behaviour

of the captﬁre rate of a repulsive centre will be considered’ in ‘more detail

in this Appendix. .

) Considér an éﬁtrinsic n-type semiconductor whose conduction

- electrons at 1;w temperature are due to thermal ionization of a negatively
charge impurity centre:, For simplicity, it shall be assumed that several
KT separate any other locallzed levels which may exlst 1n the material, and
that the Fermi level is near the impurity centre under dlscu551on. Thus,
other localized levels do not interact significantly with the conduction
band. Thesg copditions ;re met by the heavily compensated.FaAs used in
tifs work.
\\ - FPor the above co;dltlons, the density of free electrons is
governe& only by the rate of transition assoclated with the negatively
_charged impurity level. fhe rate 9£\increase oﬁlilectron QenSLty, n, in
the conduction band would be the number of electr thermally ionizedlsf

e band minus the number of electrons thermally captured by the level; or

f dn '

dn' _ o - p® . o ' Q
dt...gN BoN . . )




| ‘ | | . /
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3

where n density of electrons in the conduction band \
. ' ¢
N density of filled levels ©
N° density of unfilled levels \\

g . thermal ionization rate
B  thermal capture f;te
g and B are averageq'over the .electron distribution and are in general field

dependent. .
. ~

If one denotes thermal equilibrium (low field) values by the

-

suffix O, the. above equation becomes

dn - o .
L R - = 2y -
dt goNO .BonoNQ 0 (2)
Cy
or )
! Ng
% = B - o
o
- Boqll
Y : 'j .
-where .
4 3
. * 3/2 ' A :
n = 2{ M } exp {- _t) (5951) (3) -2
1 2 kT
: h ' .
[\ o
and Et is the energy of fhe level measured from the conduction band edge.
Since the thermal ionization rate depends solely on the lattice
\ ) - .
temperature, it will be assumed that it is not appreciably affected by the
field. At the steady state, therefore, {(2) becomes C . b
i / g . ‘
BnN - BAN = 0 L ) - . (4)
- ol . > '
~ : ' :
|
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p
} P
-~ T .
, . ) : ”/
-~ B ‘ N //.
If An is the increase in electron density/fgf/fg/the field, : /
then ' - e
. .. , //’/’ hd :
; n = no + An [ //’,/
~ <7
N = N - An '
o
. . .
No = No + An
o »

Replacing these values in (4) and simplifying, one has

'

' o 2 o y o
tn = y[in + n % yn)" - 4n N_ (1 3= w4+ -fnl)]

f ‘ ' . (5) ;
vwhere .
BO . .
Y = 5 (6)

/ . - - . '
. P ]

or y is the ratio of thermal capture rates at low to high field., For .
o . : : ' '
negative resistance then, a necessary condition is that

*

e B>B or y <1 - (7

! i

Equation (5) may be simplified where the %yping is such that only about

{half the levels would be occupied at OOK, that is, the level under cOn-

~

sideration is partly filled. . Thus, there is always a-substantial den ity B
of unoccupied levels available for qlectron capture, as was the ca

the CaAs used in this work. A% te$ eratures less than that needed for
FYN :

—— ) P . - l

E
Cmdd 5
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" conductivity (N.D.R.).s

_39_ o

“
™
\\

complete ionization of the level, the electron-den?ity‘in\the'conductiSh

band (low field conditions) is much less than the dersity of unfilled

) levels (high fesistivity material) or

o ' . .
n <My << Ny ' (8)

For a repulsive centre ¥y < 1 and thus Yo, is small, and (5) becomes

Y

after simplification

»
L] . M -

a. - - -y o |
An.- no(l ¥) . . (9}

L

" Since y<1, then (I - ¥} will always be a positive number; as a result

-

- n_(1 - v) will always be negative, and so will An. Thus the high field .

"

changes the thermal capture rate (for repulsive centresf so as to produce a 1.

a . ) .
decrease in electron deqsity in the conduction band, and .thus negative

: t N
B. Field Dependence of the Capture Rate

‘One may obtain the condition for_negative resist;nce by con-

sidering the .differential conductance which is given by

O

' a
g . e{n dnb + p j—‘nﬁ + e (:1 dua + —ub-)‘ (10)
caF T MaTa 'y TaF a ar Y, & ,

o

-




where G
F .
ua

LY
H

b

in this case U

- 14

Cj. - 90 -

4?.

conductance

_electric field

mobility of free electron;
density of free electrons
mobility of trapped electrons

density of trapped electrons

.

'nh f ‘no + An

Fl

so that (10) becomes

de
dar

-

dAn du

a din | 2
e H,y ar + (no + &n) ar }

1Y

¢

b 0 since the electrons.are trapped, and

(11)

Now one must assume that the free electrons mobility u, is

proporfional to some péwer p of the electric field F, where the field

exponent p is a function of the scattering mechanism.

Mg FF ‘and substituting in (11) yields

e ua(no + n)

= . . {

P o

+ An

dAn
dr

.In this case

§

+p}

(12)

The relationship between current density J, field F, and conduc-

tance G is given by

-

(13)




and the condition for negative resistance is o a

<1

Bil&

|4 -

which becomes, upon substituting (13)

~ . i

- ]

— s > 1 | (14)
F ' : : :

Substituting expression (12) in (14} and cimplifying, one obtains ‘the |

. condition for negative resistance as:

. -p>1

n + An drF

Por the case of repulsive centres, one had thjt ' '{

Qn = - no(l - T) . _ (9)7

A

. (6)

m,m

o
e

Substituﬁing for An in (15) and simplifying finally yields

S

F ‘
P& P! (e |

It can be seen fram equation (16) that the field@ exponent p, a

function of the scattering mechanism, should be negative and large to obtain S

i
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pegative resistance. ’ Thig makes impurity scattering undesirxable since when
it is dominant the mobility rises with increasing field and thus p is -

positive. When 1attice scattering is dominant, however, P is negative

and will depend on the lattice and carrier temperature. At constant lattice

tdgmperature, the most demanding case, that of acoustic phonon colliéioﬁ
scattering, has the drift veloci?y of the electrons proportional to the
negative square root of the applied field, and thus «F *andp =~ M
In this case the above condition (16) is satisfied jf the captﬁie rate
increases more rapidly than the Qquaré root of the field; that is, (16) may

be written, using p = -h ‘ - s

-

[
L

+

F a8,y | an
p dFP ] _

A, -~ B> /F

’

C Magnitude of the Potential Barrier ,

¥

¥

The firﬁt requirement in calcui;;ing the height of the potential
barrier present af a repulsive centre is an ésﬁimate'of the electren density

..near thézcehtre, since this will be the governing factor in determining the
effective fafe ;f c;pture. " Por this, one needs to know the precise po;en—

tial field around the centre; that is, one needs a refined picture of deep-

s ~ T
level centres in semiconductors, which is not available. One can circumvent

i L
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i
Tar

this problem if it is assumed‘that the electron density near -the centre

differs from the average by a factor

* - ) ; - L - * ! .
e .
‘ . P
at thermal equilibrium (51P1). ¢ is the potential barrier. Now if B
is the capture rate of electrons which have surmounted the baxrier, the ) -

effective capture rate Bo will differ from § by the factor exp(~ ¢/kT), or

I

' . - s

. ‘ B =Be Low Field .8y

Now if. ¢ > kT, then the main variation in fapture rate with
field 'will come from the_density factor, as required fc’::r N.DUR- For "hof;"
elect_rons, the distribution fuhction (18} changes- in general fr-om a -
Haxwelllan (B is the low fleld value) to some function of the field" and

potential pbarrier, or £(F, ¢)- If one assumes B varies little with field,

{18) becomes

-~ . e ")-
% . B = BE(F, ¢) S High Field (19

B

‘por potential barriers greate.rlthan kT, the term which varies .

ield will probably be the distribution function £(F, «{a) i

most rapidly with £ " .

In the region of field strength where p -k, toa reasoxia.ble approximation

the distribut:.on function f(F, ¢) is. of t:h; form | -
V ,'7 - a(.k_il-—) . .
f(P, £) = e t) e -~ (54Y1) T ' (200 - .
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r
1
—
\ +
-where — € electron energy ‘
- ﬁ"."-.

Te élg,ctir/on temperature

a=0.243 -

The value of a is obtained by defining the mean kinetic energy
of the electrons as 3/2 kTé., In this case, the electron temperature Te
is_proportional to the field strength F so -
o i ; S _ ' . L T s

T, = const. Xx F . S .3 v

.')\

Thus, using (20), (19) becomes
- 0,243 (?%_)2
B a fe . e
) _ T
/ % . S

and the condition for negative resistance, {11) becomes

s ‘

o - 0.243 (2
: KT
F/ de e

> 0.5 (21).
dF

) o

A}

.! |
¢ 2
-0.2&3(—](,—1,—) ,

After simplification , (21) reduces-to
. ’ 2 . . /\-/ -
» ’ - e — > -5 ' . .
' . 0.486 { kTe} k 9 ] |
BN | ] |



o ..
Since the mean energy of hot electrons is roughly three to four

times the thermal equilibriun mean'energy:inffhis reg?%n (6952) , an

' L S
approximate condition 1s ~

< ¢ .4
'J ' kT -
Assuming that the jattice temperature is low enough so ;haé‘ kKT < 0.02 eV,

= ﬂ% .

) A

the barrier height for F.D.T. becomes

¢ > 0.08 eV




- 96 - - | .

51P1 Pekar S. T., Abb. Low Phys. 1, 47 (1951)

SZHI) Moss T. S., "Photoconductivity in the Elements”,
? ) - N ’ ) b
Butterworth, London (1952), p. 30 -

., Bell System. Tech. J. 33, 799 (1954)
~ 54v1 vamashita J. and Watanabe M., Prog. Theor. Phys.

12, 443 (1954).

s3p). ~  Baum R. M. and Battley J. F., Phys. Rev. 38, 923 (193%)- : oo,
: : : oS, N
F > ' ' N
5651 . Shulman R. G. and Wyluda B. J., Phys. Rev. 102, 1455 (1956). }

. . [}
57Wl Weinreich G.,- Phys. Rev. 107, 317 (1957)
59B1 Boer X. W., Z. Physik 155, 184 (1959) -
S9K1 Kroemer H., Proc. I.R.E. 47, 397 (1959)
5951 smith R. A. "Semiconducto A", Cambridge Universit Prgssi—\

. o, \

London (1959), p. 78
59W1 Weisberg L. R., Rosil F. D., and Herkart P. G., in N .
‘wproperties of Elemental and Compound semiconductors”  (Intex-

Science publishers, Inc., New York (1959)). Vol. V of Metallurgical |

Society Conferences, p. 25-65. , ) X




- 97 -

o8 .
6981‘ mibe R. H., "Plio_toqonductivity of Solids", Wiley (1960},
p. 53-55, 64-68, 335-356. T o | X
6071 Johnston L. and Levinstein H., Phys. Rev. 113, 1191 (1960). P
. - . - . - . . A —
. [ ' .
‘ ) ‘ N -
61B1 Blanc J., Bube R. H., and MacDonald H. E., J. Appl. Physics - A
\_ . N . ) ‘-
32, 1666 (1961).
6183 Boer K. W., J. Physics Chem. Solids 22, 123 (1961)
61R1 ridley .B. K. and Watkins T. B., J. Phys. Chem. Solids
22, 155 (1961).
- . 3 ~.
. - . ~ .
61R2 . Ridley B. K. and Watkins T. B., Proc. Phys. Soc. Lond. .
. ™
78, 293 (1961)
I8 (A | P
61R3 Ridley B. K. and Watkins T. B., Proc. Phys. Soc. Lond.
78, 710 (1961). ( K‘S—"
6282 ~  Bube R. H. and MacDonald H. E., Phys. Rev. 128 2062 (1962)
6282 gilsum C., Proc. I.R.E. 50, 185 (1962).
6252 Smith R. W., Phys. Rev. Lett. 9, 87 (1962). o
- o | L (.
o ; : . R o
63B1 parraud A., C R-Acad. Sci. (France) 256, 3632 -(1963) ~ T
) ¢
6381 '  Erlbach E., Phys. Rev. 132, 1976 (1963)
63R1 '  Ridley B. K., Proc. Phys. Soc. 82, 954 (1963).
. .
. C“\
64B1 Blanc J., Bube R. H., and Weisberg L. R., J. Phys. cr7an. I
Solids, 25, 225 (1964).

- '
. Y
e A
‘ v N \



"98.—

64B2 Béale J. R. A. and Pomerantz M., Phys. Rev. Letters (USA)

13, 198 (1964}).

64G1 Gunn J. B., I.B.M. Journal'g, 141 (1964).
64N1 Northrop D. C..,. 'Ifho‘rn%m P. R., and Trezise X. E.,-

X\ T

Solid-State Electronics 7, 17 (1964).

58 ‘Boer. K. W., Phys. Rev. 139, A 1949 (1965)
65K1 Kroemer H.s ‘Pro¢. I.E.E.E. 53, 1246  (1965)
65R2 Ridley B. K. and Pratt R. G., J. Phys. Chem. Solids 26,
21 (1965) . ' ‘
6581 gliva ‘P. O. and'B.‘ra.y R., Phys. 'Rev. Letters (USA)

14, 372 (1965)

—

6552  Smith A. W., Solid st. Electron. B 833  (1965).

65W1 Wang W. C., Appl. Phys. Letters (usa) 6,81 (1965)
‘ ) . d
66B1 , pasinski J., Can. J. Phys. 44, 941 (1966)
66F1 Pistul' V. I. and Agaev A. M., Sov. Phys. = Solid State

V 7, 2975 (1966)..

66H1 Hayakawa "H., Kikuchi, M., and Abe Y. Japan‘ﬂ\Appl. Phys.
5 734 (1966) . : : ' ’\
66K1 Karkhanin Yu. | I. and Tretyak O. v., Sov. Phys. - Solid State

7, 2787 (1966).
. 4 . : ) D )
- 66K2 . Kikuchi M., Hayakawa H., and Abe Y., dJapan J. Appl. Phys. \

5, 735  (1966).
. P

-

% ' <
-



66M1
6651

6652

66W1

67K1

67K2
6751.
67T1
' 68A1

.68H1

6851

6852

6854

68T1

« =99 - S <

. .

McCumber D. E. and Chynoweth A. G., I.E.E.E. Trans. Electron

Devices ED-13, 4 (1966).

Shirafuji J., Japan J. of Appl. Physics. 5, 469 {1966) .

‘Stunders I. J. and Crede R. H., Priv. Comm. (1966)

Willardson R. K. and Beer A. C.: Editors "Semiconductors

and Semimetals, Vol. 1, p. 148 Academic Press, New York'

and London (1966)

Kikuchi M., So. St. Comm. 5, 855 (1967).

Kurova I. A., Vrana M., and V.avilov v. S., Sov. _Phys. -
Solid State 8, 1892 .(1967).

Sugiyama K., Japan J. of Appl. Physics 6, 601 (1967).

Tokumaru Y.-and Kikuchi M.; Japan J. Appl. Phys. 6,

654 (1967).

-

Allen G. A., Brit. J. Appl. Phys. "1, Series 2, 3593 (1968) .

.,Heath D. R., Selway P. R., and Tooke C.C., Brit. J. Appl.
s

.Phys. 1, Series 2, 29 (1968}.

Shirafadi J., Solid-State Electronics 1L, 983 .(1968).

Senechal R. R. 'and Basinski J., J. Appl. phys. 39,
4581 (1968).
Schmidlin F. W. and Roberts G."G., Phys. Rev. Letters 20,

1173 (1968) .

Tokumaru Y. and Kikuchi M., Japan J. Appl. Phys. 7,

95 (1968).

”~

L




69I1
69M1

69M2

6951 -

6952

69T2

69V1

69v2

69v3

70F1

70H1

“70K1

7011

7011

1012

71Gl

- 100 - ~ ' .

'

%Jue T. and Ohyama M., Japan J. Appl. Phys. 8, 1363 (1969).

Milner-Brown H. and Fortin E., Can. J. Phys. 47, 2789 (1969).

. Milner'ermm H., M.Sc. Thesis, University of Ottawa, (1969) .

Shirafuji J., dJapanJ. Alppl.. Plhys. 8, 898 (1969} .

Sze $. M., "Physics of Semigonductor Devic‘es", J. Wiley
& Sons, New York (1969), p- 57. ’

roxumaru Y., Japan d. Appl. Phys. 8, 76 (1969).
Viehmann W., App]_.. Phys. Letters _l_é_, 39 (196_9).
\Yorob'e.v Yu.. V., Karkhanin Yu. I., ahd Tr;atya.k- 0."\{-,'
Phys. stat. Sol. 36, 499:g1é691. |

Volkov A.- F. and Kogan Sh. M. Sov. Phys. Uspe.khl 11,
881 (1969).

Fortin E., Rev. Sci. Instruments. 41, 1252 (1970) .

Q-Ia'segawa F., Japan J. Appl. Phys. 9, 638 {1970).

Kolchanova N. M., Nasledov D. N., Mirdzhalilova M. A. and

Ibrajimov V. Yu., Sov. Phys. - Semicond. 4, 294 ~(1970).

Lenczewski P. and Fortin E., Phys. Stat. sol. (a) 3,
i >
K 267 (1970). .

e .
Tokumaru Y., Japan J. Appl. Phys. 2. 95 (1970) .
Tretyak O. V-, Sov. Phys. - Semjcond. 4, 517 (1970).

4

. : s
Gontar' V. M., Egiazaryan G. A., Rubin V. S.. Murygin - V. I.,

and Stifeev V. I., Sov. Phys. - Semicond. 5, 939 (1971). -




- 101 -

71K1 Kornilov. B. {v., vil'kotskii V. A., Aleksandrova G. V.,

Tereshko G. N., and Tsarevskaya T. P., Sov. Phys. - Semicond.

5, . 119 (1971).

. . V h
‘ # , i
71vl . Vorcb'ev Yu. V., Karkhanin Yu. I., and Tretyak O. V.,
. » ‘ . ) ﬂ
Sov. Phys. - Semicond. 5, 254 (1971). 1!
\ - :
a
7281 ) Brodovoi V. A. and Derikot N. Z., Sov. Phys. — Semicond. 6,
. 237 (1972). ' - ,\\ ’
Lo e 4
72B2 Brodovol V. A. and peka G. P., Sov. Phys. - Sol. St. _1_§,
2015 (1972). (
. .
72P1 peka G. P. and Karkhanin Yu. I., Sov. Phys. — Semicond.

."J
£\ 261 (1972).
.

72p2 Seka G. P. and Karkhanin Yu. I., Sov. Phys. - Semicond,

6, 639 (1972).

72p3 prat F. and Fortin E., Can. J. Hhys. 50, 2551 (1972) .

{ ‘ .
72rP4 . prat F. G. P., M.Sc. Thesis, University of Ottawa, (1972).
7271 Tokumaru Y. and Mikoshiba N., Japan J. Appl. Phys. 11,

678 (1972)- . _ ' 0

73a1 Alebsandrova G. A., zavadskii Yu. I., Kornilov B. V.,

-~

and Skvortsov I. M., Sov. Phys. = Semicond. 6, 1170 (1973). P

7311 Tegzner J. L., J- Appl. Phys. 44, 2765 (1973).





