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*ticrystalline Cu20 rectifiers, particular Y inithe reversed' \\

'rectifiers. ; o ';" ‘fl“' X '1\ SN

‘tion.

';single or double injection.

e

ABSTRACT' T N

. : ' "i\ . \

. The unsatisfactory performance\bf cohyentional mul;\\ .
\\\\

 bias condition, triggered us to attempt to make 0u20 single
' crystal rectifiers. The method of fabricating theée recti-

fiers is reported.> The study of these rectifiers supported'

a previous suggestion that grain boundaries .are responsible_'

’for one of the deteriorations observed in conVentional Cuz?'

N 1
Yy

“
S

™

we also- found the I-V characteristics of the diodes

we nmde are very different from conventional Cu20 diodes .

h;whose characteristics are controlled by th Cu2 -Cu junc-

-/

We have studied the forward current-voltage charac-

teristics of the single-crystal rectifiers in great detail

Two sets of diodes, one annealed under “high vacuum (10 -6

torr) and the other at higher air pressure (1-2 torr), were

B studiéd They show the characteristics of injection ‘diodes. -

Since COnduction due to single or double carrier

finjection has not@previously been reported for Cuzo, a de-

tailed study of the characteristics of these. Cu20 diodes

was umde and the results Were compared w1th the theory of




'spece-cnerge-limited conduction . From the I-V character-
istics of the semples3and'other experimental results; we

- -conclu e that there is a continuous distribution of local-'
ized sta es ‘inside the energy bend gap ﬁor this type of

- sample pre eration. _ f

‘ on the other hand, the diodes which were annealed -
Xat higher air pressure were found to exhibit the character-
istics of double injection. The low injection regimes were
bstudied in detail'” For thick semples, the experimental re~
-sults were found to agree well with the simplified theory |
of double injection.. However, discrepancies were observed
4for thinner samples.‘ Preliminary results on negative re-
sistance observed in these diodes atwhigher injection level

.. are also reported.v
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Chapter 1

Introduction

_Conventional»cuprous oxide (Cu20) rectifiers were
among the first rectifiers in use in the early twenties )
(Grondaﬁl 1926). However, its behaviour, especially under
reversed biased Fondition, has long been known to exhibit
undesirable effects such as the increase of reversed cur-
rent with respect to time after preparation of the recti-
fiers. It was suggested'that the boundaries between the h
microcrystalline Cuzo grain grown on the copper was respon-
sible for some of this deterioration. A natural step to
take was then to prepare single crystal rectifiexrs. As
conventional methods of obtaining rectifiers by oxidizing
copper sheet are alwdys found to be multicrystalline (with
the exception of certain facéts when single crystal copper

£

is used), we have attempted to make Cu}b single crystal

}.ctifier s;artiqghfrom Cu,0 single crystals. This
method Hf preparing these diodes is described in chapter 2.
' The study of these Cu,0 single-crystal diodes in-
dicates . at althbughAqépe deterioration can be removed by
?u-inq'gin le qryittli; other undesirable effects under the
_r.v-:-ea' iast condition still exist in these diodes |
(chap;er'3)."0uring thi-_:tudy, the rather interesting

bchaviouk of the forward current-voltage characterjstics

d



'vﬁas noticed. Work has since then been focused onitheAin—
esvestigation of these characteristics.
It was ﬁound that the behaViour of these’ diodes‘
"depended on the annealing process the diodes received .'
after their preparation. -Various experiments indicate"

'the. diodes are injection diodes, that is, the I-V char—'

~ristics obServed are due to the injection of excess
carriers from the electrodes into the crystals. .For the
first time in Cu20, various injection regimes are ob—
served in the I-V characteristics which are discussed in
detail in chapters 4 and 5. f" Lo ~_r ' é/ 4

We fournd the vacuum—annealed samples show charac—'.E
teristics which agree with the theory of Single-carrier
space-charge—limited'conductions. The,I—V-characteristics
of the samples and other experimental results‘indicate

’ that there is a continuous distrihution of 1ocalized‘

—

states inside the energy band gap. ’

On the other. hand the diodes which were annealed

»at higher air pressure were found to. exhibit the charac—.

'teristics of dqpble injection.. The 1ow injection regimes
‘were studied in detail. - For thick samples, the experi-‘
mental results ‘were found to agree well With the Slmpll—
fied theory of double injection.. However, discrepanCies
cj'were observed for thinner samples. Preliminarv results,

on negative resistance observe% in these dicdes;at higher

o , :
injection level are also reported.

o



In the past, studies ‘on electrical conduction in

Cuzo crystal were almost exclusively ‘in the ohmic regime.

N Al though much valuable information can be obtained from

d RS

these studies, some 1nterpretations are rather ambiguous.

' For example, Roberts ‘and Schmidlin (1969) pointed out -

?‘that the 1nterpretation of the activation energy in the -

ohmic conduction regime will be ambiguous unless other

“lsupplementary observations, such as that of s1ngle-carr1er

'rspace-charge-limited conduction, are included._'

" The discovery and study of the various 1njection

‘ regimes in Single and double injection Cu 0 diodes repor-

ted in this theSis therefore serve to widen the scope of

‘ research-on the conduction negimes in ngo.u It is hoped E
- that this study can shed some light on the understanding

of Cu20,.aymaterial which is'stillcnOt clearly understoodA

even after over half a century of study.



g

) immediately after their preparation (Kuzel 1961). ,f.5(\

the - formation of a low-resistance layer along the edges

. ChaptEr 2

vfi Fabrication of Cu,o Si gle—crystal Diodesa

and Techniques of Measurement

- (1) Motivation for preparing 20 single—crystal diodes~

' The making of conventional types of. Cu2 —Cu recti*

'»fiers involves the oxidation of copper discs or copper
-Jsheets at temperatures over 1000°C followed by an anneal-
:;j fing and/or quenching process (Grondahl 1933 Greiner ' .
l"qih1961) ‘The Cuo layer is_then either polished or etched '
w’;faway, leaé&ng the Cu20 layer on top of- the copper.. Multi-
o crystalline Cuzo layers are: always obtained uSing this\
.method. It has been shown in the past that the reversed

"-current of the rectifiers started to deteriorate (ingrease

?
g

“ TWo - types of deterioration can be distinguished - One is
v»that the reversed current increases above the tolerable '

'level;as time progresses, the second that the reversed

current increases with time while a constant voltage is

applied. This second effect is usually referred to as

' the creeping effect. o “:‘ f" — ¢

The first effect was found to be partly due to

i

bof the réctifiers. Btching the edges could in most cases

restore the reversed current to its original value.

o



A

that this type of deterioration could take place at room

“temperature over a period of days rather than hours. A_.'

r - - .' : ‘ ; -k . ‘(
The creeping effect could be overcome by heating
the rectifiers for: 10—20 minutes at 100°C - 150 c. Kuzel
(1961) showed that this heat treatment increased the -

‘stability of the reversed current. However, excess heat—

ing (e. g. 1 hour) at this temperature for such rectifiers

N caused the reversed current to increase.» This was ex—’
‘i:plained by the fact that in multicrystalline cuprous oxide
’~.;rectifiers, the oxygen rich layer between the: grains

[é;formed barrier layers at the metal - semiconductor bound—

[}

;fary, but of much poorer quality than those formed at the
f:_bulk semiconductor - metal boundary (Weichman and Kuzel
_;1970a). Extensive heating at 100 C - 150 C caused the de—

'fterioration of these grain boundary layers. It was found

natural step to improve Cu20-Cu rectifiers was seen to be

the attempt to make single crystal Cu20 rectifiers and

f‘therefore eliminate ‘the undesirable effect due to the grain
_['bOundaries.‘ |



(2) Method forgpreparing Cu,O single-crystal diodes.

Cuprous oxide single crYstals, of the order of one

square centimeter in area and of thickness 0. 5 to l mm.
are cut from larger Cuzo slabs which also contain smaller
"crystals. The slabs are grown from high-purity copper
>.(ASARCO) ‘by the grain growth method (Toth et. al. 1961). --_(i
o , In most crystals, there are voids near the central ‘
region of the crystal. .This region contains a high degree«
of imperfections. Crystals are chosen and mounted in such
‘:a way that this region is at a sufficient distance frcm

'the face that is to be bonded to the copper. 80 that it

. can be completely removed by grinding and polishing after
F'.the bonding process., Sl o B ‘

The two larger faces of the crystal are polished

'i_flat and approximately parallel to each other on Logitech

: PM2 polishing machine. During polishing, the sample 1s
attached to a jig (Logitech polishing jig, PPS) by resin
?‘;or glue._ The jig, tOgether with the sample, is lapped o
$against a brass plate with 12, 5 micron aluminium oxide
;‘powder as an abrasive. | '
| To obtain approximately parallel faces on the .
fsingle crystal sample, we proceed in’ three steps.' Firsti.’
" one. of the faces of the sample is polished flat on ‘the N
‘”brass plate. Then this crystal is ‘removed from the jig.
A second piece of Cuzo, which we w111 refer to as the
'Tip:reterence piece, is’ mounted to the jig and also P lished



1\“’

’flat on‘the same plate. Without removing this reference

piece of Cuzo from the jig, the polished face of the sam-.
ple is now placed in contact with the polished face of the
refereuce piece. Acrylic cement is applied .on the edge of .
the sample and a brass weight is placed on the top of the
crystal to press it tightly against the reference piece.
The weight is removed when the cement is cured (2 hours or
more).' The exposed side of the sample is then polished.
In principle, it is obvious that, since the faces of the'
sample are. parallel to the brass plate, they are parallel |
to each other. In practice, it is found that, AS long as"
the brass plate is kept in good condition, the degree of

parallelism is better than l micrometer for a width of 1l

”‘centimeter, which is sufficient for our purpose.

After both sides have been polished, the sample is -

rinsed with acetone, followed by etching a few times (about

_' half a minute each time) with dilute HNO3 (i e, 1/4 concen-
h trated HNO in 3/4 water). C )

To make the actual diode we proceed -as follows.-

- First, we form a thin copper layer on the surface“
of the Cuzo. This is done by placing the sample in the
dilute HN03 to reduce the surface to copper This copper
layer. however, is easily wiped off and. care must be takenv

to avoid this while rinsing the sample in water to remove

 the remaining auoa. The’ crystal, with its copper layer, _'

is then placed ih a horizontal oven subsequently evacuated '
i - _ o



with a roughing pump and a molecular sieve absorption pump
to a pressure df‘ahout ldf:‘torr. The oven is then heated
to epproximatelv 600;C and maintained at that temperature
for 3 hours, after which the oven is slowly ellowed to cool |
v; ogg t peretg;e. The Cu20 crystal treeted in this way .
will b ound to hsve a thin coating of copper which ad-~
‘heres well. - |
A second lerger piece of Cu20 material, but not .

'normally a single crystel, is similarly prepared ‘to act as’
a substrete of identical coefficient of expension as the‘p"
.crystal which)is to be bonded to it. ‘The copper-coated '
'JCuzo crystal is placed on a similarly coated Cu20 ‘sub-
"strete, seperate from it by a thin (= 50 um) ‘copper foil
i'This Cuzo -:Cu:- Cu20 sendwich is again placed in the hor-
_,izontel oven which is again evecuated. This time the oven

is heated to 1020°C and maintained at ‘that temperature for,

'5 ‘to 10 minutes. The temperature must then be’ increased

L to llOO’C to melt the. copper foil. ' After approximately 10°

‘.minutes et 1100°C, the hesting current is switched off and
the oven is allowed to cool to room temperature over a
‘-period of 15 hours. o S

With this procedure the Cuzo crystal will be found
”to be well bonded to the copper and, through it, to the
f-Cuzo substrate. S ' L _ |
A S The Cu20 single crystal of the sandwich must now

R be polished thinner, usuelly to a thickness of. the order
f‘x . L o



of 50 to 200 um. The cxposed_face of the substrate is.pol—
ished flat and parallel to the exposed face of the sample

- 'usinq the method described before. The polishing process is.:
now repeated with the exposed faoe of the sample lapping
against the brass plate.

Pinally, platinum electrodes are sputtered onto the
exposed face of the Cu20 crystal. Platinum is also sput—
tered onto the exposed surfaces of the Cu20 substrate in
ﬁ such a vay that contact to the central copper layer can be ’
assured. This allows electrical contact to the copper to
bc made on the larger platinum surfaces rather than direct-
ly to the smaller areas of protruding copper.- .

Ld

This process completes ‘the manufacture of ‘ach in—

’dividual diode. " Since, as will be reported in cha
.'the behaviour of such a diode can be strongly influenced
by subsequent annealing treatment, we will describe the .
; final individual treatment where ‘we discuss the experimental'
results obtained from that diode. ‘
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(3)‘A31eotrica1 measurement devices = method and apparatusxb
“. One major source of error in the early literature
on the electrical properties of cuprous oxide has been the
fact that the surface conductivity of this material very
.often is appreciably higher than the bulk conductivity.
The.formation-of~a highly conducting surface layer occurs
when the sample is exposed to air. This layer, however,
’_can be removed by heating to around 160°C or higher in
Vacuun Fig. 1 shows an example of this effect. -The for-
‘wardaconductance of a diode is plotted against the time‘of
‘iexposure to.air. The diode has been preheated to 200°C in
vacuum to remove the . high conductivity layer. Once the |
sample is exposed to air at room temperature, the forward
w conductance measured without a guard ring (curve l) begins
N; cﬁimh as time progresses, while the measurement with a
/1 axé ring (curve 2),‘as described below, shows no change
in Horward conductance in response to air exposure. This -
\/plearly indicates the formation of the conducting surface
1ayer. N '
4 o , )
, Therefore, when measuring the current-voltage char-
paeteristics of diodes, precautions have to be taken to .
"eliminate such surface leakage currents, or to correct for
7 their presence by appropriate measurement techniques, ‘
Tvo methods have been used by us to obtain true

-bulk current results*¥



J

The forward conductance of Cu20 single crystal

.. Qiodes (sample SD~3) versus the time of exposure

to air. The sample has been preheated at about.
200°C in vacuum. The data points O (curve 1)
were taken without guard ring on sample, while
Aata points e (curve 2) were taken with guard
ring on the sample.. . : :
(The detail heat treatment of sample SD-3 is o
identical with that of sample SD-10 described

in chapter 4.)

2
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s 7 (1) Guard-ring method: For I-V measurement in
air, guard rings are provided (Fig. 2). The internal re-
sistance R of the current measuring device is required to

/////’ be amaller than the resistance R, botwoen the guard ring

o and the central electrode since it is obvioys that the

lurfece current I between the central elecérode and the

' guard ring should be mubh smaller than the current I.

ﬁthrough R (refer to Fig. 3), that is,

Is << IR .
since 1, = IrR
_ .
8
we have ' _ ' : .IRR << IR .
. : s'
or . -  : S R << Ry .

This methéd“istery convenient for low resistivity
saﬁplea.~ Por'meesurements oh high—fesisti&ity samples,
where the current meaeuring device must be far more sensi-

| tive and therefOre often of higher internal impedance,'

this method is more difficult to apply.

(ii) Vacuun pre-heating method" ‘This second
‘ n.thod 1nvolves the elinination of surface current by heat-
ing %he lenple to ebout 200°C" in vacuum (= 10 =6 . torr) and
«cﬁoling to room tanpetature under vacuum. All éubseqhent

ueesurements -are then nede in vacuum or E?;ef inert
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>

To power supply To electrometer

+ gample

Fig. 2c. A simplified diagram of the electrical
circuit used for I-V measurement.
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| ' R 1 T '
. . ‘¢ .~ central electrode .
Is o /’/Guard ring
) | < sample

Fig. 3. Diagram shoWing,the current
' components for guard ring
arrangement. o

e
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atmosphere. To ~achieve a vacuum of 10 -6" torr, a pumping

system conSisting of a roughing pump and a mercury diffus-'

ion pump (Fig. 4) is used. a quartz capillary tube which
can be. heated to a higher temperature to allow extremely
'.pure He gas to leak into the system 1s also attached to
the system » )

' The sample chamber is shown in Fig. 5. fhé elecﬁ
trical Ieads to and from the sample are well-screened
against outside interference. ' The sample is heated by a
heating coil placed insxde the copper tube which also |
serves as a sample holder. |

After theOSample.has been“preheated'in vacuum,
—helium gas is allowed to leak into the sy, tem and the
Imeasurements of the 9urrent-voltage oﬁ\racteristics are
" 'carried out 1n helium atmosphere. Té8~presence of helium
- gas in the system provides the-necessary medium for heat
4transfer between the sample and externéi heating or cool-
lling system and at the sSame time aVOids the formation of
': the conducting layers on the sample surface.
o tThe effectiveness of eliminating the surface cur-
rent using this»method is:shown in Fig. 6 which gives the
Tforward conductance with rgspect to temperature during the
heating process. “The data p01nts ® are obtained without
”guard ring, while those points o are obtained with guard
.ring. The’ two upper curves are obtained while 1ncrea51ng

temperature. As we can see the two curves merge at around

o -



Fig. 4. A dlagrammatic view of the vacuum pumping system.
R (a) heater, . - .
(b) A.mercury dlfoSJ.On pump
. (¢) quartz helium leak
(d)  liquid nitrogen traps
(e) dewar flasks - . o
(f) ° cold~-cathode vacuum gauge
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Electrical connections
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‘\(_
Fig. 5(b). Cross section of the sample holder.
Fig. 5(c). Top view of the sample holder.
) Screw
 Heater chamber
: Saen e T Sérew
:Fis- S(SSM ) vg v Copper
L s . sheet
Mylar
- insulators
Fig. 5(c) EREEE

~ Note: Dashed lines represent electrical leads.
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The forward conductance of the Cu 0 single crystal.
diode‘(Sample.SD-3)'versus‘the'rgciprocal of the .
absolute temperature. The vertical axis is in ,
logarithmic scale. The data points (e) were taken

- 'with temperature increasing (from room temperature
- to -about 200°C) using guard ring technique, points
-(0) with temperature increasing (from room tempera-
'ture to about 200°C) without the use of the guard
.ring, and points (A) with temperature decreasing

(from 200°C to room temperature) with and without
theluse of the guard ring. : S , :
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160°C, indicating the complete elimination of surface cur-
rent. The change of slope in the middle curve (with guard
ring) at about 100°C is well known to be due to the elim-

ination of the photomeﬁory.effect (Kuzel 1961, Zouaghi et

al. 1970, Tapiero et. al. 1976). Comparing the two upper

curues indicates that the surface current of this particu-
lar sample before heating is more than one order of magni-
tude larger than the true bulk current.

After reaching about 200°C, the heating current is
‘5reduced slowly; When cooling, the currents measured’with
or without guard ring are identical, as shown in the lowest
curve in Fig. 6 (data points A) This curve shows that the
. conductance in the. cooling process exhibits the usual char-.
'aoteristics % a exp (- E—)’ The effectiveness of eliminat-

_ing the surface current by vacuum pre-heating is therefore
;_verified
It should be noted here that the vacuum—preheating
lmethod eliminates both the surface current and photomemory»
: effect while the guard-ring method Without preheating the
1eamp1e only eliminates the surface current.

A Hewlett-packard DC power supply (model 62091” is
Aused to provide voltages up to 300 volts. A Keithley 601
electrometer is used ‘to measure the 06;;;;23I>The tempera-

,ture 1is measured by a chrcmel-alumel thermocouple attached

fto the Cuzo crystal.
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Chapter 3

The Pt-CuZO—Cu Structure as a Diode

(1) Introduction

Although ocur main research emphasis on the Pt—Cu20—

Cu structure‘described earlier has been focused on the for-
ward current—voltage characteristics which will be des-
cribed in later chapters, the study of the possibility &f
using it as a rectifier of improved performance over the
convehtional CuZO—Cu rectifier was one of our early aims.
Although-we later found that the reversed current—voltage»
characteristics still exhibited- certain unde31rable effects,
we feel that a brief description and discuSSion of the be-
haviour of this structure,.especially in the reversed—
biased condition 1s worthﬁhile here! sihce the»sequehcejof
materisi in this thesis follows more or less in accordance
to_the"seqhence_of deVelopmehtAof;the'project;

~ As part of our study‘of diode characteristics we
also describe here measurements-ofvthe I-v characteristics
. of the diode before and after it has been heated up to
130° 'C. for different periods of time. These serve as a\test
-_for the suggestion made by Weichman and Kuzel (197Oa)cn1the

- deterioration of reversed current which we described in

chapter 2.
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(2) The effect of oxidation on the I-V characteristics of

the diodes:

The starting Cu,0 single crystal\has a resistivity
of 107’ohm—cm or higher. After thetcuzo crystals and cop-
per are bonded together and the CuZO single crystal is pol-~
ished down to about 200 um, the current-voltage character-
istics’of the sample are measured both before and after
oxidation. | |

Fig. 7 shows the I-v characteristics of one of the
diodes (sample S~9) , whose central electrode area was 5.7
x 5.7 mmz, before oxidation. The reVersed current is
close to ohmic in its behaviour; The Cu—Cu20 junction,
‘although blocking at higher voltage (not‘shown %n Fig. 7),'
_can provide theucarriers required at low voltage, i.e. it
is ohmic in nature at low VQltage as shown in Fig. 7.

Since the bulk resistance is very high, the ratio of re-
,versed-forward resistance is close to unity. | |

At higher voltages, the reversed current shows a
very aerious creeping effect which is shown in Flg. 9 and
will be described)in a later. section.

_ Fig. 8 shows the I-v characteristics of the same_
sample after>oxidation. Although both the forward and re- .
| versed currents increase after oxidation (oxidiied at 1-2
torr of air at’ about 5oo°c for about 10 hours) , the for-
.1ward current has a more dramatic increase (of the order of

100 times). For this particular sample, a forward-reversed

—~
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' The current-voltage characteristic of
sample S-9 before oxidation, measured

by guard-ring method.
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CURRENT (mA)

l_f e o S & 1 N | 1
2 4 6 8 10
. -0.05 VOLTAGE  (Volts)

Fig. 8. The current-voltage characteristic of .
sample S-9 after oxidation, measured by
-guard-ring method. (The scale on the
upper half of the ordinate is different
from' that of the lower half.) . ’

- T=298°K,



current ratio of about 60 is obtained at an applied volt-
age of 5 volts.

Cu,0 has long been known tg,be a deficit, p-type

2
semiconductor (Mott and Gurney 1940, Bloem 1958). The de-
crease in resistance after oxidation is due to the in-
crease of defects (or more specifically, Cu+ vacancies) .
The Cu+ vacancies result in localized acceptor states.
Elecﬁrons from the valence band are excited into these
localized states leaving mobile holes behind, which in
turn results in much higher forward current. The reverse

N

current remains limited by the junction.
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(3) Reversed current-voltage characteristics:

For practical uses, it is required that a diode has
a high resistance under reversed bias condition. Any large
deterioration of reversed current with respect to time is

therefore undesirable. Conventional Cu20 rectifiers are

well known to exhibit some undesirable effects in the re-

versed direction which we have already described in chap-
£fr<2. J

The reversed current of the reétifiers, made by the

methmiaescfibedim the previous chapter, unfortunately

still shows the crééping»effect at higher applied voltagesQ

As a constant voltage is applied in. the reversed direction,

the current starts to climb as time progresses. Fig. 9

féhdws,an example of "this type of creeping at various volt-

ages.

-

f o At low vo;tages, the reversed current returns to

the sameAinitial‘éurrenf after the voltage héfxbeen
sW%tchgd‘dff. This is éhown iﬁ Fig. 10,'whé;é‘curve 1 was
m?asurea wiﬁh constant voltage of 30ivol£s applied'on,the
sémple.. After about 1% hoﬁrs, the voltagQYWas switched
off (refér to Fig. 10). Cufve 2 in Fig. 10 was traced

with the voltagé on only for a few sébonds, just long -

enoqgh to measure the current but short enough to avoid

-further.se:ioué,creeping. ,Curve 2 shows the decay of re-

‘versed current to its original value. ' u o

"4
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fFig; 9; The‘reverSéd current versus the duration
i ‘of reversed voltage. ‘(Sample SD-5)

e
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N

The reversed current at-30 volts versus elapsed

‘time. Curve (1) is taken with sreversed voltage

applied continuously and curve (2) is taken with
reversed voltage applied for only a period of a

few seconds'.to -take current reading. (Sample SD-5)
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The creeplng effect Stlll exlsts after oxldatlon.
For conventlonal Cu20 rectlfiers, Kuzel (1961) reported
‘that ab ief heatlng (= 10 mlnutes) at 130° c. could sta-
bilize_the reversed‘current, but excess1vevheating (an
~hour or more) caused a-seriouS'deterioration of the re-
‘ versed current. ‘The explanatlon, that the multlcrystal-
‘11ne grain boundarles were respon51ble for this Iater.
deterioratlon,pwas mentloned in chapter 2. ; |

To examlne the valldlty of the explanatlon, tests
were carrled out by exp081ng our sxngle—crystal dlodes to
ithe'same-heat treatment. Fig. 11 shows two I-V' curves -
aafter_different heating periods at 130°C in air. .Heatlng
'did’stabiiiée the reversed current sOmewhat, but a com-
vplete stablllty was not achleved. :

It was also found that exces51ve heating (up to 2
'hours or more) on the cuzo 51ngle crystal diode had no un-:,
fdes;rable.effect on the reversed current (Fig. 11) as had
: beenﬂreported for the'conventiOnal diodes.'=This supports~
" the suggestion of Kuzelfthat grain boundaries are responé»

: sible for the deterloration after excessxve heating in ‘the

case of conventlonal multlcrystalllne Cu, 0 rectlflers.

@
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effect of heating at 130°C in air on the
-voltage characteristics of Cu
crystal diodes. Points. (+)
at 130°C in air, and points (
for 2 hours at 130°‘'C in air.

© single-
efore heating’
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(4) Conclusion~'

. ~
Msasurements on the reversed current of the Cu20

single crystal dlodes have supported the suggestlon that
some of the deterioratlon of conventional multicrystalllne
Cu 20 rectifiers are due to the existence of graln bound—
aries. | ‘ .
. | The sample'shown-in Fig. 8 has a resistivityuof»
110-4 ohm—ém. Although ‘lower resist1v1ty has been reported
for Cu20, especially 1n the early 11terature (Grondahl
1933), it is not clear that the reported re51stivit1es rep-v
ﬁ'resent that of the bulk'material Surface and grain bound-"
‘aries tend to have lower resist1v1ty (Welchman and Kuzel
»1970a,Kuzel and Weichman 1970) In my own experlence, 104
hm—cm is the lowest bulk re81st1v1ty that I have observed
for Cu20 s1ngle crystal. Results obtalned by the Cu20 re—_h
' search group in Strasburg (21e1inger et. al. 1972) appear |
. to indlcate the same. Thus the forward re51stance (few

mh

'jlkilo-ohms) for the sample shown in Flg. 8 appears to be
Vclose to the lowest value We can get for the glven thlck—

‘_néss (u 200 um) and area (= 5 7 x 5.7 mm’ 4. This hlgher

; forward resistance is undesirable for pract1cal appllca— -
tions. L ' | y v 'M

| Purthermore, the creeping effect, though it can be

reduced by heating at” l30°C, cannot be completely ellmln— _

. c

';' ated.

o B
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Chapter 4

Pt-Cu,0-Cu Single Injection Diodes

(1) introduction

In Chapter 2 we described our method of making
‘Cuzo-Cu diode structures. This and the follow1ng chapter
will give the results on. the study of the forward I-V char-
'“acteristics of these diodes.; o
. As mentioned earlier,bafter the Cu20 crystal has
‘been bonded to the copper, the diode strycture is subject
to further heat treatment One set ‘of diodes was annealed
in high vacuum (s 10 6 torr at 800°Q) and the other Set an-
nealed at higher air pressure (= 1- 2 torr at 600°C) We.
shall, from now on, refer to the first set as the vacuum-
‘annealed samples, and the second as the ox1dized samples.
R < - was found that the diodes annealed 1n different
”conditions have very different characteristics. It was

first thought that annealing of these diodes in different

"bconditions would only result in a change in the localized

states in the bulk ‘of. the crystal, as had been found in

:‘previous studies on Cu 0. crystals (Bloem 1958, Weichman and
Kuzel 1970b,zielinger et. al 1972). However, experimental
,results indicate that, aside from this change in localized .
;states in the bulk the Cu-Cu 0 junction has also been

affected. Certain phenomena, such ‘as neqative resistance,
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appear only in oxidized samples. This, together with other
experimental results,vindicates that double injection, i.e.
the injection of holes from the Pt electrodes and electrons
E from the Cu-Cuzo junction,;is responsible for the I-V char-
acteristics observed in oxidized samples. The vacuum-
annealed samples, however, show the characteristics of one-
carrier injection, i.e.. injection of holes from Pt elec- “
trodes only. This forces us to the conclusion that anneal-
‘j‘ing at the higher air pressure converts the Cu—Cu20 junc-
tion to a more efficient electron-injecting electrode.

We shall give,’in this chapter,rthe theory on one—
‘carrier space-charge-limited conduction and the experimen-‘
tal results on the vacuumrannealed samples. Conclusions
can be drawn from these results regarding the distribution
of localized states in the bulk of Cu20 crystal.

The oxidized samples, on the other hand, will be _
‘ discussed in the next chapter, together w1th the theory on,.-
'double injection. _ » |
e ~We should mention ‘here that all the I-V character- B

istics discussed in the following two chapters (chapters

4,and-5)Aare forlthe forward biased condition unless spec—

ified Otherwise. % |
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» (2) Theory on one-carrier space-—charge-limited conduction:

ln deriving Ohm's law in solids, the condition of
-_charge neutrality is always assumed.r.In this case, the

thermally excited carriers are the free carriers whose

motion constitute the current. " The potential distribution

A between the electrodes is approximately 1inear. As a re-

sult, the current density is given Ky

J ’?'(no"n +‘poup) o ‘ o (4 1)
"or, .  Jav
. ._"If only one‘type of carrier'(either'electrons or

holes) is injected into a semiconductor or . insulator, it

| is obvious that space charge will build up lnSlde the

,. bulk as each injected carrier contributes one ixcess elec-
_tronic charge to the solid.. This can occur 1f one of the
,electrodes is an electron-injecting contact and the- other
ta hole~blocking contact or vice versa. ~When the density

- of injected carriers becomes comparable orilarger~than

_the density of thermally excited carriers lnSlde the

;}solid, the charge neutrality condition, which is a re—

’ Iquirement for the observation of ohmic conduction, will

~not hold. Deviations’frog ohm'ailaw will ‘then be ob-

served.
, %

X

A simple analOgy of the build up of space charge

o gineide ‘solids’ as diecussed»above occurs in vacuum tube

lidiodee. Electrons are injected from the heated cathode

T, . 1' . o o o ’ ’ ) ) ‘
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and, under an applied voltage,'are accelerated towards the
anode._ When the-deusitytof injecteo electrons is high,
space charge builds up in the vacuuﬁ space between cathode
ahd anode. - For the sake convenieuce‘in"comparison with
the case of semiconducto later, the'starting-equations

- for space-charge-limited (s l conduction in vacuum are:

Poisson's equation,

o rer _ | e
R . eV .en . » (4-2)

“Conservation of energy'for each eiectron,
stZ = eV . o - (4-3) o
' Current;equation, o
geenv T L -
. "The solution for the current—voltage characterzs-
itics in thls case are well known to be the Langmulr- :
‘Child's 1aw or three—halves power law: | |
| 1av3/2

IaV" " (4=5)

The principle of space charge conductlon ln\seml-

'”f_conductors is 91milar to ‘that of vacuum tube dlodes,

—though there are d{fferences in detail. Flg.,12 shows
' the ‘band diagram of>semiconductor and that of the. Jmetal -
contacts._ The sghiconductor is. assumed to be p-type.‘
In the & gure, holes are 1njected from the anode

ﬂvlfinto the valence band of the semLcOnductor. These 1njec-‘-

ted carriers, toge ’er with the thermally exclted ones,

;areﬂrespons;ble forﬁ&?e.current floW'under applled,voltage._

e



“drain
electrode
(cathode) -

‘Fig. 12.

E égmicdnductor
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conduction band

- hole
injecting
. contact
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Schematic energy-band diagram
of a p-type semiconductor under
forward bias. condition. Holes
are injecting from the anode.



K Although the overall picture is similar to that of’
vacuum‘tube diodes, there are several additional factors
that should be taken into consideration in the case of
’ semieonductors.

(a) Atia given temperature, thexre are a substan-
tialenﬁmbef of thermally excited free charge carriers in-
side the'crystal.

(h)’ There are collisions of charge carriers with
thermal v1bratlons of the host lattlce (phonons) , and with
bchemical impurities and structural 1mperfectlons in the
3crystal.

o gc) ‘There are, inside the band gap,-localized en-

ergy states that act as traps for the charge carriers,

v

The exlstence of thermally excited carrlers re—
sults in the occurrence of ohmlc conduction at low applied
voltages, when the density of 1h3ected carriers is small.

For perfect crystal, deviation from Ohm's law occurs when,

-
<

Byt By | (4-6)

“where pi is the average density of 1njected holes, ‘and po

the density of thermally exc1ted carriers.
'The_total_injected arge can be roughly estlmated

‘as, |

where c is the capacitance"f the sample, v the-applied
‘voltage, € the dlelectrlc co stant, A the area of the in-
?jecting electrode,’L-the thlqhness of the sample.

/ .



1;3

The average density of injected charge carriers
will then be,

- Qi sV
= AL = eLZ

Thus cendition (4-6) gives,

« Po

eL2

where Ve is the transition voltage between the ohmic con-

‘duction regime and the space-charge-limited conduction

regime.

it

. 2
Thus, v, = ° L

t . peﬁ (for a perfect crystal)

’ o
where o is the resistivity of the crystal and u the mobil-

£}

ity of the carriers. ) ; : ' 4,

- Because of c0111§10q¢%of carriers with phonons,
impurities and dekects, the rg\ation %mv = eV.cannot be
used here. . Instead, the r@ @n between velocity and
fieié ¥ = u B should be used: Tﬁe‘mobility v is approxi-
mately con&%ant at low field and depends on E at high
fields in most cases. '

It is well known that in.solids, some impurities
and defects can - result in the existence of localized en-
ergy states within the band gap. These states can act as
"traés for charge,cagniers, As a result, not all iqjected
?ca:riers contribute to the current since the charge car-
riers'can occupy these localized (trapping) states for

nonenegligible length of time.
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.

The current-voltage characterlstlcs for space-'
'charge llmlted (SCL) conductlon in semlconductors can be
obtarned in the same way as that of'vacuum tube dlodes.

E As mentioned earlie%, because of collibions, the‘relation
_ %m?2‘='ev, used in the case of vacuum tube diodes, cannot
:be used. Insteadifthe relation Vv = in E should be" used

‘The current equatlon 1s ‘given as,

| ; = epv - eD éE- o . ._(§;7)
.The dlffu51on term, - eD EE is very often neclec-

ted qe 1t is 1mportant only near the 1nject1ng elec —roae.

' As a result, the . current equatlon is approx1mately given
by, _ ” .
| Jeepy (4-8)
The current—voltage’characterlstlc of SCL conduc-‘

tlon in SOlldS depends on the trap dlstrlbutlon. A few

cases. are consldered as fellows: : : .
(a)  Perfect trap—free semicondueters:

This’ lS the 31mplest 1deallzed case in SOlldS.

‘ The startlng equatlons are-:

“r .. o '- ‘e dE o ' L i ' _ :
. edx "~ P - L . (4-9)
v = uE 4 i ' g} L (4=10) .,
o J = epv . o (4-11)

‘and the boundary coné&tion}is-takenfas

E=0atx=0 - L w@-12)

where the -injecting contact is taken at x =0.

=y
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The solution for.currentevoltage characteristics:

is,

o ;,= & Fut§§ o o © 0 (4-13)
or, Cgev2 | (4-14)
k ' For the case of fieldfdependent mobilithof the
form, | N o
| w®) «ETF (4-15)
i - -The current—voltage characterlstlc is glven by
“(Lampert and Mark, 1970) - JaV3/2” gf— (4= 16)

‘(b) Semlconductors w1th traps- n
) In real sollds, it is understandable that the ex---~
1stence of traps can affect the current—voltage charac—"
terlstlcs as ‘some of the lnjected carrlers are trapped and
do not contrlbute to ‘the current.‘ . e

In this case, the rlght hand 51de of P01sson s

equatlon should 1nclude an addltlonal term, the den31ty

of trapped carriers pt.' Thus the startlng equatlons are,‘

- __‘ R B j_.‘
v o dx f“p_+~pt R (4 17)
vV = uE ) ~ ' _-e‘ o ,"(4418)
3 =epv . o *u” (4-19)

To solve the above equatlons,_we need addltlonal
1nformatlon about the relatlon between P, and pt -Thls is
where the trap dlstrlbut1on comes into the,problem. ‘The.

~case of 51ngle-1eve1 shallow traps (Fig. 13) and also the
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Acondﬁction band

Fer;i l?ve}, EF,o‘

Trapping level, E.

valence band

“ s

Fig. 13. ‘Schematic energy-band diagram of a semi-
. conductor with shallow traps at energy
E L] ) '
R =

EF-E

(—ﬁg >> 1'). :
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case of a dlstrlbutlon of traps following an exponent1al
decrease in density w1th energy, as sketched in Fig. 14;

are con51dered below.

. (1) Semlconductors with single-level shallow: traps-
) Consider the case of semlconductor w1th a ho
“trap, Et' whlch lles below thej§5a31-Ferml level EF fnd

such_ a way that,

(4-20)

‘A hole trap satlsfylng th1s relatlon is said to be shallow.

. Also the den51ty of free carrlers 1s glven by,
: . \ ’

- EL-E,
P=Nupr—)

»

‘The densityfof“trapped'cartieré is-given by,

N
. -t l + l-_ ex [ (@_T]
g p ktr .

where Nt is the dens1ty of traps, and g the degeneracy

_factor. | |
,eFor}'; ~7f(EF-Et)/kT >> 1, we have
. Ny, - E QE o |
: = - = T (4-21
o | - | tgﬁ "GN, °xP ( —x———) ) (4-21)

This is the addltlonal constralnt ‘required to
.8olve. the problem. »
f Using (4-17) and (4-21), we have,

%§%=uf@p-f¢ S (4-22)
& = U | _
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1 conduction band E,
e
““““““““““““ I‘ZF,o
Pk -8
[P _____._-_______-__-.E
- o
N _(E) - — . E
g ~ valence band v
Fig. l'Q"Schematlc energy-band dlagram of a seml-

conductor with a- distribution of traps -
follow1ng an exponent1a1 decrease 1n
density with enerqgy.

:(EF o} Fermi level at thermal equlllbrlum
- EF' 3 qua31—Ferm1 level ) ' : g

oy
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In practlce, most of the charge carriers are

' trapped. The factor l/e is usually very large. As ‘a con-
sequence, we have, from (4-22), .
. , -~

e dE ! ' ) | (4~
cdax ~“ 5P (for.g >> 1) - (4 23)

By solving (4—18), (4- 19) and (4 23), we have the
current-voltage characterlstlc, for the case of shallow

trapplng, glven.by,

' vz oo | BTN
gefeaty 1w
A:h." The.functionalgrelation between J and V is the’

same as that of perfect solids, i.e. Jav2. However, since

}i_the factor e is usually very small the SCL current in

~ this case is much smaller than that of perfect sollds.

(ii)'sSemiconductors”with traps of exponential distribu-

tion: o }

ol

Again, we need an addltlonal relatlon between p
’;and pt in order to solve the equatlons (4~17), (4-18) and
(4-19).; | T | c o

Consider'agtrapidensity distributed in the forn,

B E-E, :
N (E) N,exp ["'k"—]

whererT 'is'the characteriStic'temperature which deter-
*mines the _.rate at which den51ty of’ states decreases as.

energy increases, E the lowest energy traps, and N, the

:density of traps at that energy.;kF;g._l4 shows the
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variation of states with respect to energy.

The‘density of filled hole'traps,?

E-E
, : N exp (" '-*E———)
Py = J I
"k, —E-E
) 1l + exp» (T'f—) R
E-E_

= I N ‘exp‘(; ET—E)
. L v pem
I ‘e - _F 7o
= No chsexp_(_ —KT;_)

-The'deheityTof free‘holes;

P =¥, exp R
Thus, we have
T am2s)

Using (4-25), together w1th (4-17), (4 18) and

v.

(4-19), the solution for I-v characterlstlcs in thlS case -

ocan be shown to be

p e v o (1m8) el 2per. (£H1) 1
s 4 S 'INBIZ+17] =) 2T
o e
E-QE ) -

. \ : '1' :
" where L =< , 0 "V

RS C 4 :
The detailed procedure ‘for solv1ng the equatlon

. was given by Mark and Helfrlch (1962)
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~fhe relation anL+; Qas first obtained by Rose
(1955). A more~enaet fcrm1Was derived by Mark and
Helfrich (1962). = S |
Comparing (4- 24) and (4—26), we see that a 81ng1e ‘
__discrete 1eve1 glves a Juv2 relatlon wh11e an exponent1a1
distributed trap gives a higher power relatlon, Jav£+1
A(L =‘%§ > 1). Thus, if the ‘conduction mechanism has’ been
establlahed from other experlmental results to be a 31ngle-:
carrier space—charge—llmlted conduction, we_can deduce the
vtype of_localized'stateslinside the cryatal from the I-v
t;reiation; This.methbd has been'proved to be very powerfui o
in ‘the past as a probe for the 1ocallzed states 1nside .
"semiconductors or lnsulators., | ;
| In the follow1ng, we shali show that 31ng1e—carr1erf
space—charge—limlted conductlon 1s the mechanlsm 1nvolved
1]'in the. vacuum—annealed Cuzo dlodes.‘ The type of locallzed

utates in the bulk are then dxscussed
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(3) Experfhentaluresults ~ vacuum-annealed samples

3- 1 Introduction

The electrical properties of Cu, 0 have long been
known topdepend on the way it has beentheat—treated. An—:
' nealing at high vacuum or in a ‘gas mixture with low oxygen
partial pressure was found to create high re518t1v1ty,

-while anneallng in gas mixture w1th higher oxygen partlal
F.pressure was found to have lower resxst1v1ty. This is
‘1usually explalned by the varlatlon of the density of Cu
| vacancies inside the’ crystal when annealed in dlfferent
oxygen partlal pressure. It was accepted that each Cu+
vacancy results in an acceptor state and the den51ty of Cu.
i';vacancies depends on the prev1ous heat treatment the crys—-

" tal has~ recelved. Although thls concept of SLngle -level

Afacceptor states due to Cu+ vacanc1es was able to explaln o
?some experimental results 1n the past, it falled to account :
"for others, such as why there is a w1de varlatlon of actl-
'vation energies (from about 0 l ev to about 1 ev) from one
crystal to, another (Zielinger et. al "1972). The experl—‘
u;mental results by Zielinger et. ‘al. also showed the actlva-

7'tion energles,'E and the resxstivity at room temperature,

al
' .p, of the crystals are more or- less related as follows,i
P a"ex'p (BE )‘- L - (4 ~27)
iwhich is- sometimesjcalled the Meyer—Neldel rule.» The re-
jsults of ZLelinger e al. ~are shown in Flg.,ls. “Noguet

g :et; al. (1974) attempted to account for the w1de varlation
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of activation energy byvaSSuming a“continuocs distribution
of acceptor'states; They also pointed out that'the results
oh the optical'absorption coefficient obtained by Prevot-on
Cuzo support’their assumption. ' \

The discussion in section 2 of this chapter has
clearly shown that the type of localized trapplng states
for majorlty carrlers in a crystal can be probed by inject—
iné majority carriers lnto the crystal ahd observing I-V
Characteristics in the space—charge—limited‘(SCL) conduc-
_tion regime."Since, under injection“cohdition,_acceptor'
states can serve as‘hole“traps-for'the injected_holes, a
problng of’the,acceptor'states in Cu20 by the method of
single carrler 1njectlon can be achleved ln sultable struc—
tures. | -

As we will report below, experlmental results on

the vacuum—annealed Cu20 dlodes show exp11c1tly the char- .

acteristlcs of SCL conductlon due to one carrler 1nject10nf

"~ The study of the I—V characterlstiCS of these samples can

" therefore reveal the type of locallzed states in the bulks
of these samples. A

The following sectlons are- 1ntended to establlsh
the fact that SCL. conductlon due to one-carrier 1n3ectlon
is responsible for the I~V characterlstlcs of the ‘vacuum- '
‘.annealed‘samples,.,This is achieved throughﬂthe followlng

“obServationsii'

—



55

Sy

1

/
\

. (1) A transition from ohmic conduction to a re-
gime with current and vuoltage in higher power relation is ob-
served. ‘

(ii) The relation bet&een.the current and the.
thighnesa of the_Cuzo single crystal at fixed voltage, ih
the regrhe where I ahd V are reiated'byvhigher power rela-
tion, ciosely agree;with theoretiéal prediction for the in-
jection regime.f ‘
| (ili) The study of the effect of photomemory on the
‘I—V characterlstics of the diode also suggested that the
I-v character;stlcs are-thosepof 1n3eot10n diodes.

(iv) A puise test established that'the oonduction

is due to one—carrler injection rather than two carrier 1n-

'jection.
///‘\\ We shall now discuss the above experim: .. re-

sults in detail.

3,2‘pF0rward I-V characteristics of vacuum-ahnealed samples :

The I—V‘characterlstlcs reported below were ob—
tained after the sample had been preheated in vacuum at
.‘about‘200°c to el;mlnate the surface current (i.e. by the
{vacuuﬁ-preheatiug hethod described in chapterv2). Measure—
'jments were carried out w1th samples kept in He atmosphere.l
Pig. 16 shows the I-v characterlstlcs of sample ’
-”‘SD—10 at a temperature of 270°K. | An ohmic region 1s_c1earlyu

‘seen at_lower voltages.p At about 30 volts, a deviation
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- Fig. 16. The forward I-V characteristic of vacuum-annealed
o - sample SD-10 at a temperature of 270°K.
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-
from Ohm's law is &bserved. After a short transition, a

steeper i V characteristics'of the form Iov2-® occurs over

"a current range of about two orders of'magnitude.

Fig. 17 shows the I—V:characteristics of the same

sample“at other temperatures. Comparlng the characterls—

“tics at 270°K w1th those at- 298 K, we see- that the steep

reglon, Iavz 6, is strongly temperature dependent. We

.w1ll show later that thls temperature—dependence, is not

related to the 1ncrease of thermally exclted carrlers,

whlch are respon51ble for the temperature dependen&e in

the 1ow-voltage ohmic reglon.

Because of llmlted power dlSSlpatlon, the steep
reglon cannot be reached at hlgher temperatures (Flg. 17).

This 1s rather unfortunate as more 1nformatlon could have

'been revealed had thlS been permlsSLble.

y

oy

Another 1nterest1ng plot 1s glven in Fig. 18 whlch

shows the forward conductance I/V in the ohmic regime of

:the I-v characterlstlcs w1th respect to the rec1procal of

~‘absolute temperature 1l/T. This plot: shows, within the

temperature range shown, the conduct1v1ty has the usual

behavior,. * . "

L E
7 exp (— E—)'

with actlvatlon energy E = 0.58 ev.

Thls, together ‘with the strong thlckness depend— 5

~eNCs current in the IaV2 6 region shown later, suggests

- a2

- that, . w1thrn the temperature range shown and throughout



Fig. 17. The forward I-V char,aCté:ri'é/%'t\:\\;é}é‘/ofA vacuum=
A annealed sample SD-10 at various temperatures.
(Both axes are on a logarithmic scale.) ‘
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Fig. 18.. The fbrward conductance of samplé SD-10 versus

the reciprocal of absolute temperature. (The
vertical axis is on a logarithmic scale.)
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the voltage range accessible, a well-behaved bulk region -
is responsible for the IeV characteristics.observed{ The
. voltage drops across the gt—Cuzb contact and1the Cuzo—cu
junction are negligible:”jThis is, of eourse, supported by
hthe presence of a well behaved ohmic reglon at low volt—

ages.

. 3.3 cCurrent- thlckness relatlon-

Although a power relatlon in the current—voltage
'characterlstics over a con51derab1e range of currents' is
-a good 1nd1catlon of 1n3ectlon reglmes, a study of current—
thlckness relatlon at a flxed voltage is necessary if the
finterpretatlon is to be unamblguous. -

As shown by Lampert and Mark (1970), the I-v char-
”acterlstlcs in the injection reglme ‘have the general form,

= f( ), . : o (4—28)

D HG

if the carrler melllty is 1ndependent of the applled
field. The functlon f(x) depends, of course, on the type
'of locallzed states lnvolved as we dlscussed in sectlon 2

of this_chapter, The relatlon (4 28) 1s the unlversal o

s

'scaling.law forginjectlon-reglmes,_ A dlstlnctlve featuge

of: relatlon (4 28) is ‘the current and thlckness relation

which is very different from,that caused by other effects."
An example of relatlon (4-28) is equatlon (4-26) s

where we haVe,



'!vz+i I R
o —wp o _ , : (4-29)
- LZZ-O-I o . ,
which can, of course, be written as,
Cen L 41 | o ‘
o J v » . . . _
vc) T a (;7),, | v(4 30)
which agrees w1th (4 28).‘}
As shown in Flg. 16, the current and voltage has
‘the relatlon IaV2 6, i. e. w1th £ = 1. 6 : Thus, from (4 -29),
-the current-thlckness relatlon at constant voltages in that
reglme would be, |
T Jd a 7—-—2-' '

2

Thlckness tests have been carried out in sample
sn¥1o.f The thlckness 1s reduced by repeatedly etchlng in

-'dilute HNO.. Fig. 19 shows the results. . The current den—_

3°
sity shown corresponds to an applled voltage of 300 volts,
whlch 1s 1n51de the IaV2 -6 reglme. A least square f1t for
"the data glves a slope of 4.0 which is rather close to the

predicted value of 4.2, B 3

3.4 The photomemory effect and the forward I-v character—rn'

' istics of vacuum-annealed dlodes.k

) CuZO%has long been known to exhlblt a photomemory
'effect (Kuzel 1961 ZQuagg et._al 1970, Tapiero et. al.

the enhancement of-dark
"f‘-‘-‘“: .

,r1976).f This effect 1nvol

o



Fig. 19. The current at 300 volts. versus the thickness of
the Cu20 single crystal (vacuum-annealed sample)
Both  axes are on a logar1thm1c scale. -
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/

\.conductivityvof a-Cu 0 crystal after exposure to light,

The enhancement is especially prominent 1n hlgh resistiv-

‘ity crystals. Kuzel (1961) demonstrated that the photo-;
- memory effect is a bulk rather than surface effect, and

.ZQuaghl et. al. (1970) further showed.that the enhancement

in conductivity is due mainly to the inc¢rease in the dens-

ity of free holes, although the hole mobility is also

- s8lightly affected. oo

Recently, the results of Taplero et. al (1976)
lndlcated that the 1ncrease of free holes can be caused by

the trapplng of photoelectronSInrsome deep electron traps.

Durlng the optlcal excitation process, electrons are ex-

cited from‘the-valence band or- from ionized centers to the

‘conduction band and are subsequently captured by the deep

'1e1ectron traps. If the temperature is sufficiently low,

the electrons w1ll stay in the. traps even after the llght '

is removed A pseudo-equlllbrlumvw1ll be establrshed in

" the Valence band-acceptor system and more free holes are

created.

As we have dlscussed An- sectlon3 2 the Cu20.

.singlevcrystal bulk region is responsible'for the forward

I—V characterlstlcs of the dlodes. -The dark current in

‘the low-voltage ohmlc reglme of the forward I-v character—

istics is: therefore expected to be affected by the photo—

memory effect An example showxng themeffect of exposure

-

to light"On the dark forWard current_iS'shown in Fig. 20,



Dark current versus time of ‘light exposure (photo-:
mempty jeffect), at 10 volts.

. Cuyve (l) corresponds to a light 1nten51ty of 60
wakt light bulb at 8 inches distance.

(2) corresponds to a light 1nten51ty of 60
bulb at 4 1nches dlstance.‘

(Sample SD 5)
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where the dark current is pldéted against cumulaggbe'ek—
posure time. The current reading was taken approximetely_f
half an hour after the light had been s;itched off.“-CurVe
(1) corresponds to a light intensity of a 60 watt light
bulb at 8 inches distance and is less than that of curve
k2) (the same light bulb at 4 inches distance). As shown
in the figure, the enhancement of the donductivity still
éroceeds even after 5 hours of light exposure, although
the rate ef enhancemenﬁ does slow doWn.

As menﬁio;ed above, the resqlts by Zouaghi et. al.
(19105 show that the density of holes, po', can be in-
creased by the'expesure to_liéht. This method of increas-
ing the density‘of hdles, po’, is useful beqause it is not
accompanied'by a change in lattice temperature.

We have used this method to increase the density

’,band studied the variation in I-V character-

of holes, p,°

istics due to this increase. If single~injection SCL con- .
duction is the mechanism involved, the increase of P,’
would.increase the ohmic current and extend the ohmic

2.6 regimes‘of the

region to higher voltages, but the IaV
curVES taken after different light exXposures should merge.
‘This is clearly Supported by the experimental results

‘'shown in Fig. 21, The lowest curve (points ‘® ) corres-

- ponds to the IfV:characteristics'aftervthe sample has been

preheated tq'about 200°C to erase any previous photomemory.

The erasure of photomemory by heating is morencleafly

By



Fig. 21.

ci>0

Wb
P

The forward I-V eharacteristics of vacuum-
annealed sample SD-10 at temperature 273°K.

® data taken after the sample had been pre-
.heated to 200°C to erase any previous
. photomemory.

data tggén after the sample had been ex-
posed to light in increasing order of
total flux. : : ‘
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shown in'Fig. 6 of chapter 2. The three upper curves

. ; by
(points o, A&, o respectively) in Fig. 21 correspond to the

dark I-V characteristics after the sample has been exposed

to light. 'The increase of the conductivity is obvious in
the ohmic region;b The IaV2 6 regimes in varioug curves
merges at higher voltages.

This experiment ciearly demonstrates that the car-

’

riers that dominate the ohmic conduction regime play little

role in the conduction mechanism in the Tav?-® geglmeﬁg

»

This is con51stent ‘with the concept of one- carrrgt Sey‘con-

& PN

duction 51nce conductlon in this reglme is dominated by
the 1njected carrlers, rather than the thermally ex01ted

carrlers which are responsxble for the ohm;c regrpe..

3.5 The transient current‘response to a voltage step:

The DC, measurement of I—V character%etlcs and the
o

”thlckmess teﬁtndescrrbeﬁgé%bve have proven that excess

Vcarrler lnjectlon is the cause for higher power relatlon

< &

between current and voltage observed in the vacuum—annealed‘

samples. We shall brlefly give here another piece of ex-

perimental evidence, regarding the transient current re-

sponsehtoua‘voltage stép, to eupﬁgkt this interpretation.
Instead offthe DC power supply used in the DC
measurenment, a Velonex higa power pulse generator (model
350) is/ueed‘tO“supply square polSes across the sample and
the series resistance. Fig. 22 ehqws the oscillogram ofpe;d
: .

LI

5 . %

®
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—

the.input voltage puise (top) {Ei?t e corresponding current
'response (bottom) . The'height o/)the_puls (170 volts)'is
chosen‘to.be large enough to bias the sample in the IaVZ'6
'regime in DC'measurement; As shown in Fié. 22, at the on-
set of the pulse, a-sharp initial increase.of current is
observed, followed by a decay. |

| The current response is typical of that of 51ngle-
. carrier SCL dlodes (Lemke 1966 Lemke and Muller 1967).

The current. decay 1s caused by trapplng of 1n3ected carri-
ers. We shall not go into the analy51s of tran31ent re—
sbonse in greater deta11 but quote §§theoret1cal result
by&e}mke (1966) in Fig. 23 for the purpose of comparlson.

T4 Thls‘experlment serves to establish that single—
ft*

carrier 1nject10n,_rather than double 1n3ectlon, is respony
3 @

81ble for the power relatién observed An I-v characteris— -
tlcs. In the case of. ‘double 1n3ectlon, the tran51ent re~
sponse is quite different from what we observed. ?The““
transxent rgsponse in double 1n3ectlon diodes have been
'.dlscussed ‘by. Baron et. al. (1966), Marsh and Vlswanathan
(1967),.Dean (1968 1969) and Baron: and Mayer (1970) . It
'was found that, in that case, after the on-set of the volt-
age step, a rlse in current to 1ts steady—state value is

observed rather than a decay in current as 1n the case of

single carrler 1n3ectlon w1th trapplng.
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" TRANSIENT CURRENT

.Fig.)23; . Transient current for singlee'

: , © carrier . SCL diode response -

- to a voltage step, with trap.

o present. o o . )
C ' T = trappimg time

(theofetical,.after Lemke 1966)
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(4) ‘Conclusion for.chéptar 4z

~In this chapter, we have shown that the various. ex-

perimental results all indiéate that the I-V characteris-

tics of the vacuum-annealed [samples are.thoée of"single—

~

carrier SCL conduction. The results also indicate that a
continuous distribution of localized states exist in the

bulk. - : !
: . . -~ » _
The existence of the continuous localized states

D

in Cuéo crystals agreeé with’ the suggestioh'made by Noguet -
et. al. in an attempt to explain the wide variation of acti-

=}

vation_energies of cuzo and other experimental résults»in

optical absorption experiments; oy

RRch A i : ‘ | ) ie‘g ‘
. . [ . o

| | oy
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‘higher air~pressure (= 1-2 torr at 600°C for over 10 hours),

Chapter 5 ' 3

Cu,0-Cu Double Injection Diodes

(1) Introduction | : o T

- In chapter 4, we have reported the results on

_Vacuum—annealedvsamples; Their forward I-V characteris-

tics ekhibit powerfrelatipns; The results of various ex-
periments showed that_they are single injection diodes.

A different set of samples which were annealed at

»shows different characterlstlcs. The bulk materlal of

these ox1d1zed samples has lower re51st1v1ty (= lO6 f-cm)

than those annealed at hlghgr vacuum, They also exhibit

a power relation in the I-V characteristics. However, in
additlon to thlS, negatlve ‘resistance has been observed at
lower temperatures.y These'characterlstlcs,‘together with
other experimental results,'indicate that double injec—

tion, i.e. injection of holes from one electrode and elec-

trons from the other, is responsible for the_behav;our of

s .
‘these diodes. : . 4 - 5

In the last chapter, SCL conductlon due to one

-rcarrler 1njectlon was dlscussed in detail. 1In that case,

_only one type. of carrler (elther holes or electrons) are

injected into the bulk "Therefore, every 1nJected carrier

contrlbutes to the space charge.
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However, when one of the electrodes is capable‘of
injecting.electrons, while the other is capable of inject-
ing holes, a two %arrler injection current can be observed

e
under application of voltage w1th the proper'polarltles.
-Because of recombination and charge neutralization, not
all 1n3ected charges contrlbute to the space charge. . Al-
so, since the electrons and holes are 1njected at opposite
electrodes which are at a flnlte distance away from each
other, the neutrallzatlon will be 1nc0mplete. However, in

some'cases, an assumptlon of»qua51neutra11ty condition @an

be used €8 sxmpllfy the solution. . A‘variety of I-V char-

b ff‘

acterlstlcs and also some other lnterestlng phenomena can
be obserwéd%as‘results~of double 1n1ectlon, |
@&e&problem ofdeuble injection has been‘attacked

(Lampert 1559,tLampert and Rose 1961, Lampert 1962;'Lampert

- and Mark 1970, Baron’and Mayer 1970) u51ng varlous approx—
imations. 1In the follow1ng sections, we shall first glve
‘a~brief di5cuskion op_the general theoretlcal approach of
the problem of_double»injection. Thebcase,of'semiconducé_
tors with large numbers of deep recombination centers:is
then rev1ewed.-‘Afterfthat, the experimental results or

) 20 dlodes .are compared w1th the theoretlcal result}m

\ ) . S
. R P
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{2) General theoretical approach to double injection

The starting equations for treating the double in-~

jection problem are those which apply to all problems of
current‘flow in semiconductors and insulators. They are,

The Poisson's equation:

e dE _ _ _ _
JQ ry a;{- = SpP én G#R . (5 1)

N

where E is the electric field, 6n, &p the densities of the

excess injected &lectrons and holes respectively, whllesrR

8

is the change in the. density of electrons occupying recom-

bination centers under lnjectlon condition as compared to
the density at thermal equlllbrlum, x is the dlstance in-
side the crystal (taklng x'= 0 at the anode), and € the
dlelectric constant of the crystal

The contlnulty equatlons-

1 dJn '
e T : (5-2a)
ed " | - (5-2b)

where Jn, Jp are the electron and hole current densities

- respectively, and r the rate of recomblnatlon.,

'And finally the‘current;flow.equatlons,

o m i e @ . KT an -
Jnk, €Hp [nE +-F 331 - (5-3a) |

J. = en - = 5-3b
| u, [pE 3-3-] | (5-3b)

R



J ;

cJ = Jn -+ Jp (5'—30)‘

where wu, ., Hp are the mobilities of electrons and holes re-
spectively, n, p the total,densities of electrons and holes
reepectively (i.e.n=mn, + én, p=Pp, * sp), and J the
tota1~curren£ density.

' For a‘soecific problem, the appropriate boundary
conditions must, of course, be included. 1In general, two
boundary conditions are required to solve (5-1) to (5-3).

In the case of double injection; because of some. approxima-
tions ad0pted to simplify the problem, (5- l) to (5 -3) are k.
reduced to solv1ng a first order differential equatlon and
thus only one boundaﬁ? condltlon can be 1mposed. This will
be‘aiSCussed later.

- ‘ Furthermore, the manner of -ecombination will-also
affect the solutn.on. Recombination can {:’e thrOugh

. : .

:locallzeé recomblnatlon centers or accompli directly
by band to band tranSLtlons. Fo; wide band gap semiconduc-
tors, such as Cu20, recomblnatlon through 1ocallzed recom—
bination centers are usually the domlnant mechanism. A
 derivation of the rate of recombination for this mechanism

is given in Appendix B.
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!.

:\ \'; .
(3) Double injection in insulators or semiconductors with

a large density of deep centers:

J
We will consider the case of a p-type semiconductor
with a large densizi 6f deep recombination centers as shown

in Fig. 24. The centers are assumed to be acceptor-like,

i.e. they are negatively charged when occupied.by electrons

and neutral when empty. The state E_ is assumed to, be well

R

below the Fermi level EF o at thermal equilibrium, i.e.
r

EF o ~ ERdw-kT. As a result, the centers are mostly occu-
’

" pied by electrons at thermal equilibrium, i.e. DR o > Pp o
14 1

where ngré is the Qensity pf chérged centers and PR,; the
density of neutral centers at thermal equilibrium.

At very low voltages, the current is mainly carried
by thermally excited holes in the crystal. The conduction
is thereforé ohmic in character.

| As the voltage is increased,’more carriers are in-
jected. DgViatioh from ohmic behaviour occurs when the
;injectéd carriers dominate the conduction. A number of
régimes can occur depending on the injectign level.

Since thé acceptor-like hple traps are negatively
dhargéd when ﬁccupied by electrons, the.capghre Cross sec-—
Vtion"fo: holes op in chafged centers is greater than the

capture cross section for electrons o, ©On neutral centers, -

i .' : L . ” ‘ - . i '
u_,le dp > OP .Also since nR,o >> PR,o' at low voltages
o _  f s s \ B SR
the electron lifetime, given by Th,o —-:E;;E;f;, is ‘ -
. greater than the hole lifetime, given by = =:————j>———.’
o y ‘ _ , : P,O - <cp>nR P ‘
S . A - o , ’ ‘
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conduction band

E

C

e e e E
. T ’O

-lt--ll'l_i_(tt_l-_ltl E

E

valence band v

Fig. 24. o Schematic energy-band diagram
for a semiconductor, with par-
tially filled recombination cen-
ters, at thermal equilibrium.
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where <cp> <cp> are defined in Appendix B.
As a consequence, the injected holes arce mostly trappoed y

near the vicinity of the anode. The current is then muiﬂL

. /
ly carried bf the injected eclectrons at low injection-

level.
Let us begin at very low injection level, when the

change in the density of ioniZed centers, | én are neg-

Rl -
ligible compared to the ionized centers at thermal equilib-

rium, n or neutral centers, p . That is, we have
R,0O, R,0 ,

NR,o *7 Pr,o 7> l6ngl-

The rate of recombination, as derived in Appendix

B, is given by (B-17) and (B-18), i.e.

r = [5p_nR'0-¥(po‘+6p-+pl) an] <cp> (B-17)
and r = [§n pR’on-(no-+6n-+n£3\6nR] <c,> (B-18)
E Adopting the condition Np,o >> Pr,o > |6nR[,
(B-17) and (B-18) can be simplified -as,
r = 6p nR,o. <cp> ’ : ({5-4)
and, r = 6n pR,o' <c,> = n pR’O-<cn> | . (5-5)

where Qekhave ignored ng in the above eguation Since‘we
are dealing~with a p-type semiconductor. . An important
implication of (5-4) and (5-5) is that the lifetimes of
the holes and electfons in this ré€&gime are gssentially
constant and equal to the values at thermal equilibrium,
fhat;is,: k
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N - 3 T . --'-Qy-————-—— s
P 'P.0, <€ >n N
r’v_'f .‘ P R,0 _ .\,

RN : : : . a \
m?d, S Tn'P'-u :<c >p,RH,6ru \

A
N
- 0 \

As the voltage is increased further, tbe injection

‘level increases. ‘A. new regime with nR >>{5n I>> pR o
’

,will be reached At this stage, the rate of recombination‘

is given by, . 3 : o _ t“l” ' R

;: = §p nR' <cp}i'° - j' L_ o cno(§r7)

]

r =-6n GnR-<cn> B e nGnR ;ch>'~ °(5~8)

o

from equation (B—l7) ~and ’ (B 18) in Appendix B (note that

is a negative quantity) An important result from '

'.f(5~7) is that the “hole li’etime remains constant and equal‘ %

to the thermal equilibrium value, that is,

However, relation (5- 8) indicates that the electron life—

Atime is no 1onger a constant but decreases as the rate of

i;‘injection increases.= The electron lifetime at this stage

‘is given by, . . - - | - 7., »,A/_
. = ’ft: 1 l@
‘n T TERgIees

(5-9)

‘The quantity‘(fsnk) increases as injection level increases’

B

and <, decreaeesjaccordingly.

)

e

PN



dthese two regimes is that beéause of °p s> ¢_ and

. We shall refér‘later-to the ‘above two regimes as,

*

the 1oﬁ‘lev81fregime.' An essential characteristic of
L X

n

=y p , the injected holes are'mostl"trapped near
~R'° R O

‘the anode. As a consequen\e, the current is mainly car-

e.ried by the injected electrons. The analysis of these

vregimes are relatively simple aﬂh will be given in further

detail in the next section.

o

Howeve ,’as the injection level is increased fur-

w 3 ’ : &

‘o

ther, holes begin to take a role in conduction. . More cen- '

ters are emptied because of the capture of injected holes.

ngs a result, injected holes begin to be able to traverse

’the crystal.' In other words, the lifetime of the holes>

increases. The analysis ‘of this regime'is rather diffi-

eult. without further approximations., The method of reg-

3

ional approximation ‘used by Lampert and. Mark (1970) proved ,

to be very powerful in analysing the problem. We shall

n°.follow this analysis in greater detail later.

° .

First, to get a rough idea of what happens in this

high injection level regime,'we note that the’ 1arger the

density of injected holes, the eaSier tle holes can trav-

erse the crystal. In fact it can be so much easier that

U*the voltage required across the crystal decreases as the

/ -
.current increases, resulting in a striking phenomenon )

known‘as the negative resistance.



At an even‘higﬁer"iniection leveli\the lifetimes *

\of?electrons and holes pproach\a common value.‘ This;isv‘
the so called injected lasma condition.. This is the

' regime where the centers are completely neutral hll the -

- electrons are transferred from the charged centers to they
conduction band. The change of hole lifetime from low
hinjection level to the injected plasma condition can be
several orders of magnitude.

In the next section, ‘we shall discusslb _ 1ou in-
‘gjection regimes and compare the experimental results on
:.Cuzo diodes.with the theoretical results. The analysis
..-.on the high . injection regime are then discussed in section
5 of. this chapter using Lampert s regional approximation.

Experimehtal results on negative resistance 1n Cu20 diodes

will also be given.



(4) Low injection leVel;_

4.1 Theory:
" As mentioned in the.last section, there are several-

regimes that can occur at low‘injection levels beyond the
ohmic regionf, These regimes are characterized'by the fact
that most of the injected noles are captured in the vicin-

ity o of ‘the anode because cp >> °n and nR ° >> pR' . The B -
current is then mainly due to injected electrons. This

leads to simplified current ‘flow equations, given as,

B T N E et
gy e eup PE - (5-11)
J = J .npéu nE - R ) (5412) ’

vThe diffusion terms in (5 3a) and (5- 3b) have been dropped
because they are important only near the injecting elec-

" trodes.. Also, in (5 12), the hole current density, Jb, is
‘neglected compared with electrontcurrent density, J .

The continuity equations then give,

"“ppo g& -F S (5-14)

At very low injection level, when the chahge in den-

’, sity of unoccupied centers, GpR, is much smaller than the
fdensity of unoccupied centers at thermal equilibrium, PRr o'
. ’

‘thevrates of recombination are'given by (5-4) and,&S 5)



-y . D
- 90

y e t ’
. of the last section, i.e. ) :
r = &p nR ° <cP§ -‘ B :“' f (?—4)! Q
and R ILE N N (5-5)
From (5 14) ana_(5- 5),' we have,
= .  dAE _ ’ - S ' ?
SPe B AR e . Gam

"v . . " ) . c. - N
From (5-12) and (5-15) we have, -
- wp dE,g;_‘L-p <c_ > E
HpFo dx “eu E “R,0 n ot
‘or, E‘dE = - .J PR'_O <¢ > B = (5-16)
: . . : L
Equations (5 1) to (5-3) has been reduced to'a ﬁ
first order differential equation. Only one. boundary con-‘ %

"dition can be imposed here. This is taken as the vanish-
ing of electric field intensity at the hole—injecting con-— f
, tact, that is,.g A

E = O at x = L (cathode) SRS (5417)<

: Using (5 17) and integrating (5-16) , . we get,

" B2 J pRlO .
= - <e > . (L=-x)
S 8uplp Pg R T
Y pR o X ‘% (s-18)
- Bwm| LY >] (L=-x) * ~ (5-18)
 since,
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Thus,

av(x) _ 23 Pr,o K
ax [e“p“n 'po <cn’.] . (L x)
e ?; 2 23 pR q e 7;» 3/2 _
V(x) 3'[eupun p; <e >]  (L-x) (5-19)
2 . 23 PR, 6 3/2 . (5-20)
V(L) = .
'.‘ ) R teup“n Po “n>1 L

80 p'n pR o<c > L | ‘

The above JaV2 regime Qas first derived and con-
‘firmedvexoerinentally by Ashiey and Milnes (1964), and is
normally known as the Ashley—Milnes regime._ Equation l
dg(S -21) is derived without the use of POisson s equation
(5 1),,and is purely ‘a recombination—limited electron

' current.
: . ' ' o
' As the injection 1evel is increased further, a

fregime is. reached where n >> |én ' The rate’

o R,0 RI f’ Pr,o"
aof recombination is given by (5-7). and (5-8) of the first

section,_““

—~

- 5P ", o ‘cpv> | . (5-7)

To soive the QJ-V characteristics of this regime,

j~Poisson s equation must be used. ¥aron and Mayer (1970) B

o,

':simplified the ﬁroblem by using the quasineutrality approx-

.»imaﬁion, that is, by dropping the term %g in Poisson s .

equation (5~ 1) g:‘ i = g ‘ - .



‘Thus, '
o p - n —VGnR» -v_dm S . (5—22)
The range of self—consistency of the . qua31neutrality ap-
‘proximation has been discusaed by Lampert M§ark (1970)
' Since in this region the dep g a( @gj)cted holes,
' ucp, is still quite small, we can iqs\oaﬁ"iy_,}h 15*52)
Thus, _
noe-tng - : o (5-23)
Noté that snR is a negative quantity..

A

' From (5-8) and (5-14), we have,

“pPo’ & néng <ep> - (52
From (5-23) and (5-24), we have,
aE

WpPo gx = ~R? <cp> o 525

AT ’ , - . K

~ Thus, we have, .from (5-12) and (5-25),
| e _ _ I .2
"oPo & = ~ G ® . <w’

ae _ _ Jg2 <Sp>

. p2 = - o . >
S . efu ® wpy - fs 26)
Thus, i o
RS TR il
] eZup® WpPy
R 1/3 S
E = (3 32 %0 (- x)1/3 (5-27)
“Mp® HpPo
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<cn>l/3

av(x) ) (L-x)1/3

s-(3 J2
< <l
ey, upPo

L2 <c 57 1/3
332 “Sn” 4/3 :

) (L-x) (5-28)
ez"ﬂ? YpPo

V(x) = (

W

(3 32 <cn>)l/3L4/3 N

V() =
V() T p

FNTR)

TN i 372

8 . , .
J = 3 ¥, (:g.xx_)) T ' | (5-29)

This regime was first derlved by Baron and Mayer

, i A
(1970) . Unllke the Ashley-Milnes regime, this regime E&fgggif
’derived by assuming the qoasineutrallty approximation. To
obtainfthe condition under which the quasineutrality ap-
projimation holds, we have from (5—1) .

S e dE | _ . _ . : . : . ‘_ :
: eax """ o (3-30)

(5-24) and (5-30) then give,

_ eu p“ —nGnR<cn> u . o o “ /'\\\“%
e o -n-énp : ‘ .
: .Jt ’ C.
- . ewp, . eup | ~
- ‘or, n (én <c. > + p-o) . - B2 sn (5-31)

R n. € € ‘ R
Comparing (5-23) with (5- 31), we can see the quasx-
neutrality approximation will hold only if,

. €Hu
‘sn l<c > << —-222

or, h ' |Gpﬁl << u_E__ o o (5-32)

e?c>.



- regime can have the I-V relation of the form IaV

Since the resistivity of the crystal, p, is given

by,
-1
p =
euppo
; | 1 \
and since the electron lifetime at thermal equilibrium is
given by,
S S
n.o “Cn”MR,0
we have,
T ‘n
. n,o R,o : , ) 3
|5nR| << ——L-——L-pe .
°or N L UL - (5-33)
nR,o "tohm o

where t_ ohm ™ P€ is the ohmic relaxation time of the crys- .
tal. Relation (5-33) indicates that the higher the ratios

P
- =Q__! the wider the . renge over which the! quaslneutrallty

n

| azrroximation holds.

we must/uihtion here that, in praq;ice, not all
the regimes diBCussed above occur. Depending on the

aactual paremeters of the crystal concerned, some reglmes’

‘can be entirely missing or too short to be 1dent1f1ed as

S a distinct regime. »

Eurthermore,-the reiaticn‘hetween I’and \' alcne-
-cennot.uhambiguouely eeteblish which regime is involved.
For example, if one of the mobilities (up, or'u ) becohes

‘:field dependent in ‘the form u o E %, the Ashley-Milnes

3/2, which
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has the same functional relation as that in the Baron-Mayer
regime. Further information is necessary to establish the
correct regime involved. ln this case, the two regimes can
be~distinguished from one another by a study of the rela-
tion between J and Po- The Ashley-Milnes regimes is char-
acterized by Jupo, with other parameters fixed, while Baron-

Mayer regime has the form Japok.

4.2 Experimental results on oxidized samples - low

injection regime:

4.2.1 Forward I-V characteristics

As mentioned in chapter 3, annealing the diodes at
‘higher oxygen pressure leads to akdecrease in forward re-
sistance at low voltages. For thicker samples (5 50 um)
the I-V characteristics show clear regimes.  However, in
thinnerksemples (< éo_pm);‘the‘lév eharaeteristics exhibit
the discrepancies‘from the‘ideal cases discussed above.

' The DC I-v characteristics of a thick Odelzed sam-
ple, SD-1 (thickness = 52 um) is shown in Fig. 25, It
7shows an ohmic regime followed immedlately by an IaV3/2
regime at low temperatures (e.g. at 164°K, the current in

3/2

the IqV regime extends over two orders of magnltude),

'while at higher temperatures (e.q. room temperature), the
" deviations from ohmic behaviour in the voltage range
vaceessible are quite small Rs we~shall show 1ater, the
3/2

' IaV*’ regime has a current-thickness relation whiah.



Fig. 25,

The forward
sample SD-1
axes are on

)

I-v Characteristics of oxidized
at various temperatures. (Both
a logarithmic scale.) :
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cloaely‘agrees with that expected and obeys the‘relation
Juuppo. Thus, this should be the Afhley—Milnes regime
witlﬁkither hole or electron mobiliﬁy field dependent.

The I-V characteristic of a thinner sample, SD-2,
at room.temperature is shown in Fig. 26. It exhibits sig-
nificant deviation from ohmic behaviour even at this femp—
erature. The low voltage chmic region is followed by a

steep region which is in turn followed by a chv3/2

regime.
The origin of the steep regime is not clear. Information
‘'on thickness-current rel&tion in this regime was impossible
’to obtain since this regime occurs at very small thickness
and at higher temperatures, as can be seén from Fig. 27
where the I-V characteristics at various temperatures are
shown. uThe steep regime becomes less pronounced as temp-
erature decreases and almost disappears at altemperature
of about 226°K. Another puzzling feature of the I-V char-
acteristics of the sample is that at lower temperatures,
there is higher power relation between I and V, e.g. at
| ;GQfK\KPOintS ® in Fig. 27) a regime Iav? is observed.‘
APérhap% more exact theory including diffusion can acébunt
for th$ discrepancies;
;

!’ »
/r

v

4.2.2 Temperature dependence of I-V charactéristics:

7

Since the current in the low-voltage ohmic regime

is proportional to pg“p at a fixed voltage, the dependence

3/2

of current on this factor, p in the IaVv regime can

Oup'

i i e MM
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Fig. 27. The forward I-v characterlstlcs of oxldlzed
_ sample SD-2 at various temperatures¢ (Both
axes are J.n logarlthm:Lc scale.)
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vbe studied by comparing the temperature dependence of cur-
‘_rents in the two regimes.‘ This serves as a’ way of. deter—‘
mining whether the - chv3/2 regime 1s the Ashley—Milnes re-
gime with“field dependent mobility or the. Baron—Mayer re—’
«gime. - The former has the relation Jauppo; while the 1ater
Ju(up)" |
Fig. 28 Shows plots of current at 0 1 volts (ohmic
regime) and the current at 10 volts (Iav 3/2 regime) with )
the reciprocal of temperature. This indicates that both

-

: *o\\wl the Iuv3/? regime and ohmic regime obey the relation _ _
Q@Eﬁ This, together w1th the’ thickness-current relation ’
T Ade8cribed below, imply that the Iav3/? regime observed is
- the Ashley-Milnes regime w1th field dependent mobility.
Note that the Baron—Mayer regime would have a I a éuop )k
'dependence and the straight line of the plot I vs; 1/T in
‘this regime -would give one—half the slope of that in the
ohmic regime. This is, of cogrse, incons1stent with that
.shown in Flg. 28, ' _ _
Y ", - The slight difference 1n the slopes in Fig. 28 is -
most 1ike1y due to the temperature dependence of My (refer
 to equation (5-21)). | o | |
The- question then arises as to which mobility, Hp
| “or - "p' becomes field dependent. Fortin and Weichman | |
'\‘h(l966) have reported a hole mobility up to 13000 V/cm w1th :
.Jno sign ‘of field dependence. . It is therefore 11kely ‘ |
that it is the electron mobility that: becomes field



‘Fig. 28.

The currents in the ohmic regime and the IaV

3/2
regime versus the reciprocal of absolute tempera--

_ ture (sample SD-1). Note that, at 0.1 volts, the

sample operates in the ohmic regime, while, at

"10 volts, the sample operates in the IaV3/2 re-.
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- dependent in ourx case. lUnfbrtunately, the information’on.

_density, pd, (or more strictly speaking, the quantity u, p

electroh mobility in €u,0 is rare and a comparison is not
possible at this moment. |

-

4 2 3 The effect of photomemory on the forward I-V

‘ characteristics of the oxidized samples°

As we mentioned in ‘the previous chapter, the photo-

memory effect can. be used as a tool to increase the hole

p o

.'-since hole mobility is Jalso slightly affected) without

changing the lattice temperature. This effect has been

h used to test the dependence of current on. p in the case.

:'of vacuum-annealed samples (section 3.4 of chapter 4).

A similar-experimentrwas carried out for sample

SD-2, The sample was first preheated to about 200°C' and

_cooled to room temperature to erase any. previous photo—

memory. The lowest_curvec(curve l) in,Fig; 29 corresponds

to the.I-V characteristics at room temperature after pre-

fheating.' The. upper two curves (curves 2 and 3) correspond
tor behav1our after exposure to light. Unfortunately, a

_ large increase of.conductivity is not possible in~the case
’of;low resiStivity'sample;[ However; it'is still possible
‘tonsee fr Pig. 29 that an increase in the current in- the -

~.'oltuu:l.cQ;\‘:iz.? .

on is followed by an increase in current in the

-IGZ?/z regime by almost the same factor. For example'_:




Fig. 29. The forward current-voltage characteristic of T
oxidized sample SD-2 at room temperature. _ S
o data taken after the sample has been preheated
.at 200°C to erase any previous photomemory.
e\ data taken after the sample has been exposed’
*f to light of increasing flux. - '
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comparing curves (1) and (3), the increase in the current
in the IaV3/2 regime by a fector of‘about two is almost
the same as that in the low voltage ohmic region. This is
again‘in egreement‘with_the results in the previous sec;
tion ongthe'study of temperature dependence of I-V charac-
teristics where we concluded that Iaupp in the Imv3/2
regime. This in turn supports that the IaVv 3/2 regime is.
_the Ashley—Milnes regime with field dependent mobility.
Note that this test also serves to rule out the
.“pOSSlbillty that the power relation of current and voltage
on oxidized samples is due to single carrier 1n3ection, in
which case the current 1n the higher power regimes would

not depend on'.the thermal hole density, po

[T

4.2.4 The current-thickness relation in the IaV3/2.regime-.
| As we discussed in section 3.3 of chapter 4, the |
leurrent—thickness relation 15 important in determining 1f
a given regime is due to 1n3ection of carrlers.> As men-
tioned in _that section, the 1n3ection regimes have the gen-
eral relation, | » o A
% a f(—r)

for both single and double inJection, with mobilities

'assumed to be independent of field
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For example, in the case of Ashley-Milnes regimes,
we have,
V2 J Vv
J a — or a (—)
3 Le Gz
which, of course, is in the form J/L « f(V/Lz).
If, however, one of the mobilities becomes fiela
dependent, in the form ucE-k; the JaV characteristics in
the Ashley-Milnes regime are given as,
Pe -,
| r L 'L L
3/2
J o
572

In seétion 3.3 of chapter 4, we have shown the re-
sults on thehchrrentFthickness measurements on vacuum-
annealed samples. Arsimilar.experiment'wes carried out on
an oxidized'sample} The thlckness was again reduced by
etching repeatedly in dilute 'HNO,. '

.One more factor, however, has - to be considered
here. As shown in section 4. 2 3, the entlre I-V character-
istics of an oxidized sample are affected by the photomem—'
ory effect.) In the process of reduc1ng the sample thick-

' ness by etchlng, the sample was 1nevitab1y exposed to
llght. Although ‘the sample_was preheated at 200°C every
. time before'the I-V‘cheracteristics were'taken, and thus.
1'the photomemory was largely eraseda past experlence has

-indicated that a complete return to the same res;st1v1ty
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state is not always obtained. For this'feason, in anal-

Yzing the data, a method .of normalization should be used.

This is done in our case by plotting 1og10 (J3/2/J ) versus

log1 L, where J3/2 denotes the current corresponding to a

ecified voltage in the Iuv3/2

regime, and J, denotes the
rrent corresponding to a specified voltage in the

regime, and L the thickness ‘of the Cu 0 single crys-

) :
Since Jl = eupp V/L, and J3/2 a (u p ) Vv 3/ /Lx{ the

ratio’ J3/2/J should not depend on P,

P
A plot of log10 (J3/2/J ) versus logloL is given

' for an ox1dlzed sample SD-6 (Pigq. 30). The least square

fit gives a slope of 1.2 which is in close agreement with

the predicted value of 1.5,



1.0,(;1‘0 (J3 /2/J1)

Fig. 30.

Logl0 (J3/2/J31) versus Log;qg L, yh
is the current at 10 volts ?Iuv3 2
J]1 the current at 0.1 volts (ohmic
and L the thickness in um.

(sample

ere_J3{2
regime) ,
fegime)
"SD-6)

L] - A

1.8 19 . 2.0 2.1

106, (L (um)]

2.2
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5. High injection level:

5.1 Introduction

The analysis on the low injection levels was rela-
tively simple. The simplification was possible in that
case since at low injection levels the current is mainly
carried by electrons and at least one of the carrier life-
times (holg and/or electron lifetimes remains almost con-
stant in each regime.

The analysis on the higher injection levels is more
difficult because both electrons and holes play signift@ant
roles in the conduction and the lifetimes of both carriers
vary with injection level.

The regional approximation used by Lampert proved
- to be very powerful in analysing the high injection regime,
We shall give only a brief review of the treatment of this
regime by Lampert and Mark (1970). The main purpose for
this review is to show how negative resistance can occur.
Sinée quantitative‘comparison in the case of Cu20 is rather
difficult because many parameters for Cu20 are not known at
this stage, we intended to give only qualitative description
of the experimental results on the negative resistance phen-

omenon.
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5.2 Theory - a brLef review of Lampert s reglonal approx-

imation 1p‘treat1ng the double 1n3ectlon problem"

-In deallng w1th high injection 1evels,the dens1t1es
of thermal carriers no Po are neglected Because” of the
1nject10n of electrons from the cathode and holes from the
anode, we would expect the local condltlons regardlng the
noccupatlon of recomblnatlon centers, the amount of space
charge_and the‘denslties of holes and electrons to vary
continuously from anode'tovcathoae.r Lampert's reglonal
_approximatlon 1nvolves the spllttlng of the crystal into
some finite number of reglons where the conditions can be
specified with the help of some phy51cal arguments.

In the case shown in Fig. 24, where the récombin-
ation centers ere'partially filled, Lampert and Mark

(1970) have.attacked the problem by spllttlng the crystal

into three regians shown in Fig. (31.

Region I: Thls 1s the ‘region Closest to the ahode.‘
Because it is edjacent to thé ode where holes are injec-
ted and because 5 >> o -the'recombination centers which
were orlglnally mostly occupled with electrons are now .

largely depopulated i.e.
PR = NR - ) B . (5-34)
vThe electrons originally occuﬁying'this region have been

transferred»intohthe-conduction band and we have,
n g nR,o' " (5=-35)




o quasineutrélity_

a-‘ggproxiyation - space- charge
holds ' ° ‘ region -
AN -
4 S N\
© . ~ !
I 3 R v IIn
: " " . o “:
e WS b W 1PRTPR,0TTRR
CPp=Ng 1 mo>>p Sno>>p
t . | ’
S S W N
. - ; .
x =0 X . x, L
(anode) ‘ , ' K € dE ‘(cathode)
‘ nl) =m0 G eTEH |
~Fig. 31. Schematic diagram for Laﬁpert's regional

approximation applied to the case of
_double injection with trapping by par-
tially fllled<§ecomb1natlon centers.

-
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rFurther, space charge is not" serious and the quasxneutral-

'Aity condltlon can be used i.e.,

O

n - ‘p o (NR'-‘PR : '),=' hR-,t) AU (5-’36)

stng (5- 34), (5 35) and (5 36), the contlnulty .

equatlon can be written as (Lampert and Mark 1970),

. ”dE. (a+)n . |

n = A3TJT - (5=37)

"R,0 dx MoThoh : e
_whereﬂa>= e ana-—iL—-=<c sN-; - Also, the currentﬂflow
Un . Tn,h ‘R ) . , - .

*. equat1on can be wrltten as,

o

J = eunE(a+l) n'-»eup ng AE - ' (5-38)
- . I .

Equatlons (5~ 36), (5~ 37) and (5-38) together with
hlthe boundary condltlons at x.=V0 can be solved to_glve

E(x), V(x) in this reglon.b : . o T

Regioh Ii; Thls 1s the reglon next to region I,
: :(Fig. 31). The recomblnatlon centers are st111 largely

| filled. Thus, | | | |
n<ng - (5-39)

‘_'Since most of the 1n3ected holes are captured by the re-
:comblnatlon centers in reglon I, the densrty of free’ holes
in this reglon is small compared w1th the density of free
'electrons, i. e.,
. "p‘ << n - | _ : . ,.(5-40)

Again.the'space charge in this region is not serioﬁs, and -

& .
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quasineutrality conditionS‘can be. used.
Using these relatlons, lt can be shown (Lampert
and ‘Mark 1970) that Poisson s equation, the current flow

equation and the continulty equatlon can be simplified to

f'glve,
B =Py PRo = Pro T My (5-41)
3= ew nE S (5-42)
L : 2. | | |
‘dn €<°p>"R,0 (5-43)
a R n (n + Py 0) R

Agaln, equatlons (5- 41), (5 -42) and (5- 43), to-
~gether w1th the boundary condltlon at x = xi, whlch 1s

: taken as. n(xl) R o’ an obv10us condltlon from (5- 35)

' and,(5-39),~can he_solved to‘glve,E(x), Vix).

Region III . Thls is the region closest to the -
cathode where the lnjectlon of electrons occurs. Slnce'
‘the injected holes are preferentlally captured by the

filled centers, the electrons domlnate the conductlon.

Thus, o .
J = enwE . C (5-aa)
_ The quaSIneutrallty approx1matlon can. no longer

~ be used 1n thls reglon. POlSSOh 'S equatlon gives,

-

(a») ?'pR}f’pR;6'~,r* I (5f45)“

- where the terms p-po and;n are ignored.

ot e i R 3 SRR I
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From (5~ 44) and (5-45) and the contlnulty equa-
tions, a second order dlfferential equatlon can be ob-

tained,

a2 _ ~e<c>ni o Pp o (5-46)
- dx?. eupN , R 4

\

_The voltage drop across each reglon can be solved from

the results on E(x)._ The sum of the voltage drops across

'A the three reglons, of course, must be equal to the total

external applled voltage .across the crystal The : solution
for the current-voltage characterlstlcs have been given by
Lampert and - Mark (1970) and are shown in Flg.‘32.- -

' In Flg. 32, there is a threshold for current flow.

A steep rise in current (A\— B in Flg. 32) is”followed by

.a negatlve resistance reglme (B - C in. Flg. 32). At very

’high lnjection level,~a JaV? regxme appears. This is the

80 called sem;conductor lnjected plasma reglme.

The above results have lgnored the 1ow 1n3ectlon
level reglmes. aklng these 1nto account, the general_
shape(of the I-V characteristics should then look ‘as in

Figl '33". .
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gprrent—voltége‘charéqteriétic fof double

Anjection into an insulator with a single

“"'set-of'recombination centers partially

"filled_in-thermal equilibrium. (Theoret-

ical calculation, after Lampert and Mark,

- 1970) R
CJ*, v are defined as,

L W N
Tk = p.p R

e<e > 2
. ®%Cp>¥n PRo R,0

J
L

veo L MR o o
R0l € Py j<c

Cp.
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aemiconductor injection '
plasma regime (Jav2 )

v I __‘--'.f.'.'.—;' negative resistance
1ogloJ o - IS : v

-+ low level injection regime

/ ohmic regime

\ T - T r-

v _lorg'lo v+

Fig. 33. a qualitative sketch -of the current—voltage

- B Vicharacterlstic to be expected for double
‘injection into an ihsulator with a single
set of recombination. centers partially

filled in thermal equlllbrlum, 1nc1ud1ng
: the 1ower-level 1njectlon regimes.
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5.2 .Experimental‘results on"high injection level of

oxidized samples - negative resistance:

Some prellmlnary results on the negatlve re51stance
'phenomenon that were observed in oxldlzed samples. w111 be
.presented in. thlS section. Only a qual;tatlve_dlscu551on
is possxble at this stage. |

‘A typlcal exampie of negatlve resistance observed’
.in the oxidized-eamples is shown in the oscillogrems of the
forwerd I-v characteristics of sample SD-4-at 178°K (Fig.
34). The maxxmum current 1ncreases for successive flgures'
'from—(a)-to (c) " The growth of the negatlve re51stance
' reglme is clearlyvseen.p A large hysterlsls 1s observed in
the negatlve resistance reglme of the I-V. characterlstlcs.
;A steep portlon whlch is belleved to be due to the forma~

) e \

'tion of a current fllament is observed in’ the hlgher cur-l
rent reglme of the characrerlstlcs.' ‘The slightvdecrease
in the on-set voltage of the negative resistance in;the
'Ioweet oscillégram in‘ng; 34'isjdue to a siightvincrease'
in temperature due to the IzR heatlng. | a

 Fig. 35 (a and b) -shows the I-V characterlstlcs
‘~at higher‘temperatures(185°K and 183 K) . - The negatlve re-

'istance is - less pronounced but a large hysterlsls is ob-

served
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o

As the temperature is r;ised further,’the negative
:esistance disappears eptirely. Fig..36 shows the I~V
characteristic at 236°K. The disappéarance cf the cega—V
tive resistance is believed to be due to thermal ref_k

emission,of captured holes into the valence band.

: The magnitude of curxent that can pass through the
. sample is limited by power dissipation at. that temperature.
As a ccnsequence, higher current regimes after the steep

. portion in the I—V»characteristics havevhot_been reached

'ip ocr study.



OScillograms of the'currént-vbltage characteris—

tics of oxidized sample SD-4 at 178°K.

Scales for -all three osc1110grams- ,
horizontal axis 50 volts/cm
vertical axis ; .2 mA/cm .

The maximum' current increases. for successive

flgures from . top to bottom.

—~
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Fig. 35. ~Oscillograms of the I-V' characteristics of :
oxidized sample SD-4 at (a) 185°K and (b) 183°K.
- Scales for both oscillograms:
' horizontal axis = 50 volts/cm
vertical axis 2 mA/cm






Fig. 36. Oscillogram of the I-V characteristic of oxidized
sample SD-4 at 236°K.

Scale: horizontal axis 50 volté/cm
vertical axis "2 mA/cm
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(6’ -Conclusion for chapter 5:
: ~In thlS chapter, we have shown that varlous exper-—
1mentallresults indicate that the oxidized samples are
double 1n3ect10n diodes, in contrast’to that of vacuum—
annealed saﬁwTes. Heating in hlgh oxygen pressure and
high temperatures not - only increases the low—voltage ohmic
re51stance, bat also affects the Cu-Cu20 junction, most
likely due to the dlffu81on of oxygen through the boundary.
| | The 81mp11f1ed theory of double injection with the
presence of - 51ng1e~level recomblnatlon centers, can account
for the low 1njectlon level I-v characterlstlcs of thick '
samples, but dlscrepenc1es are observed in thlnner samples;
as diffusion is expected to be lmportant in these .samples.

Prellmlnary results on negative re51stance of oxi-

dlzed samples are also shown for various temperatures.
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Chapter 6

Conclusion

As mentioned in the introductory chapter of‘this
thesis, the original aim of. fabricating Cu 0 51ngle crys—.
- tal diodes was to. obtain a better rectifying performance

- . over the conventional Cu20 multicrystalline diodes. zﬁhls

was not very successful as we reported in chapter 3. How-

ever, the results of the behav1our of the 51ngle crystal

'tdiodes under reversed biased condition does support the

.suggestion made prev1ously by Weichman and Kuzel (1970a)

Our maJor aim, however, ‘was shifted as the pro;ect'
progressed., The power relations shown in the forward I-v
characteristics caught our attention and our efforts were
focusSed on investigating these characteristics.

The vacuum—annealed samples, which we have dis-
cussed 1n‘detail in chapter 4, have\shown the varioug
characteristics of that'of single injection diodes. The.
results 1ndicate that there is a continuous distribution':
of 1ocalized states 1n51de these vacuum~annea1ed samples.

' On the other hand, the ox1dized samples showed
»characterlstics of double 1n3ection diodes (chapter 5)'
The Cu—Cu20 Junction appears ‘to be affeg%ed by the ox1da—"
tion process and becomes more efficient in 1nject1ng

electrons. ThehAshley-Milnes regimes predicted by the
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simpllfled theory of double 1njection have'been Observed

at low injection level.

For ‘thinner samples, however,

dlscrepenc1es were found. ‘At lower temperatures, negatlve

resistance phenomenon were observed as reported in the end

' of chapter 5.

'¢po be investigated in further detail remain the

' physical origin’of the continuous jocalized states, which

have also been, postulated by Noguet et.pal. (1974) in ex-

.plalnlng the wlde varlatlon of actlvatlon energles of Cu20

crystals. The negatlve reSLStance phenomenon observed in

the oxldlzed samples were observed durlng the flnal stage

-of the progect when the thesxs was being prepared. _As a

result, only preliminary results could be 1ncluded as one

- more piece of experlmental ev1deg3g for double lnjectlon.

Remalnlng to be studled are the post-breakdown regimes

where other phenomenon,

be-obserued.

such as electrolumlnescence, might

o
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Appendix A

List of Symbols o ' 7
ratio u o’ ¥n

area of the 1nject1ng contact

.capture coeff1c1ent for electrons

capture“coefficient:for hbles

capac1tance of the sample
diffu810n coeff1c1ent
electronlc charge

activation energy

T quasieFermi level .

Fermi level at thermal equiiibriumv_

"energy .of the lowest—energy hole traps in the
trap dlstributlon K :

energy of-recomb;netion states

energy of trapping levels'

enérgyfof‘the_valenCe band edge

degeneracy factor

g'rate of hole emission from the locallzed states

:rate of hole emlsslon from the localized states
at thermal equil;brlum . :

. current

:cﬁr:ent thropgh the current measuring device

.
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defined as hl = exp (
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aurface current between the guard ring and the
central electrode'_

total current density'
electron current density
hole current density
Boltzmanh's constant -

ratio_Tc/T-b

fsample thickness

@ -

electron mass

o]

total electron density (n = n_ + sn)

thermal equilibrium-electron density

R F)

_electrcncdensity on recombinatlon centers

electron den51ty on recomblnatlon centers at
thermal equlllbrlum .

excess injected electron.density

_change in the density of electrons occupylng

recomblnatlon centers from thermal equlllbrlum

den81ty of recomblnatlon centers

'.‘density of traps

‘density of states at the valence band edge :
' total hole density (p=p, + 5p)

tﬁerﬁal equilibrium hQle density

ER EF X

defined as pl'= ng exp ( T —=)
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average injected»hole density

hole density on the recombination centers at
thermal equilibrium

: density of trapped holes
'exoese‘injectedﬂhole density

ichange in the" den51ty of holes occupying recom-

bination Centers from thermal equilibrium

total 1n3ected.charge

rate of recombination

rate of.capturing‘holes -

rate.of.cabturing:holes at thermal equilibrium

- rate of capturing electrons

rate of.capturing electrons;at thermal equilibrium

internal re51stance of" the current measuring

-dev1ce

surface re51stance between the guard ring and the -
central electrode.

'average time needed for a hole to escape from a

center

ohmic relaxation timea'

lattice temperature

characteristic constant of the trap distribution

velocitg

“applied voltage

'transition voltage between the ohmic regime and’
© the SCL conduction regime ' _ i}

.distance from the anode inside the crystal
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electron mobility
hole-mobility

sample resistivity

- capture ¢ross section for electrons

capture cross section for holes

~average lifetime for a free electron

:average lifetime for a free hole

avérageAlifetime for'a free electron at thermal
equilibrium ~ . ‘ S -
average lifetime for a free'hole‘atithermal
equilibrium . : : :
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Appendix B

Recombination Through.a Set of Localized States

kecombination of holes and electrons can take
- Place directly from band to band.‘ However, for semicon-
ductors or insulators with a large band gap, recombina-
tlon of.holes’and electronsithrough some localized>states ’
insioe the band gap is often'the dominating recombination‘
mechanism;, This.involVes the'successiVe caoture of an
electron and hole by a localized trappingvstate; o
";' The purpose ‘of thlS short appendix is to derlve a
'relatlon between the recomblnatlon rate, r, and the var-
ious quantltles such as ‘the den31t1es of free carrlers and
densltles of occupatlon of the locallzed states.
| Let us*consxder:the case shown in Fig. 24 ﬁhere
:the:monoualentllocaliZedAstates, at energy Eps acting as
recombination-centers,‘are acceptorélike. In other'words,
the states are negatlvely charged when occupled by an elec—'
- tron and)neutral when empty. Because of Coulomb attrac-
ion, ‘the capture cross—sectlon for holes by an occupled
center w1ll be 1arger than the capture cross-section for .
electrons for an empty one, that 1s,'6é >boﬁ.
Let N be the total den51ty of the locallzed re-
comblnatlon states, p, n the den51t1es of ‘free holes and

o

electrons respectryely, np the densxty of locallzed states
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>

filled with electrons, Pp the density of localized states
which are eﬁpty.

| ;t is intpitively'clear that the rate of capturing
holes,“rh, should be proportional to the density of free
holes, p, and also to the density of charged centers, ngp-
A more preeise fotm bf Ty is giﬁen by (refer to, for exam-

Ple, Blakemore 1962),

I, =P <Cc  >n (B-1)

p. R

where <cp> <cn> are the mean capture coeff1c1ents for

holes and electrons respectively. /
Deflnlng.the quantity fh = H;%E;;, whieh is known

as the aﬁerage lifetime for a free hole, the rate of cap-

turing holes can also be written as,

= B - '
Th Th , S , ‘ 3

- Since the holes cah also escape from the locallzed

states, the net rate of capturlng holes by the locallzed

estates is. glven_by,

r=rx - gy : ” : (B-2)

’ where gh is the rate of hole em1351on from the empty local-

ized states..
The rates of the emlsS1on of holes at non- equlllb-

rium can be obtaxned from the rates of em1551on when the

.'c:ystal is at‘equllibrlum.



o~

140

At thermal equilibrium, the capture of holes on the
localized states must be balanced_by the reverse process of

emission of holes. -Thus we have,

(B-3)

Th,o 9h,o0

where the subscript o denotes thermal equilibrium condition.

Thus, since

Py
r =
h,o Th’o
and
_ pR,o
gh'o - th ’ I
we have, ' - R 4
- f "
)]
Po _ pR,o
Th,o th' )

where th is thew%yeiage time needed for a hole to. escape
4%

from a’center,'leaVihg it negatively charged, and ™h oo the
. B . 14

average lifetime of free holes at thermal equilibrium.

Thus;

t, =1 PR'O \
‘ h h,o P,
or, p .
° e R,0 : A
t, = -t : (B-4)
] h <cp>nRJopo .
since

h,o <c
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-

The rate of hole emission from the centers unﬁef

'injection condition is then giveﬂ by,

| Pr_ P B-5
© %t B T B % PRio Po (2-5)
From (B-1), (B-2) and (B-5) , we have,
. L | ,
.o Eempopmg - Py g B (506)
. | P ,0

\Let‘Po be the,density of free holes at thermal
equilibrium, and ép the density of excess free holes uhder
' injedtionﬂcondition,‘we>have, -
P =P, + 6P : o (B-=7)

/ Also, letASnR be the Chanée.inlthe dénsitY’of loc-.
alized states filled by electrons'under,ihjection condition;
and Gpthhe changé in the density of empty ‘centers ﬁndef
injection'conditioni'-We have,

‘PR T Pr,0 * %PRr

. (B-8)
g = DR,0 ¥ o0y

il
e

Y

To write'(B—G) in terms of the quantities 6p,_6pR,‘

in we note that,

. . v \
: R ey
~ BRo = T Ey) 7 (B g}» .
@ Lvew HHr o
. and, S e

| e
&
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: P 1 o -
PR,o = -1t =~ R ER-EF,] NR . (B=10)
: : .1 + exp (—%7T)

, . i o ) - o
is the Fermi level at thermal equilibrium.

Introducing quantities nl; P which afevdéfined as;

, e - Ep~Ep
‘m; = N_ exp () = n, exp (Ggx—)'

(B-11)

S gms g
b = - VPR, o | (B-12.
P; = Ny ©Xp (g5 —) = Py €XP .@iT—B)f - (B-12)
'FrOmf(B-ll):'(E?IZf,’weihave,_;'

N

pR,o R g .. Po™ .

- PRr,0 *




since—GpRi=v—6nR

From (B-5), we havé,_

a9y,

= PR Pg <cp?

P

= pR <c..> Pl

p

Thus, from (B-6),

r T PeCp PR

»

-.- pR<cp>pl_
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(B-15)

| (B-16)

[(Po+6p)(nR’p+5nR) - (pR;p+apR)pll<cp>

(because py +n

Similariy; we get,

. -

b o

18P Np,o + (po+§p+pl) . anR] <cp> - (B-17)

[dn pngbf (no+§n+n1)-6nR]<cn}i (B-18)

8




