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POOLE FRE&KEL CONDUCTION IN ANODIC TANTALUM PENTOXIDE FILES
o L]

Abstract:

The "~ current-voltage-temperature (I-V-T) behavior of anodic )

—

tantalum pentoxide films was studied as 4 function of th

"physical properties of the oxide. Oxide thickness was varied by

controlling’ anodizing conditions, and the oxide dielectric -

constant was varied by, incorﬁorhtion of nitrogem. A thizd
/A T \-\\

.

property,‘ device artea, was photolithographically - defined.
Finally, the absolute level of conductivity was changed by

heating the anodized oxide in vacuum or under a reducing--

atmosphere. While agreement could be obtainqg,/ﬁzz:::;—-:;:\\

~

predictions of standard Poole-Frenkel theory and the I-V behavior

observed at any one temperature with .the use of arbitrary
constants, Lgré;méﬁt could not be obtaiped over a range of
temperatures without significant ‘temperature variation {n the
Bhysical properties of ‘the oxide such as the dielectric constant.
"The anomalous temperature behavior was explained by extending
Poole Fremkel theory to include a transition from uncompensated
‘to partially compensated donor .st;fistics at a critical
temperature. The theorf wgﬁ also extended to include spatially

- nonuniform donor distridbutions, and thus was able to explain the

observed asymmetry in current with Tespect to zero bias.

——3
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by

This thesis describes a study of conduction in anodic
+

tantalum pentoxide films. Since amorphous thin film oxides have-

-pecpliarities ‘all their owvn, a brief introduction to the factors

.

controlling c;nduction is given in Part I, section 1. The goal

of the investiéa:ion was to determine vhich conduction process
was respousible for the ._dramatic current-voltage (I-v)

non-linearity observed for ;lectric fleld strengths befwgen

10% v/m and 108 v/m. 1Included inm Part I, section 2 is a summary

of the.proposed mechanisms other than Poole Frenkel conduction.

Preliminary results indicated that the non-lineérity could

best be described by the Poole Frenkel theory. The model fs based

on field assisted fon{zation of localized impurity states in the

band gap. A detailed description of Poole Frenkel conduction

comprises Part II. It is necessary to examine the model in its

"simple and various nodified forms, for its applicability to the

anodic oxide device. In the concluding section of Part-II, a

sequence of experiments is proposed to test the model.

The rtesults of those tests are documented in Part III, along ///"*‘\\\‘f‘“\

vith a description of the measurement and anaiysis techniques.
In Part IV the . Tesults are discussed. The major conclusion is
that: ‘Poole Frenkel theory, as it {s presently used, does not
adeéuatelf 'déscribe ‘nll of the observed behavior. Specifically,

thef magnitude of non-linearity as a function of temperature

—

(i1}

2.



- . ' - a *
cannot be reconciled with the measured electrical and optical

-

properiics of the oxide. In addition, ‘there is no provisfon in

the model for the degreg of I-V asymmetry with respéct to zero

bias that is observed in some samples.

In —Paff IV, section 2, it is shown that the twe presently

used forms of .Poole Frenkel theory are wvalid for certain

¢

temperature and doping conditions. The aromalous temperature

-

dependence of I-v Beh;;f;r shown by the sambles studied is
evidence of a :ranf}tion between the two. This analysis allows a
e ‘

physical interpretation of the "mechanisms by which . nitrogen

incorporation and heat treatments affect conduction. /
In  Part IV, section 3, a médel based on spatially

non-uniform donor dis;ributions is proposed to zccount for the

I-V asymmetry. Numeri;al simulations are employed to show that

the predictions of the model are consistent with the observed

behavior.

(1ii)
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PART I - BACKGROUND

1. ANODIC OXIDE FILMS : AN INTRODUCTION B o E
Early “in the development of ﬁhe science of electrochemistry;.

it was di;coveréq, that if the anode in a simple water
electrolysis Eeii_ was .made from one ofi 4 limited number of
metals, known as valve nmetals, oxygen evolutien no longer.
occurred. Instead, uniform 1layers of oxide were built‘up on the
anode. ' The name valve metal derives from the observation of
' strong current vectification in the manner ofh vacuum tube
"valves", for .the anodic oxides of Ta, Al, Nb, Zr; Hf and W.
Anodic oxides are nét Testricted however, to these metals. Other
metals such as Bi, Sb, Sn anq ?i, and semicoﬁductors such as §i,
Ge, and GaAs also form .Stable ano@ig oxides provided care is
exercised in the choice 6£ an electrolyte in which the oxide is
-relativFiy inscluble. Thus the anodic oxide stTdied in thi; work,
tantalum pentoxide, 1is only one member of. a large family of
technolbgigally important ma:erfals. iikeuisc, the topic‘ of
electronic. conduction is ‘only one property among” many that
interest scientists working with ‘anpdic oxides. These other
interests are covered in such standard texts as "Anodic Oxide
Films" by .L: Young (1). and "Electrochemistry at Semiconductor
and Oxidized Metal Electrodes"” by S. R. Morrison (2). ,:- (///

The intrinsic properties of anodic oxides contribute one

main advantage and numerous limitations td a study of electronic
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conduction. The advantage {is the excellent uniformity  of
film properties, especially film nhickn;ss,' as discu;sed in
detail below. The limltatio;s are also dicussed as the topic is
progressively narrowed from thin films in.geueral, to amorphous
anodic tantalum pentoxide thin films in p@reicular.

Anodic films are uniquefy | uaiform due to the
"sclf-healingd property of anodic film growth. During
-anodi:ation; thino regions, which are consequently high field
?egion;,' experisncer rapid film growth until any asperity is
smoothed out. Tﬁe uniformity of ;uch films can greatly exceed
that attained by other ;hin film deposition techniques. For
example, the intense- iﬁterference‘ colors'of anodic Tay0g films
appe;r uniform over large areas, -as well as on a microscopic
scalé. ev?n tho?gh_ the eye i{s capable of discerning changes in
optical thickness as small as 10 nm.;ﬁecause the electric field
is nearly constant dur}ng oxide film growth, the absolute
t;ickness of the oxide is céntrolled.by the anodizipg voltage,
and to a Jlesser’ degree by the current density and electrolyte
temperature (3). Thus for a particular parent met#l. one speaks -
of an anodizing- constant relating thickness to voltage. The
anodizing const;nt for Ta for example, vranges from 1.52 to
1.94 na/V, aepending on the‘ crystalline phase and impurity
content- of the Parent metal (4). The é%ility to grow very thin,

uniform £i{lms of krown thickness {s used as a tool, in fact, for

sectioning metal samples (5). The enhanced control over material

»

(2}
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-

properties afforded by the anodization process is also of great -

use in solid state research - especislly in conduction studies

such as this.

éroperties of Thin Films :

Conduction in :hiﬂ films differs on several points from that

usually seen in bulk semiconductors. In the latter, current

density is linearly related to electric f£ield through a voltage

independent resistivity. However, in films as thim as these
F-d

(10 nm te 10 uq), high field effects are encountered even at

reasonably low volrages. Resistivity becodes decidedly

noﬁ-lihear. In cﬁe samples discussed here it drops from a high
of 107 cha-m to a -;ou of 101 ohm-m as electric field strchgéh
approachés the value present during aﬁodizing. The small
thickness of the samples and their high resistivity' may ;lso
allow space charge regions to extend throughout the film's
thickness, a,d‘ thus modify céndudtio; processes greatly (6). For
example, current tranlsients4 with time constants varying up to
many minutes are f{requently obs:rved_as a8 tesult of space charge
effects (7). A Londuction model, space charge limited current
(SCLC) is commonly put fofward to explain cénduction behavior,
and thus warrants closer examination in the following section.
Electrode to electrode tunnelling will not be discussed since the

films considered here are too thick (i.e. >10 nm) for this

mechanism to be significant..

(3)
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In #:E;itlon, conduétion. in thin f?lms differs from that in
bulk semicondﬁctors because- the fnfluence of surfaces is
emphasized- in the thin sample. To begin with, there are
limitations on the theory of electron propagation which become
significantp in small specimens (8). Besi?es these geometric

effects, one oust consider that material parameters of thin films~

will not neceséarily be the same as bulk values (9-11). Fihally,
as dimensions’ shrink, contacts become inbreasingly important. A

/

contact controlled conduction model, Schottky em}ssion. is also

discussed in t;:\;Ellouing section.

Properties of Amorphous Thin Filas :

Next, the amorphous nature of the anodic oxide must be taken

into consideration. In the first place, it éomplicates lthe_

-a:tcmp:. to model behd;ior with theories developéﬁlfor crystalline
_materials. Also, on the basis of thermodynami; arguments, it can
be shown that amorphous materials are, at best, metastabie.(lz).
Slow, irreversible drift of characteristics i{s seen accomﬁanying
long term wvoltage stréss (13) and temperature cycling (14). In
some. cases, there 1s evidence for a concurrent increase in
cry;tallidity (15). This, too, must be considéred in the desién

-

and implementation of conduction experiments.

(&)



. .

.

PART 1 - BACKGROUND

Propertiéé'a?iAnodic Amorphous Thin Filams ;. — $q

.The' anodic amorphoui thin film is a system.that compounds the
idiosyncracies mentioned above with a few more derived from the
metlod in which therfilm is made. Four features of anodic films
are important’ to- consider in ‘a conduction model: 1) _chc
inevitably large impurity level, 2) the fr;quént occurrence of
flaws -iy the form of microscopic pores " and fissures, i)_the
possibility of stoichiometry variations throughout {ts thicﬁness.
and 4) the predisposition of these fil@a to carry current
ionically rather thanrelectroqically.

1) The predominant impurities ,}r’:;Edi\f’??Tﬁi—formed in
aqueous electrolytes are water (of OH) (16) and to a lesser or
greater degree, depending ‘on anioén size, the electrolyte ftself
(17). At ocmne éxtreme, anodizing 1in phosphoric .acid leads to
considerable phosphorus incorporation’ ih the outer half of the
film as detected by Auger and XPS (xfray Photoelectron
Spectroscopy) profiling (18). The two halves show quite different
chemical properties (e.g. etch rates) (19), structural properties
(e.g. rates of recrystallization under electron beam irradiatipn)
(20) aud .optical properties (e;g. ‘optical comstants) (21). To
limit this effect, the films studied in this work were anod;zeé
in dilute citric acid. The large size of the citric acid anfon is

~
such that electrolyte incorporation is unlikcl}. Apger and SIMS
l /Fgl aetcct a

(Secondary lon Mass Spectroscopy) analysis did/ no

carbon component traceable to the electrolyte. Uhter, which was

. (5>
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likely present, would not be detected by this a&nalysis’ technique.

Other impurities from the— parent metal or surface

‘contamination can enter the oxide during growth. Early work with

bulk Ta foil (99‘91 pure) was partiCularlf suéceptible to
metallic impurities. References to the related effect of cleaning
procedures on oiide resis:ivity.can also be found (22). The work
described here deals with oxides grown on Ta ;hin films sputtered
from 99.9997 pure targets a;d subsequently processed under cl?an
room conditions,

2) A major concern with metallic impu:}ties is thelir firmly~

established connection with flaws and anomalous c¢onduction
behavior (23-25). This is the secoad feature o; anodic oxides to
be ;onside;ed. Vermilyea demonstrated flaw controlled conduction
by electrochemically decorating current 'tiré?ing filaments
distributed across the sample (26). Recent work with high

resolution TEM (Transmission Electron Microscopy) has confir@ed

the importance of much smaller defect sites (2s small as 10 nm

"across) to catastrophic  breakdown, and field inducéd

Tecrystallization (20). Flaw condiiction was shown to be
responsible for the rectification that was previously thought to
be characteristic of oxide coated valve metals (27). Surfaces

—_ : > ..
pol%shed prior to oxide growth (22) and counter electrodes

'evaporaCed "at oblique angles (27) were shoun to reduce leakage

currents in accgrdancc with a model of flaw dominated

conductivity, The possibility 'of flaw conduction must be

(6)
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recognized, and hopefully tliminated from the samples used before
condu;tion models are examifed. One must determine whether the.
observed co;duction éakés place uﬁifprmly through the whole film
or only at local flaws where physical prope;:ies can b;
dramatically different from what can be measured macroscopically.

A series of tests were proposea (28) to identify nominqlly‘
flaw free films: current density - voltage characteristics‘should
bé nearly symmetric with respect ro zero bias, and shouldlbe
independent of &evice area, and ambiéﬁ: moisture level. This
last criterion arises from the historical use of gold as a
counter electrode. This metal tead; to bridge flaws 1ﬁ the oxide
and reduce the efTe;t of flaws on conduction, and yet leave a
vé;d inte which water may penetrate and alter charge injection
from the contact-.(28). Strongly adherent metallizations, as are
used in this study, are not expected - to be affected by
atmospheric mofsture in this way. |

e

3) The third consequence of anodic oxidation is the bk@%ﬁf that
the film has a varying stoichiometry throughput its thicgnes;
(29). Tracer experiments determined that both the oxygen and the
metal move from the respective interfaces to a line approximately
in the. ceater of the film where succes;ive 1afcrs of oxide form
(30). During anodization, both species. of ions are en route
through the stoichiometric oxide to the center line; when

anodization is halted these lons are frozen in pPlace. One expects

that the outer layer is oxygen rich and the inner layer is oxygen

(7 .
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deficient. The effect can be reduced by holding-ﬁhe anodizing
voltage constant unti]l current density has dropped to levels

associated with 'electronic conduction alone. This practice/Uas

observed in this work.

~ The variation in stoichiometry is expected to alter X-V

‘behavior in the finished device. A conduction model described by

Sasaki {31) claims that ‘the variation is large enough for the

e

formation of a4 p-i-n diode. The medel proposed in this work

relies on the existence of a spatially non-uniform &onor density
distribution, which L may be related to the stoichiometry

R

variations. The domor density distributions are studied by

comparing the behavior of films seeing varivus heat treatments,

.

which are thought to change the composition profile (32).

Concerning  the fiﬁgl feature of anodic films, ionic 3

conduction in its own right is a possibility since field

strengths used for conductivity measurement may be as large ag
those wused during anodization. Also anodization takes place at

" .
foom temperature, but conductivity tests may be done at elevated

temperatures where ifonic conduction will be enhanced. One of the

major sources of poor reproduciblity and loﬂg term drift in
ahorphous materials is thought to be ionic transport. The scope

of this work does not include ionic processes. In these
experiquij. therefore, £ield strengths were kept relatively low,
and electiical behavior wag\petiodically checked against control

samples which had not been voltage stressed up to that point..

(8)
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 Properties of Amorphous Anodic Tantalum 0x1de Thin Films:

St

q
Res:ricting the topic wunder discussion to anodic tantalum

pentoxide ftself. brings out a few more points that must be
cég;;dered when comparing conduction data from vaFious
laboratories. ssall differences 1in anodizing behavior. and oxide
properties such' as’ index of refraction are noted when different
phases_ of Ta are used 133). Bulk-Ta foil is'polycrystdllinﬁ body
centere& cubic (b.c.c. or a-Ta)'uhéreas sputtergs and evaporated
thin films may- be " b.c.c. or an impuri;y stabilized tetraébnal

phase, B-Ta (34). High oxide éonductfvity is often associated

with sputtered b.c.c. films which tend to bs highly stressed and

exhibit poor film to substrate adhesion -and high oxide flaw

density (35,36).

Although, as 'noted before, meiaLlic impurities in bu
affect conductivity levels by introducing f1}
properties of the Sputtered Ta film and its no inally flaw free

anodic oxide may be altered 6y Teactive sput

(or inadvertant) doping can beccur by the { corporation of
such as Nz, 02, Hz, and CH,, into the Ta dur ng deposition which

then become part of the oxide during growth (37-39

7 Thus the

cleanlines; and base préssure 'of - the sput system are

important factors. Deliberate additions of N, inty the sputfering
atmosphere 'cqn lead to the deposition of nitroge1 doped Ta, TayN

e ¥
or TaN films and the subsequent growth of tantalum -nitride

(9)
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dieiectrics. The procedure becomes a novel method of changing the
oxide properties to test the conduction models proposed ¢60,41).

An additional experimental variable that affects conducti?n
is the practice of heat treating the_oxide after growth. This may
operate by driving. off water (42), inducing crystallinity (15),

diffusing counter electrode material into the oxide (43), or

— modifying the Ta-TaZOS interface (14). This interface is normally

——

-

abrupt in the anodic fxlm. Physical analysis has shown that the
1aterface width is less than 2 am (44). In thermally grown
6xidcs, the oxygen concentration decreases throughout the layer

(45). It has been proposed by Smyth et 2l (16) that :he interface

in the :hermally trea:ed anodic oxide is substantially broadened.
~ -

e

Tﬁéy_ attribute the latter to the propensity of tantalum to
dissolve oxygen at elevated temperatures. This effect is reduced

when thin films of tantaluErgg_tantalum nitride ate used, since

“their capacity to store the dissolved oxygen is Teduced (38,39).

The types of heat treatments reported vary from the nominally
untreated films, to those with photolizhographically defined

counter électrodes (Tma; 150°C), to_ those which are baked under

»

‘high vacuvum, air or N2 atmospheres at temperatures up to 400°C

where cryst#llization bégin§. Here we Teport quantitative
changes in impur;ty densities caused by  vacuum baking
(Tnak = 150°C, P = 10-"“ Pa), and hydrogen annealing (T max 3SOQC
in flowia&‘IOI Hz-Nz mixtures). )

From theoretical considerations' it is clear that a contact

t

(10)
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limited conduction process-is'nore likely in a-thin film than in

a thick one. Therefore it would not be ~sufprising if some

conduction models apply.to certain ranges of thicknesses and not

to others. In the following section ftlm thickness will be noted

_—

Ldjﬁith any experimental observations Vfrom"tﬁe literature. Film

thickness is limited in- anodic Tay05 by the onset of what is
inaccurately known as ‘field Tecrystallization. At that point
current is diverted from the growth of normal amorphous o;ide to
bteakdo;n sites .where small crys;ahfitgs form, and progressively

o~~~
2
displace the pre-existing oxide (46). Hany reseachers study films

" which approach that thickness (approximately 500 nm), whereas the

samples used hereiare_nominally 50 nm thick.
Finally, because Ta;05 has a large band gap and is amorphous,
Q . .
the density of states at the Fermi energy within the band gap may

be non-zero. This can lead to/yaridus forms of hopping conduction

(47) such as are dicussed in Part II.

(11)
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Summary : .

To <conclude, the telatively simple fabrication and well
controlled macroscopic properties of “the anodic oxide makes it an
attractive choice of subject matter in the study of conduction in

amorphous materials. The thinness of the film allows the

_investigation of high field and space charge related phenomena.

e —

" The pbssibility of interference from contact and surface related

phenomena is récognized, as is the possibility of long term
stability problems due to the amorphous nature of the gilm. An
anodic oxide has.“unique properties .de;iéed from its method of
g;owth: e.g. the high and variable impurity 1e;el, and a
stoichiometry which Ypay vary throughout -the f£film thickness.

Electronic conduction, representative of the oxide in general,

must be distinguished from flaw dominated and ionlc processes.

The study 1is aided by the facility to modify conduction behavior
in & controlled manner by 1) the choice on anodizing barameters,
2) the formation of doped oxides onm Teactively spuftered

tantalum, and 3) the ﬁse of various heat treatments after growth.

(12)
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2. ALTERNATIVE CONDUCTION MODELS
--l
Pqﬁ:ioué Approaches:

Ingestigations of anodic oxides have usually been uﬁdcrtaken
in the context of én intended application. For example, mat;rial
‘aspe;ts have been studied in conjunction uithlthe usc‘of these

.films as decorative or protective finishes (48). They have also
been studied as a means by which thin fil& résistorf may be
trimmed and stabilized f49). More important §s the wide use of

- anodic oxides of tantalum and aluminum in electronic devices. -
Some examples of these devices Qie capacitors (50); MOS
structures (51-53), electroluminesé;ntA display; (54), and thin
film ctranmsistors (55,56). Vork in these areas has concentrated on
reduciﬁg conﬁuc:iop and defecdts, and improving a-¢ diclcctr;c
properties. Thus capacitance and dissipation fa;tor receive
considerabie attention in the literature,

This thesis addresses the high Eield‘gonduction proéettics
of .énodic tadtalqm pentoxide, where curfent density rises rapidly
with increasing voltage. Because the usefulness of ‘many thin
oxide devi;es is limited §y excessive conduction in that regime,
this topic Sas been dealt with in a number of th;gr!tical and
.experimental ﬁapgrs. In contrast to earlier applications,
however, the non-linearity of high ‘ficld conduction in anodic

emarantalum  oxide ‘has recently become a desired attribute. Tantalum

pentoxide MIM (Metal - Insulator - Metal) devices have been used

-

{13) : .
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as .nonvlinear resistors for threshold control in liquid crystal
digglays (57). Because the material used in this study has been
dptirized for the latter appiication, it should be noted that it
has higher condustivity than the type of‘tantalum‘oxide generally
described in the literature. Alsoﬁ note that some of-the work
ciged .1n EtiiﬁiSCtion deals uitp gas phase anodized and sputtered
Ta05, as well as othe; anodic oxides. The conduction behavior of

r

sxox, 3 more distantly related amorphous oxide which is usually

"

evaporated, is also described for comparison.

Conduction Models:

In this  section three high field conduction models are
discussed: contact limited conduction, space; charng'liﬁgt;q
conduction, and hopping conduction. These are the main
alternatives to the conduction model advocated here; namely Poole
Frenkel theory. These are not competing models Iin the sense that
one is right and the .others are wrong,mktf rather each has a
range of applicability &epending on such parameters as oxide
thickness, tempefatute; elecéric field strength, impurity‘density
and contact characterisﬁics. In general terms, ‘the proposed
models differ in one of.;hree characteristics: mobility is eit;cr
high and crystal 1ike,‘§r—low and phonon assisted; conduction is
either contact of' bulk limiﬁed; and the charge carriers are

either electrons or holes. Quantitative estimates of these

physical properties of Tay05 vary widely depending on the

(14)°
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conduction model usedbso expiain the observed behavior.

For example, a2 mobility of 2x10'h?/v-s 658)'_hns b;cn
estimated for Ts0¢ from a Space charge limited con&uctipq médcl.
Yet an interpretation ;of sicilar data basqd on Poole Frenkel
téeo;y has ylelded a value of 7.5x107 302 /v-g (59). Hall effect
Mmeasurements would resolve the discrepancies. ﬁowcver, even if a
sample could be made without the usual undérlaxer of unanodized
Ta, conductivity is non-ohmic at the c;rrent levels necessary for
Hall voltage measurement. To the -author's knowledge, othér
techniques such as pﬁoto-Hall (60}, EBIC (Electron Beam induced
Current)(61) 6: "time of flight measurements (62) have-not been
attemp;ed with Tazos. Theoretical approaches to estimating
mobilities are severely hampered by tge general lack of
information about oxide sand patameters. All that has been
reported about Tay0g, for instance, .ds its band gap of 4.6 eV
(63,64). _In amorphous materials the concept of a uniquely defined
mobility;'and a band éap is replaced by that®of the mobility gap
(65).. Over a narrow\range of energies c;réespohding to thé band
edges in c;y;éﬁlline semiconductors, mobildity d}ops precipitously
from' values comparable te * the single crystal (f.e.
B >.001 mzfv-s) to very‘ low, but non-zera values {n the gap
(i.e. 1<<.001 m'yv-s). There is, ;heréfore, 4 dichotomy among
conduction médels: those advocating low mobility transpofé via
locallzed states in the gap without excitation to the conduction .

bgnd, and those proposing activated processes with high mobility
~ _

(15)
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traqspoft through extended states. in the conduction b;nd. Both
~Poole Frenkel and Schottky | conduction assume the latter
condition, while heopping coquciion is ?ased on the former. Space
charge limited conduction is often found in low mobility
materials, but as such does not specify the mode of cairig:

_transport.

-

Another distinction among the models is the importance

attached to the contacts. If the current limiting step in

-

conduction is the passage of charge carriers across a potential

barrier at the interface, it is a fundamentally different problem

from one where the resistante of the interior of the material

adominates. The former should be sensitive to choice of electrode

material, while the latter should have identical electrical
behavior in  both bias polarities. Unfortunately, these

distinctions are not as clear as one would hope. The existence of

surface states can pin th ‘Fermi energy at a particular level

irrespective of electro material (66), while the symmetry of

so-called bulk conduction assumes ~homogeneity throughout the
dielectric, and thé absence of intergal electric fields, both
questionable assumptions. o

Unless | othervise noted; the dominaac charge carrier“is
assumed to be the electron. While this is not an uncommon
assumption, it should be noted that the matter has yet to be

settled conclusively. As mentioned, Hall effect measurements of

carrier type are not possible. ,Some suppbrting evidence 1is

(16)
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present in the formIQ;ﬁ/Jthe ‘cold cathode behavior of Ta, 0 in‘
electrblqniné&cent \devices (54); Light emission is dependent on
the injecfion of hot eiectrons from the oxide into the
semiconductor. The energy distributién of these electrons has
been :eporteﬁ recently by O0'Clock and Feisil (67). -Also,
extensi;; scintiélation studies of 'tantalug_anodizing behavior
near breakdown have led to a successful impactxionizatiqn theory,

based on. the assumption of electron injection from the

electrolyte and rapid removal from the oxide (68). The model also

reqﬁires holes to be deeply trapped and deduces from experimental

data a hole mobility of 10'{}m2/V-s. Furthermore, short circuit

photécurre;t experiments by Hoenig réported by Thomas (69) point
to electron conduction. On the basis ~ of additional
photoconductivity results, Thomas proposes a Fermi energy level

1.4 eV below the conduction band, and thus n type conductivity.

In contrast, Gubanski and Hughes show that SCLC in Tazos is

strongly affected by cho;ce of counter eiectrode material, and
conclude that. they are obse&ving hqle injection (70). This
contradicted -the previou; SCLC data for Tazos. Both observations
could be reconciled if like in Nb, O, (71), hole and/or electron

injection in Ta,0: may also be favoured by certain sample
2¥5 .

preparation‘methbds.

(17)
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Contact Limited Conduction - Schottky Barriers

- . N

. \

Theory of Barrier Formation:
The process Qf supply or éxtractiqn of charge carriers at

the cont;cts may be the rate determining stép in the ‘passage of
current from ‘one electrode to the other (72). Interfacial

"potential barriers similar to that bhown in Figure <1> can arise

PrEYs

as a result of the thermodynamic requiremeﬁt that the Fermi

+

energies of the two materials align upon contact. This is
accomplished by the transfer of electrons'between the two; the

flow being from the naterial with the lower work function

'(defined as the energy difference between the vacuum level and
-t . -

the Fermi level) to that with the higher work function. In the
A

metal the’ work function is denoted q¥yswhereas in thé\insulator

the work function is the sum of the electron affinity qx> and thﬁ/
separation of th; Fermi energy and the conduction band, qvn. Th;'
figal position of the conduction band in the insulator with
respect to the metal Fermi energy is directly related to the
respeggiye work functions\sz the densit; of surface states which
can supply (or. take up) a portion of the transfer electrons.
—_
Those electrons not c;zihg from  {or ending up in) the su;face
states are extracted from tor injected into) the bulk of the
-insulator forming a depleti;;V(or accumulation) layer adjacent to

the metal interface. The doping dedsity of the insulator will

determine how far the layer will extend into the bulk of the

(18)



Figure <1> Energy Band Diagram of Metal Semiconductor Contact
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a) T vacuum levels of the metal and the semiconductor determine
the [relative positions of the Fermi energy level in each when the
two fgre widely spaced.
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b) Upon contact, the Fermi energies align due to a flow of

electrons from the material with the smallest work function {nto

that with the largest work function. Thus, a potential barrier of

'~ height q¢ = q(¢ =~ y) and a depletion region of width w are
created. a '
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insulator. 1In imperfect fasulators with semiconductor-like.dopingr

1

depsities the layer is a few tens of nanometers thick, whereas
the very low carrier concentrations of normal insulators will

often force this region to extend completely from one side of the

sample to the other. This latter configuration is known as th‘e
Mott or,punch-throt:’gh Schottky barrier. The electri_c field, &, in
the normal insulator sample is uniform and equal to the ratio of
the sum of the applied voltage, V, plus the internal depletion
voltage, vin’ (for dissimilar oppqsing contact metals) to sample

thickness, d. i.e. o

Y

) Va+v ) - . <1>
. . £ = in- -

In imperfect insulators and semiconductors, on the other

hand, both the electric field, which has a maximu:p at the
interface, and the depletion/accumulation layér thickness, w,

increase with increasing reverse bias as given by: (72)

“.'.'.' w - chco (Vin + VvV - kT/q) <2>
q N, |
and
emax -h-i (vin V- k)
w
- {2 - kT ' <
. ’JZq Ny (vin.*’ V - kT/q)
- £c. ’
0

where ¢ = high frequency dielectric constant

Nd - 1mpurf’:y densitcy

T = temperature

e
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The size and voltage dependence of this layer's width may be
inferred f}om.the bia; behavior of capacitance. In extreme cases,
‘insulators with large ‘interfacial defect or im?urity
concentrations, and/for sufficiently high surface state éensi:ics,

-exhibit features of both the semicodductor-likc depletion layer,
which can .quickly Tespond to changes in bias,-and the normal
insulator, whose_carrier concentratiocns Tespond relatively slowly
due  to deep trapping and/or‘spacé charge effecés. The combination
can lead to  some interesting ‘history effects :nd other

non-equilibrium behavior as described by Simmons and Nadkarni

(73) that will not be considered here.

Current - Vbltage - Temperature Behavior:
The emissiop of carriers over the barrier at the metal |
interface 1is analoggus te the case of the Helllknoﬁn vacuum
diode. By considering the distribution of electro;s iy the metal
with energies sufficient to surmount the barrier and trajectories
in the appropriate direction, one arrives at the Richardson
~telationship between J, the current density and T, tedperature.
Hodifica;ions. must be made in insulators and semiconductors to
take into accownt the.carrijer effective mass (72).

Thus: : : e ’ -

ok R .
J = A TZ exp (-qé/kT) . , - <&>

. (20)
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A -‘onqm*k . _
- .

h; T

<5>

where q¢ Ls the barrier height

m* {s the effective mass

”

A* . the effective Richardsog coefficient, can be further.
adj;sted to take into considératioﬁ quantum  mechanical
reklection. tunnelling probaﬁi}itfes, and optical phonon
‘backscattering. but its ;valu; remains oen the same order of
magnitude as the free space valqe of 1.2x10° A/(msz).

The current density - voltage behavior of the Schottky A
barrier {s not immediately.obvious in this expression. because the
barrier height is also voltage dependent. Consider the det#iled
Figure <2>. A cartier at a dist;nce x from the interface
experiences a force due to the quletion- ;egion field, any
externally applied field, £, and an "image force" due to an
induced charge located in the metal at '-x. As shown in the
figure, the fields have the nee effect of lowering the ba;rier
under apbropfia:e bias conditions. The amount of barrier lowering

is derived by differentfating an expression that gives the energy

of the charge as a function of distance from the interface given

by:
‘ . Z-X o .
'E(x)-Ec-gz - q€fx . <6>
4mee (2x)
- o
_ (21) '
5/‘



Figure <2> Energy Barrier Lowering in Metal Sesiconductor
Conracts :
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The detailed picture of the metal-semiconductor interface must
take into account the image force arising from electrons {m the
metal which take up positions mirroring any fixed charges in the
semiconductor depletion region. Thé potential energy for carriers
t emicopductor is the sum of the depletion region potential
‘lapproximately linear in x on this scale) and a Coulombic image
force potential which varfes as 1/x. The peak height of the
barrier to current flow is reduced by an amount 49¢. An exteraal °
applied field of the appropriate polarity increases the slope of

the depletion potential, and {n turs further lowers  the
iaterfacial barrier. -

Y _ o 7
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the energy has a maximum at
x = q \ . <7>

16ncegt i ‘
with the value )
. Emgx = E .o T8>
® C .

Aqé, equation <8> leads to the

t the

-
>

Since the (E. ™= Emax)

’

expanded J-f{ expressi the 'Schottky barrier a

contact of doping density Nd’ and thickness d:

. 1
2 Qo | fmax - ' ' 9>
J = A*T exp(-____o)exp q_. <
kT kT Y4meey . )

- A*Tzexp( -95)exp
‘ kT

arid;_-'ﬁ]s punch-thfough barriet in normal insulators:
e . .

N
o <10>

- A*Tzexp(-i‘?_o)exp q (Vin+v) :
- 5 KT\ Trread _ .

sor recast in tgrms.of)cur'rtnt density, J,‘ and voitage, v:

.
- g Kschf.exP~(B sch\ﬁa a1’
- ) where . - )
Lo ' Koen ™ A*T? exp (-%oy g <12y -
. kT .
and : )
3 ' '
8 -t 3~ <13
sch kT l.-p;:‘j d .
- . o ) , V
assuming V, is small compared to V . f\m |
-+ 4 \.

(22) . 3
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Hybrid Theories:

Contact barriers surely’  exist in almost all

metal-insulator-metal systems. It is\appareht therefore that in

.4 mnormal \insulator the effects .of .the contacts are usually

overshadowed -by those of the highly resistive bulk. Occasionally
for less resistive materials, n;rrou' depletion layer contact
barriers ‘can form which have appreciable .ipffuence on the
conductivity of thzd“;ample for certain ranges &f voltages and
temperatu?es. Simmons (74) examined in detail the theoretical
ch;racteristics of a ﬁetal-iméerfect insulator-metal system where
the resistanées ‘of éhe contacts and the bulk were.similar.

Current flow over the barrier foliowed the no;mai Schottky -
equation <9>, where the electric field was cglculated to take

into consideration the_qneven division of the voltage between the

contact and the bulk. He found that for low voltages, current

.TOSe very steeply with increasing bias when most of the voltage

o -
was dropped over the narrow depletion layers. At higher voltages
- . : -
the influence of the bulk became increasingly dominant until the

J-V  curves were essentiglly identical with normal Poole Fre el
curves. This {is shown schematically in Figure <3>. T§£4:iit a’

. /
/
transition between a low field, thickness independent behavior to

a high fiéld Poole Frenkel behavior which is strongly dependent

on sample thickness. 7 ) - x"ﬁ:“
In a similar fashion Frank and Simmons (759 discussed the

effect of space charge on contact controlled conductiongzTn the

(23)
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Figure <3> Theoctetical Schottky to Poole Fremkel J-V Tramsition
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Plotted is the theoretical current denmsity - wvoltage " (J-V)
behavior of metal-insulator-metal devices with three different
insulator thicknesses, d. The low field behavior, for voltage
below “10 V 1is domirated by Schottky emission over a potential
barrier .- at the cathode and is therefore independent ofd. The
high field behavior is dominated by Poole Frenkel emission from
donors in the insulator bulk and -exhibits an asymptotic slope
proportional to 1/ ¢ d on this type of plot. From Simmons (74)

-
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. case where the work function of the metal contacts is less "than

that of the insulator, injecting contacts are formed. Current

. passes from one electrode to the other over a potential maximum

in the interior 'which is also known as a virtual cathode. As

current increases, the size of the accumulation region shrinks {n

accordance with SCLC (space charge limited conduction) theory.
N .
Eventually, thé supply of carriers from the emitting contact {s

unable to keep up with the extraction of carriers from the

-

accumulation region. At that point the virtual cathode becomes
- .

coincident with the real cathode and contact limited conduction

takes over. The I-V curves for a variety of combinations of

" barrier heights, carrier mobilities and concentrations were
calculated. The .common features were a low voltage, bulk °

controlled regime where current rises steeply, and a hig ' )

voltage, thickness independent _ regime which asymptotically
approaches the ‘u§ual Schottky beh;vior. A schematic diagram oé
the typical behavior is given in Figure <4>.

?uifrey, Shousha and foung (76):made a theoretical study of

conduction behavior for a range of insulator properties. They

were able to identify major regions on a graph of current density

versus the product of donor density and sample thickness where -

—~

either Poole Frenkel, Schottky or space charge limited éonduction

dominated. "

(24)
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Figure <4> Theoretical SCLC to Schottky J-V Tramsition
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Plotted is the theoretical' current den3ty -
behavior of 1 um thick metal-insulator-methl devices shouiug a
transition between space charge limited con Yction (SCLCY at low
voltages to Schottky emission over the interfacial barrier of
height q¢. When either mobility, B, or the ratio of the densities

of carriers to occupied traps, g Is reduced the upper voltage

limit of- the SCLC dominated range increases. From Frack and
Simmons (75) ot

voltage (J-V)
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- Experimental Evidence:

Unambiguous identification. of " Schottky Sarriet controlled
‘conducqion is hampered by the close .similgrity of ;ts I-v-T
(curremt - voltage -~ .temperature) behavior -te that of Poole
Frenkel conduction. fhug many experimental results, inicially
reported as exhibiting Schottky behavior have been subscqucntly
Te-interpreted -as- Poole Frenkel conduction and vice wversa.

_ < .
Additional tests are required. For’instance,'if a:strong contact
work ‘funciion. dependence is established, then Poole Frenkel

4 .
conduction can be ruled out. This has been done by Hacskalyo for

F3 .

very thin (2.7 to 8.3 nm) Al,03 films with 2Zn, Sn and Au contacts

(77). Flannery and PRollack have also compared I-v-T

characteristics of very thin (2.4 nm)} plasma anodized Ta,04 films

~with Au contacts (78) with similar Behavibr.reported by Namba on
14 om thick;‘ wet anodized Tap,05 with Al contacts (79). Good
agreement with ‘ihe Schattky model vas obtained. In addition, the
values of the physical parameters estimated from low témperaPurc
'tunnellipg currents agreed with those derived from the hiéh
temperature Schottky curves. C.Mead, working with Zn0, was able
to relate the voltage intércept on the In(1) vs{V curve to the
theoretic;£ contact potential diffeéfnce (80).

g Simmons' predicted traﬁsi;io from Schottky to Poole Frenkel

I-v behavior , -upon increasing bias has been convincingly

demonstrated in a number of systems. In SiOx for instance,

(25)
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-

'Hartman, Blaig: a*j Baver (81), Hirose and -Uada .(%Imgak‘i,
"Adachi and Nitta (83),. andr Stuart (84,85) have ptesbn:edldata
showing ™ the characteristic steeply rising, thickness independent
behavior at low bias, diverging into In(I)vs (V-behavior with
.slopes dependent on thickness. In Ta,05 the effect is more
e¢lusive. Matsumoto (86) presented a probable example, but anl; '
after subtracting. the effects of a _.shunt Tesistance from the
data. P.L.Young (87) on the other hand, ounly saw this phenomenon
in abnormally conductive TapOs films. -

Less clear examples, uith. no corroboratiné work funcﬁion
evidence, can be tentatively assigﬁed to Schottky conduction on
the basis of three tests. First, the temperature dependeqce of
ﬁhe I-v characteristicsr should predict a barrier height
consistent with that given another technique such  as’
photoconductivity. Second, strong rectification should occur when
dissimilar contacts are used. Thizd, punch-through conditions
musg be\;onsistent with the doping levels and insulator thickness
observed. Under these cflteria, the rectifying 6 nm evapo}ated

~

aluminum oxide sample of Antula (88) is probably exhibiting

Fd

Schottky conduction. Antula_ﬁas also able to show h;reement with
Schottky predictions on the changes in conductivig} when a known
quantity of dopant was "electrochemically drawn into the film.
" Likewise, the thinnest of the Tazqs films studied by 0'Clock (89)
exhibited _ln(l) vs /V Sehavior that can be attributed to Schottky

emission. Note that this was mnot the conclusion drawn {in that

-

-

(.26)
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. \ )
work. Aun error had been made in the value of the dielectric
. ‘ . N

~ constant and’ the correct value  does in fact give good agreement

with theory. .

As. one finel example, Pulfrey et al. (90) attributed the

Ta,0g

-

1n(I) vs YV characteristics demonstrated by wet ancdized
with Au or In contacts to Schottky conduction for the Ta positive

polarity. The other polarity also showed In(I) vs N behavior,

‘but' uith’ a slope more in line with Poole Frenkel predictions.

Intérestingly, the dpplication of a high volgage’stress removed

the rectification, increased conductivity by seversl orders of

magnitude and the 1a(I) vs YV slope for both polarities became

~ the "Schottky” wvalue.As will be explained in a following section

the nonrectifying behavior is more likely to be due to Poole

Frenkel conduction. The re-interpretation of Pulfrey's and other

workers' "Schottky” behavior will be discussed there.

Table I summarizes some of the experimental evidence for

Schottky emission in insulators, emphasizing its predominance in

thin films. . .

rd

.@n

e
B



TABLE 1

Eiperimen:al Evidence for Schottky Conduction .

DEVICE STRUCTURE THICKNESS EVIDENCE
: (nm) .
. [Ta—Ta0,-Au v . 2.4 “J-V (Ta +ve)
. Zn . ‘
Al-Al,05 ¢ Sn 2.7 to 8 J-V-@ metal
Au '
Si-SLN,-Al 8 J-v
Al-mica-Al . 5 QJ-V-G photo '
Ge02-A1 e ’
Al Alzoa-ﬁl <10 J=-v
polymer{zed .
silicon oil-Au
Al-GaSe-Au 60 By_y=@ photo
(single c¢crystal) .
AI-AJ.203-A1 - 6 and 17 J=V doping
-‘Ta—TaZOS-Au 9. J~v
“

(28)
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.Space Charge Limited Conduction
Tﬁeory:

One of the freéuently called upon conduction models in the
study of anodic oxidé films is spdce.charge limited conduction -
SCLC. This model considers the injection of electrons and/or
holes into the diele;ttic in ; manner ‘analogous to a vacuum
Qiode. In this model, a limitless supPly of carriers i{s av;ilable
at one electrode. These are infected into the ﬁatcrial until éhe
space charge that is byilt up repels new additions of charge. The
flow of current is therefore dependén: on the balance between the
injection rate, as determined by the voltage, and the extraction
rate, 35 determined hy the carrier mobility and insulator
thickness. " A/ much abbréviated sdmmary of the results will be
presented here as a basis for comparison with Poole Frenkci
conduction. The interested reader is .referred to the dcfini;{é
work on the subject by Lampert and Mark (95) for the details.

The development of the I-V relationships for SCLC begins with
the trap free in;ulato; of thickness d, dielectric cantanE €,
carrier .concen;ratioﬁ .n, .and mobility'u. In later diﬁcdssions,
traps of varying energy depths, and then Holc currents, and
recombination cénters wiil be add;d. ﬁeglecting diffusion

: . >
;trrents, the relation between current densiEy J and electric
field € is éiven by:

.
J=nqpg <14

(29)
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Poisson's equation gives us:
'-':.:_‘D.n p(x’y’z) <15>

But for d ¢ current conditiouns,

e Y
D = cenf . B . <16>
therefore, in one dimension . .
.d€ _ n(x) g <17>
dx £Eq . .
‘ dé
m — . . < >
J €€o 4 &u . ‘ 18

Upon integration, with £ (0)=0, we have:

-

£ (x)'= ﬂZ J x - <19>
' E€q 1
‘ d 3
V(x) =‘f€(x) dx =|f8 J d <20
e 9ceqn :

2.
[
7 - i....?”"_3 <21>
£ 8 d ) -

Note that below a threshold voltage the current density due

to”. drift of thermally generated -carriers,n ,i.e. the ohmic
- o

component, overshadows the SCLC component. Setting the two

components equal’,

o 2
- V =
J R, Y. 9ecopvc T 22>

d 8 d3

yields the crossover point voltage Vc-

T 2
Vc - 3 noqd

9 ee <23>

o
Expressed in another way, SCLC is domimant -onlj if the

injected carriers capn tramsit the sample before they are

(30)
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thermally relaxed.

1f there are traps present in the dielectric, they will
Teduce the amount of

pertion of the injected carriers.
is given by:

space charge current by immobilizing a

The occupancy of the trap level

Nt <24>
(x) = 1 - E_(x :
n, 1+ = exp |t p(x)
& KT
and the free electron density is given by:
L
- E
TS ) N_ exp Eg(x) <25>
where n,o - density of occupied traps
Nt - density of traps . '
g - degeneracy factor ( = 2 for singly charged donors)
E, - conduction band energy
‘E: - trap energy ’ .
EF - Fermi energy
Nc - nduction band effective density of states
For clarity, let . |
N " =N exp E: - Ec . |
c £ T o
=N _ exp | Gt <26> -
-5 KT 2
? 3 . . _\\‘
therefore, combining <24> and <26> _ \
N « 9. : . i
: nx) =N [1+ ¢ ! \
n(x} 27> o

4
(31)
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Note that for shellow traps, i.e. Ep below Et’

n {x) ¥N a(x) <28>
t t —== ‘
= N
. €
t
alx) - _Es_.- 8, independent of V-
n (X) N <29>
t t
-~

Thus for shallow traps

9ccoeuvz
Jow

<30>
8 &> '

But for deep traps where EF is above Et

a (x) TN ;0= : . 3D
and
9ce. 1y°
Je__ 92 <32>
8 . d3
This {5 Just as in the trap free case (equation <215, pagé
30). Thus one would expect thet if the Fermi energy were made to

pass through the energy level of a trap, through increased

injection, gbr "instance, then curreat density should increase

rapidly from the shallow trap rtegime, where J.qGV'H-, to the
tfcpped filled couditions of equation <32>. Since ﬁ(x)/nt(x) = 8
can be very unalll( for example 10-7 ), the fncrease in current
density can be very dramatic. The transition points between ohmic
and ‘shallow trap conditions, shallow and trap filled regimes, ére‘

used to estimate the thermally generated carrier density, and the

trap density. - . -

Exponents of V higher than 2 are possible, if the traps have

an exponential energy distribution of the form iy

{32) )
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. E-E oo
n (E) = N *exp| c _ <33
t t ———
. kT
. £
whiere nt(é) = trap density / unit energy

Te = a characteristic tempetature

- Nt* = 2 characterisric trap density / unit energy

e

It can be shown that for these conditions (96)

s :
s+]1 .
- ce -
J = qpi_|—0- l'Z?n-':L : <340
thkT d

where s = Tf/T

Two carrier ‘injection arises from the arrangemen;r/;%sﬁn
electren injecting cathode, a hole injecting anode and a suitable
density‘ of recombination centers ia  between. The fheoretical
Lreatment is more involved (97), but leads to four distiﬁct J-v
Tegimes: a low field. ohmic region, a V2 region: then VCNR

fvoltage controlled negative "resistance), followed by a high

~

current region where:

3
J a T“J"p”n—v . . <35>
&’ ’

where T = agp average carrier lifetime
pp -_hole mobility |
' Py - electron mobility
The full raﬁge of expected SCLC J-V behavior islsketchéd in
Figure <5>.
One further identifying feature of SCLC is the characteristic

.

current transient as shown in Figure <6>. This subject has been

(33)
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1.GG (CURRENT DEMSITY)

LOG.(VOLTEGE)

_Theoretical current density - voltage (J-V) behavior "of the
various forms of Space charge limited conduction (SCLC) i{s shown
in this graph. In the “simple, trap free, single carrier SCLC, low
field ohmic’ JaV ang higher field SCLC Jqv?2 regimes are seen
(a). When shallow traps are present both the ohmic and SCLC
relations hoid as before, but at much reduced current levels (b).
Deep traps,-on the other hand, can have J-V behavior identical to
the trap free case. However, because the Fermi level shifts with
increased injection, a - trap may be considered shallow at low
voltage and deep at higher vol.gage. Consequently its J-v behavior
can show g nearly vertical transition between shallow Jav2 and
deep Jav relations (c). In the case where injection occurs at
both e,l-cctrod_es, ohmic, then simple Jo v2 behavior is followed by
voltage controlled negative resistance (VCNR) and finally a high
current Jg V3 regime. From Lampert/&ﬂd ‘Mark (95).

N .
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Figure <6> Th

’-#__retical Current Transients Associated with SCLC

[

NG TRAPPING

-y

-

wWITH TRAPPING

CURRENT DENSITY

~—
WITH STRONG TRAPPING]

The space charge in an insulator takes a fin{ite period of time to
establish its final distribution. As a result, the transient
behavior of current with time takes on the characteristic form
- shown. Current at t = 0 tends to a value equal-to approximately
one half its steady 'state value.” Also it will overshoot the
steady state mark by up to 217 before finally decreasing. In the
presence of trapping, the transient is overlaid with a general
decrease proceeding with time. For strong trapping the overshoot
can be completely obscured. From Lampert and Mark {95).
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dealt with in detail by Lampert (98), Hany\and Rakavy (99) and

Lindmayer (100). An explanation is gzven,below based upon the
N . J

treatment of Lampert (98). The transiegt is composeq of three
. . L - . \
/ . . o,

injected charge

front which has not yet reached- the anode); thé

and the charge

relaxation stag from t-él to ty; and the steady state stage for

F>t2‘ The an 1of the initial rise stage is particularly
simple, since the electric field is a lznear function of distance
between the ‘cathode .and the cha?ge front (space charge is
uniform), and is constant, between the charge front ane the anode
(zero space charge). Also, the analysis yields quantitative
estimates qf both the magnxtude and time of current overshoot.

The current density in the inifial rise time period is the

sum of conduction and dzsplacement terms. The condyction term is,

s
M

- pgrtions: the initial fise stage from t=0 -to t; (When the

uniformly fills. the volume between the cathéde o

& .

in turn, made up of drift and diffusion terms, but the diffusion.

term can be neglected for insulators, and for moderate electric

field strengths (101), Thus

J(x t)=qun(x,t)£(x, t)+ dee, £(x, t) . <36>
a: *
From Poisson's equation ni{x,t) can be evaluated, i.e.
9 alx,t)=ee, _3 £(x,r) <37>
- at -
e
J(x,t)=ee [u £(x,t) _3 €(x,t)+ 3 £(x,t) T ¢38>
e at 3c '

Current density is the same throughout the thickness of the

(34)
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\

sample;~therefore it can be averaged over x from the cathode to

~

the anode..Ihus: -

" d : : ’ d g
) = €eq [ b £ Eix,0) + 2 o gx,t)dx
d o ) 3C ©

= EE w £2(d,t) v
_Hg [- 2 * dtJ

EELM

R LR CRY - <39>

assuming §(0) = 0, and V is constant. i
If J is evaluated at the anode {x = d) during the init{al

. -
rise time, then the only component is the displacemené term

.because the charge front has not yet reached the anode.

‘_ Therefore, combining <36> and <39>

s

Ear 3 ggi,t) - 5& £2¢d,t) - ) 40>

\‘ which can be integrated from t=0 to t to yield

.
*
‘

1 1 vt ' | ’ '
£ (d,0 7 € (d,0) " 2d : e

- -

¢

but since £(d,0) = v/d . .

g (d,t) = _ 1 =V 1 , <42
d _wvc d }1-t/2ty -
v 24

(35)
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\ N vy

space charge éffects. It. is obvious that the electric ficld at

v N -

the anode (which is tRe same as that at “the leading front) is
:"‘\

ldarger than the qteady state value of V/d, and grows with time.

Subst£CUcion of ¢his result into <39> gives an expression for

current density in the intiaf rise time : N

. £equv? 1 :
J(t) ' T2473 [ 1o C/2=o] . ‘<a3>

Note that J(0) is equal to

. VCC o uvg
24~

.which 1is slightly less than one half of the steady state value

caloulated on page 30 (equa:zon €21>). s,
P . .
To .calculate the amount of current overshoot; note that it
. .

occurs when the transit of the leading front is complete at

tl. Therefore: " - ' e

C

./"l B & (d,t)dc = <L4>
) : ' =1
= 2 Bto V) In l.- t,
d 7. 2t
which implies
Ct (1-1//_)-.7871: A
1 o 2
Therefore, evaluating <43> at t; gives,
J(tl) = 1.21 J(t>>t°) ,' <462

—

In a similar fashion, the _Trelaxation stage has been- examined

with typicsl results shoun in Figure <6> follouing page 33.

(36) R
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Hybrid Theories:

A number of theoretical papers combine SCLC vith one or more
‘~other eﬁfgct;. As mentioned, Frank-and Simmons (75) studied ;hc
effect of Poole Frenkel }rap .dcpth lowering bn‘the ;ransition
Setueen contact céntrolled conduction and éCLC. Later Eduar&s and
Jones extended the work to a variety of trap enérgy distributions .
(£02). Nicolet (103) and later Sworakowski (1043 both attended to
the p?oblem of spatiarly non-uniform‘ trap .dis;ributioﬁs. In

general, however, the predictions hold that for some range of
' . : .- . -
cdrrent and voltage and for some s, the researcher' should

-

Obser ve:
”,Sll

T 425+1 o  wn

Experimental Evidenuce:

Good examples of SCLC in ‘a variety of insula:ors ¢an be
v - . ‘

found - in Lampert and Mark's book (95) on the subject. An early

Teport “of SCLC in 8n anodic oxide was made by Hickmott (71).

chV?/as- behavior, typical of two carrier SCLC was observed in
anodic szos if ihe counter electrode was ; kighhwork fqnctién
metal: e.g. gold, :;hile Je v behavior, correspohding t§ one
c;rrier- injection was rfduﬁd luith a low work ‘function materfal:
e-g; indium. Elecﬁrode dependent beha;iorlu;s also reported for
this material by Sciri ;nﬁ Chablooviky (105}, although ;H:; saw
one carrier SCLC gith'evaporated Au electrodes and Poole Frenke!l
charaéteristics if the gold electrodes were sputtered. The fﬁll‘

(37)
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range of expected ‘fho carrier SCLC'behavior, including VCNR w;s
seen by Taylor and Lalevic (106) in Ti0y- A report on Al303 by
HMason and Fathoo (107) ‘shows cbmpi;x gehavior, coﬁplicaged by
drift, which has cercai; features similar to SCLC. -

In Taa0¢q , howe;er, moét of the well documented observations
have come from ;;skarchers at the University College of.North
Wales. The ;oint in mentioning this fact is that the experimental

method of preparing the oxidé is common to all these papers. In

1973, Aris and Lewis (58) reported work done on tﬁicg oxides (160

~to 500 .nm), formed. by anodization inm phosphdric acid. They'

obsexrved - current rectificg;ion,_ with the- ;nodic kTa positive)
polarity yielding -much higher- cuérents than the cathodic (Ta
negative) polarity. ‘Above a voltage threshoid, and for films
_thicker than 200 nm, Jywas propertional to vig3 The low voltage
behavior was attributed to. a Poole Frenkel trap ;mbtying
mechanism. The forward) bias currents were analyzéd with a
Schottky ﬁpdel, althoughlas will be gﬁowﬁ later,_a Poole Frenkel
model is just as appropfia.e. The analysis yields a value for the
(high frequeucy) dielectric constant which they incorrectly use
for determining the mobility 4n the reverse SCLdaEEgime where the
static dielectric comstant should have been used.” The error
amounts te just under a f#ct;r of 5: gherefore, the order of
éagnitude. of effective mobility 1s 'essentially unchanged at-
10 Yh2/v-s. A slightly different value is deduced from the shape'

of the charging current transients. Effective mobility is the

- s (38)
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product of 0O from.equatxon <29> and the true mobilxty. From their
estimate of trap depth energy. ( 44 eV) and densxty (in excess of
10 2" :n-3), the trye mobility is‘calculated to be 107 In? sy g, This
i; much lower than the.elec:ron mobility quoted in 6ther SQUrCes
(59}: and is, in facet, inconsistent with.traﬁsport in extended
States. |

Their coworkers, Jones “and Hughes, (11) prepafed orides in
thk' same manner on sbutte;ed Ta films (b.c.c. phase). The J—V_
curves appear the same, shbwing a tapid rise due to Poole Frenkel
trap emptying, followed by a Javig? Tegion for.the Ta electrode
positively biased. They corréct .the mistake with Tespect to
dielectric constant, - ang determine a.t;ap dengity of 102%;Jand
an effective mobility of ldlsmzlv;s. The transient Tesponse
agreed with these values.

_The' third paper from the group then appeared, authored by
,Cubanski and Hughes (70). The only change in structure is the uscl
of gold counter electrodes instead jof aluminum ones. In the
course of their temperature studi€§/ they discovered that the
films were rectifying and--space charge dominafed when freshly
Prepared - but exhibited low leakage osymmetric a(y) vs 7y

behavior after being heated in vacuum. In fact, the original

.characteristics could be restored by Trte-exposure to the

v

atmosphere. They attributed the change to oxygen diffusion.
However, as mentioned previously, moisture is also a likely

éulpri:. The significance , they drew from this behavigr was that

(39)
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if cohduc:ion was controlled b} conéztions at the anode, then,
con:ra;y tb previous assumptions, the scLc observed was actually
hole iﬁ]ection. A note that can be added las proof 1is the
similaric} between the mobility cglculated by these workers and’
that deduced from anodization studies bf Kadary and Klein

(lﬁlomzlv-s), (68). A final observation was & SC (therhélly

stimulated current)’ _sc&hs cf both the éectifying and
nonrectifying shmples haﬁ high temperature regiéns where the
seunse ;E cur;ént flow was opposite to convention, inéicating
non-uniform internal'fieids.

A 'summgry of the experim?néal evidence for SCLC is given in
Table- II. This presentation of the data highlights the very low
mobilities usually'lob§erved; and th; association of SCLC with

-

anodic oxide films thicker than 100 nm. ?

(40)



TABLE II

,

Experimental Evidence for Space Chaxge

Limited Conduction

DEVICE STRUCTURE | THICKNESS | EVIDENCE | Nt u  “| REF.
(nm) (@ 3) | (m?/v-s)
Ta-Ta 0 ¢-Al 160-510 Jw2, -t | 102 | 10-16 | s8
Ta-Ta 05 Au 300-500 Jave,J-t 70
Ta-Ta,0-Al 300 J&2 J-¢ | 1024 10— 18 11
Al-Al,0;-A1 ' 50-130 Jov2,J-¢ | ]
. —Au : - -
Ta-Ta,0 ¢-NiCr:Au 500 Jav? 1024 ’ 108
Nb-Nb,0 c-Au 160 Jav? 1025 1105
Ti-T10,~Cr 2000 AEERTN 106
Nb-Nb,0 ¢-Au 100-270 Jav3aS 7
=In . Jav? '
Ta-Ta,05-NiCr-Au |- 190-350 Jw?2 1624 109
$1-V,0,-Au 160 T2 1’019_ 10°8 | 110

L}

(61)
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PART I - BACKGROUND
Hopping Conductien

Thco;yf

As the name suggcstﬁ, hopping conduction describes the
process by  which c;rrierfr_-;ove ‘through ;n insulator or
semiconductor via a discreate number of jupps between localized
states. The distinction bet@éen such 2 process and Poole F;énkel

conduction, where carriers also "hop" from one localized state to

another,  is that the true hopping carrier never reaches the

Sonduction (or.valence) band. Its mobility is much lower, usually

less than 10 “of /V-s. Both electrons and holes can hop. In
P .

addition, the combination of an electron and :he polari{ation

induced potential . well thag_iﬂfrounds it, known collectively as
the p;laron, can also hop. Polarons only form in those ionic
lattices where the elegtron is moving suffi;iently slowly that
the Jlattice has time to distort in Tesponse 'to the charge. Also,
since to move a polaron, the lattice distortion around the

electron is dragged along, the effective mass of the hopping

entity is larger. Both these effects limit polaron hopping to low

e ———

mobility materials. The two types of hopping - that of electrons

z2long a band of localized states at the Fermi energy, and -that of

polarons - will be discussed in this section. The aim will be to
produce the appropriate J-V-T (current dehsity -~ voltage -
temperature) equations. The study of hopping and polarons is much-

more extensive than can be covered here. Extensive reviews

. (42)
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covering additional topicsi such as the frequency dependence of
conductivity, and the optical properties of systems of hopping

carriers are found in “Electronic Processes in Noncrystalline

A Y

Materials" by N. F. Hocf.}ana E. Davis (47)..

i - Varjable Raﬁge Hopping :

»

Low Field Behavior:’ .

’

The Fermi energy of the ﬁon-degeneratc seﬁiéonductor o;
insulator lies within the baﬁd 'gap between the valence and
conduction bands. The band gap of a perfect cryscai is
characterized ﬁy the lack of alloved electron st;tes, whereas
within the baéé‘ gap of an amorphgns material or a heavily doped

and compensatea gemiconductor & small but non-zero numbe? of
states are preseét. Thus in a perfect crystal carricfs must be
activated to the appropriate band to participate in conduction.
The . electrons within a kT or so of the Fermi energy in an
amorphous or. highly doped sample, however, are abfé te hop from
one allowed state to another without necessarily reaching the
conduction band. As expected, thé principles that govern the.two
processes ate quite different. & distinction can a}so be made
between the hopping 'conductér, and a metallic sample which also

has allowed states at the Fermi level. In contrast to metallic

samples, the States at the Fermi energy in an amorphous

-~
- -

semiconductor or insulator which exhibit hopping conduction are

" (43)
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too few to overlap significantly. It is the overlap which leads
to the ‘formation of extended states and gives rise to band-like
conduction properties.

Consider an insulater with a disgribution of localized states”.

Cat the Fermi energy. The probability of a successful hop depends

on the energy difference,'UD, between the origin and destination
state, and the' ‘overlap of the wave functiops of the two :Eates.
To quantify the overlap, let the potential in the vicinity of a

localized state be given byr{111) .

¥ (z) =¥, exp (-nr) : <48>

where n = \}2 m Ly
—

Ld - the ionization energy of the state

a” - the eéfective mass of the carrvier
For the materials bei?g studied here the ~radius éf the
localized qt;tes, given by i/n, is on the order of a few tenths
of nanometers; Ig this notation the overlap factor in the hopping
probability {s 'given by exp(-29R); where R is the hoppiné
distance. I; we compare hopp%ng to the analogous process of ien
diffusion then it is possible to define a diffusion coefficient D

1

for hopping: (112)

-

D = vR? exp (— ;%) exp (-,ZnR) ) <49>
-]
’ (44)
<.t -
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where Vv is the attempt ~ to - escape frequency {which some

authors have set to the lattice vibrational frequency of 10!2s-1

@y, . 4

Hobiiity may then be ascertained by use of the Einstein

relationship p = qD/KT. -
vk W \ .
T &ﬁ gxp (—??.) exp (-ZnR) o .<50>
and thus
- < = nq ug

= g2yR2 EN(EF)  exp (4 ,:,?, - 2nR)

where n = N(Eg) kT
-
The minimum spacinag of energxes in the band of localized

states has been estimated by Mott (111) to be

o,
Tmin ¥ T ROW(Ey | | 3P

At low temperatures, all transitions will be to states sepptated

by this value, so that

n q2up2 : MR- 3
J q*<vR EN(EF), ?pr (—QHR W) <53>

Clearly, the exponential has a maximum when.

9 . .

TRRETE I

T

or
4 9

R = 8N (Ep) kT - <55>

* [ ]

- (45) ~

sB
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If it is assumed that ‘conduction is dominated by these

optimal jumps, then h

» N

J = q% v R? g N(Ep) exp (-§—”5) . : <56>

3
' T
¥ = q2 v R? ¢ N(EF) ex;:—|: —%

]
18.1 n3 _ : -- .
where T, = ﬁfE;TE_- <58>i

This is,known .85 the Mott law for variable range hopping. The
numerical prefactor in <58> vardes from 5 te 20 depending on the
averaging technique used. . . - 'g

At higﬁ temperatures, the limitation on successful hops will

-~

not be the supply of. thermal .energyl,- but rather the overlap

factor exﬁ(-zné)i Under these conditions the observed activation

3

energy will be: umax'- which 1sl equal to thé mean spread in

R /
energies within the band of 1ocalized States. The,hallmark of

variable’ nge hépging is, .therefore, an Arrhenius plot of
kn(J/V) vs 1/T which is not linear. A typical example is shown in

Figure <7>. The activation eneréy derived from such’ a plot

i

decreases continuously as temperature decreases, and the low

temperature behavior is better fitted with In(J/V) set equal to a
N '

linear function of T4, Because the low temperature behavior is

so distinctive it is most often used to_test the applicability of

the model ;o’Eiperimen:al data.

"

Related 109‘,tehperature hopping conduction models have been

proposed. For instance, if the density of states at the Fermi

- ' (46) | ‘ N

L .
] T ¢S57>

.
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Figure <7> Temperatu:e;Dependence of Activation Encrgj in Hofptng

e .

C - g

The activation enexrgy of conductivity in a system exhibiting

variable range hopping is a constant at high temperatures when

the carrier hops between nearest neighbours of a fixed energy

separation,;a maxe Below a transition temperature, 1&, the carrier
may not posses sufficient energy to make a transition to these.
sites, and will instead be forced to find a more distant site

whose energy separation is smaller. Thus the observed activation

energy drops at low temperature.

o
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g

energy is allowed to vary uith'energy, analysis has shown (113):

"1

-5 (b)

lno-~T - <59>
« bl ~
R : <60>
—_—— . —_— b . |
where N(E) - [E-Ep| _ <61>

Note that for b=Q (constant density of states), Mote's

hopping law s fecovered. In the exﬁerimental work a:companying'

this analy;is,.an exponent of .&d * .05 was found for a4 number of
amorphous semiconductors including Si, CaAs, GaP, and InP.

It has also been pointed out th#h for films whose thicknesses
are comparable, 5: less _tﬁan, the hop distance, conductivity
becomes thickness dep?ndent, and s(b) of equation <59> approaches

1/3 (114-116). ) \

High Field Beh;vior:
So far hopping has only been shown to produce ohmic behavior.
The model has been extended to higher electric fields (117-122).
— It s asSumeﬁ .that for each jump of length R the electron picks
Up an “amount of energy qiR._The effective activation energy is

then W«q&R and current density is

L A
o 3= Ky g exp (E%—R) exp-[—,?] <62>

where Ky = qzv Rn
k1

¢ is a constant less than unity introduced by Pollak
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and Riess (119) to take into account that the path from one site

_to ;no;her has only a component exactly paralle! to the field.

Their percolation methods gave a typical value of ¢ to be .17.

At medium field strengths a significant number of transitions

are made “upstream™, against the electric field. For those jumps

the barrier is increased. The net current density is given by

(117,118,120,121): . oo

ar

kT <63>

- To %
J =2 Ky £ exp- T sinh

Shklovskii (121,122) and Hill (117) both extended the work teo

=
. S——
high fields. In Shklovskii's treatment
s )
J a exp 9ER

%T vE0.9 (§a?

Hill on the other hand. finds that at higher fields, the

electron /gains enough energy to reach the conduction bahd, and

thus no{ longer qualifies as a true "hopping” carcier. In facrt,

his treatment shows that the differences between hopping
conduction ahd Poole's law for field assisted ionization of
closely spaced donors become negligible as £ increases. Poole's

law "will be disdussed in Part II as’ an extension to Poole

Frenkel conduction.

"In all of these treatments, R is temperature dependent. At
- . i~
- low temperature the electron must hop a longer distance to find a’

'site that differs by only the  small amount of thermal energy

(a8)
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avajlable, whereas at high teméerature, the electron can jumé to
any of the ne&éest .neighbours. Thus R should decrease with
increasing temperature.
ac Conductivity:

Althohgh the 'tcmpéra:ure. and‘ field dependences of hopping.
conduétion sh&le suffiée to distinguish Setueen hoﬁping and the
other condﬁction models proposed for Ta;05, most researchers Tely
upen on further Signature: that is, the ac conductivity q(m) at
lov - frequencies (10 3 to 10° é;).for hopping conduction is found
to be proportional to w sﬁhgre 0.8 <5 ¢ 1. %he derivation of the
detailed expression is found in reference 123. The main result is

quoted below to permit the evaluation of experimental evidence,

from the literature, even though the ac properties of the films

*in this study were not examined in any depth. .
. . S
o (w) - 2.592 kTw (5— 2p-5 Jln (—)E <65>
Uo w

where n = hopping carrier density
N = overlap parameter (equation <48>, ﬁage 44)
Uo = disorder parameter
. 12 -1
vV = phonon frequency (10'% s~!)
For 1low frequency measurements, Mott estimates the frequency

dependence of (In(v/w))"  to be approximately - w2

yielding an s of-.8.

(49)
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In contrast, the high frequency conductance was found to be

(124) ) _
2° L
: 3 ¥o\).
o(w) - (=R h =3 ;ln =2 (- : <66>
U, : B+ T
vhere Yowas defined in equation <48> page 44.
An mz_ :response is often found in insulators and

semiconductors.. However, other phenomena can also gingriS¢ to an
w® response (e.g. series resistance), so that the high frequency

response is not conclusive evidence for hopping conduction.

- (50)
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if - Polaron Hopping : -

.

Low Field Behavior:

Because poléron_ hgpping is completely analogous‘to electropn

hopping: the basic equations describing J-V-T behavior is the

same as in equation <51> page 45, Trepeated bére.*

J = qivnz £ N(Ep) exp,[— ﬁ-ZnR] . <51>
In this case however, the nature of the‘hopping carrier, the
péiaron, _contributes to the form and temperature dependence of
the hopping activation energy 53(125-127). In the hopping of the
polaron, there are two energies to be considered: that needed té.
form the polaron, Up, and that needed_ﬁo overgome any energy
difference between the origin and the'destination states, Wp. To
calculags UP, lec_the_distoftion epergy of ay ion.be expressed in
terms of a displacement from an equiliﬂriug position ql.'A
patabolic expression with the value of zero at the minimum might
be: ‘

' 2 .
Ey(x) = A (x-ql) | ' ' BT
‘Let a2 second ion have a,éTﬁilar_energy form, but 2 minimum

vglue of WD i.e.

2 .
Ei{x) = A (x-qz) + WD <68>

These two sites are shown schemetically tn Figure <8>.

(51)
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Figure <8> Schematic of the Intra-site Transfer of a Polaron

~

2(x)

Aoy displacement of ions I and II from their equilibrium positions
(q, and qz) Tesults io a parabolic increase in each of their
po%ential energies E_ and EII' The equilibrium energies of-
the two sites differ by UD.

. .
Adding . an electron to site ome contributes an energy B+(x - q_J,

creating & polaron- with total energy EI'. The activation energy

for the formation of the polaron is Ué.

E(x)

For electron transfer to occur the electron energy on site’l,
B-(x - ql), must equal that on site II, B-(x - qz) + HD.
| A sultable configuration can be formed- by allowing both ions to’
distort. The optimal distortion, shown here, has an activation energy

of { -

-
-
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Now {f an electron were placed adjacent to the first ion, its

energy expression becomes:

i 2 .
sltx) = A(x-q,) - B(x-q,) - <69>
which has a minimum at: N\~

(x~q;) = 2.
X=qr 2A - 9, <70>

Thus the amount of energy requiréd to produce a system of an

electron and a distorted lattice is:

—

W, = g 1) E (q.) = Ei =Aq 2 ' <71>

LIRS AT 1'%’ 7 X T A, _
Although it. may' require Up to create a polaron, it takes
somewhat less than that value to shift the polaron from one
lattice site to another. The necessary .condition is that the

electron have the same énergy in both sites. j.e.

. » .‘
B(x—ql) = B(x—qz) + WD \ <72>
The energy required to produce the distortion of the lattice

corresponding to this configuration is:

2 W : - .
85 " AGq; = qp) Pu A(xeq, - U0y 2 <73>

The energy of The energy of
site one with . site two with
{(x - ql) ~q, (x - q.) as in

equation <72>

{a» 25 defined by this equation, has a minimum when

. q) =% ¥ '
(x q,) > f R <74>

(52)
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Therefore: ; 2 )
. - ¥p _ - ¥n ‘ .75 .
. Ca A(zs %‘}) * "(%0 23) | 75
2 . 5
a Lo} P
24 {(23) * 5 +Sf_}
2 2 ' :

= ” = | - - 2
let'WH “a(UD 0) Aq0112, then

Wy o+ Wp + Wp2 , ' <77>
ta 2 16 Wy
\ Note that the enexgy to shift a polaron in the absence of

Wp,. i.e. Wy, is . one half of the energy required to create the
polaron. From known values of Wp, polaron hopping energies of on

. the order of .5 eV can be estimated (126).

The transfer of the electron 'cqn be made in two ways:
adiabatically, and nonadiabatically. -
1) Two conditions must hold for the adiabatic case: the excited
~state where ; polarization well e#is:s for both sites (Figure<3>)
must persist long enough, and the separation between the wells
mui:/4f: small encugh that the electron makes many passes back
and forth between the sites. This resonance lowers {az further.below

Wp/2 (125). The J-v-T expression <51> (pagé 45) becomes:

2,2
= 9-va‘tén _Eay :
J %T €xp |- T <78>

Note that the closely spaced 1lons imply that the overlap

factor, exp(-2nR)= 1, and that R=a, where - a i{s the nearest

(53)

-
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neighgour‘separation.
2) In the nonadiabatic case, the electron transition is not
pr;bable; thereforé):he resonance effect is negligible. Also, the
overlap factor must be reta?ned. Thefefo:e eqégtion <51> remains
unchanged. .
Schnakenberg "(127) has examined the temperature dependence
of the hopping activation energy when more than one type of
.Qhonon (acoystic and optical) are involvgd« His analysis predicts
a change in fLa from ~Wy + Wp/2 (equ‘a:i’;:<76>, page 53) to Wp as
'temperature‘s drop belowOD /2. ODis the Debye temperatur;a, which

‘ranges’ in oxides similar to Ta, 0 5 between 400 and 800 K. Wp

itself is estimated to be on the order of kT (118).

High Field Behavior: . N

As ‘in electron hopping, conductivity becomes ﬂonohmic when
the polaron picks up an 'energy q&R which is an appreciable.
fraction of the hopping activation energy. Therefore, using the

same arguments, for moderate fields:

(chE)
3(E) = J(0) sinh \2kT

. Y <79>
’ 2kT .' -
and for high fields: ' ]

32 = J(O)e\xp(s%s) - ' <80>

As mentioned before, ¢ is a number to take into account that

N
. T3

~

(54) - ]
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;ot all jumps are_ exaqtly. paéallel with the field. Also, as
mentioned before, R is :eméerature dependent, decreasing to-th;
limit of nearest neighbour SPaging as temﬁérature increascs. In
some work it is evident tha:lthe number of sites "passed over" at
room temperature can be substantial - in a variety of transition
ﬁetal ion giasses Austin ané Sayer found the hopping distance
appeared to -be 4 to.17 times the intersite spacing_(lls). They
attributed this to the enhancement of the local electric field

around the site due to fluctuat10%§ in the local well depths.
/

A

(55)
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Experimental Evidence: SN

Hopping conduction is well documented in amorphous

semiconductors (113, 114, 116, 128-130), heavily doped ;1;gle

crystals (131-134) and transitton metal oxide single crystals

I . .
(135). In this section, the emphasis is on those materials most
similar to Taj0g. Only two \examples of‘hopping conduction in
Ta,0y . itself are found. Both cases_ rely heavily upon the

examination of the frequency 'dependence of ac conductivity. In

_Savinova's study (136) 0 was found to be proportional to wswhereA

s = .95 - for frequencies between 1e7! and 103 Hz, and
temperatures between 300 and 400 K. Bryksin et al. (137) also

examined the ac conductivity of Ta,0.. In the range of 1 to 10°

-

Hz, s was found to be .95 at room temperature but somewhat

J———y

smaller at higher :eﬁperatures-.?hus variable range hopping was

inferred. Bryksin et al. also looked at the temperature and field

.
" .

dep#ﬁaenéé of dc conductance. Mott's law, equation <¢57> was

observed for an extended temperature ragge (77 - 400 K) and

equation <62> relating electric field and conductance was

.observed for £ between 2 and 3.8x108 V/m. A characteristic hop_

from the data. The number of sites particgpﬁiing wvas also
calculated to be on the order of 1026 5=3,
Also note worthy are the examples of Si0y studied by Frost

and Jonscher (138), and the Cr,0,; studied by Barbe and Herman
' 2

o - (56) o T

—t
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(139). In both cases, the ac conductivity indicated hopping,
v

while- the dc behavior was best analyzed using the Poole Frenkel
model. These models are compatible, since the ac behavior is
controlled by the easiest transition, whereas the dc behavior is

»~<BMerolled by the hardest transition (140).
/ -
The experimental evidence for hopping conduction in Ta,0

- and related compounds are summarized in Table IIT.

(57) . -

™



TABLE III

Experimental Evidencé for Hopping Conduction

. R ee
DEVICE STRUCTURE . THLCKNESS " -EVIDENCE . REF.
. (nm) \ ’ .
B o ———— - - ———— B e T SUpY N |
| Ta=Ta 0 ~C 200 g~ w-95 136
Ag
Ta-Ta.,0 - Al
2Ys
acid
$1-Cr;0 ,-Al 100 / o ~ w-35LF 139
: [ o= w® HF |
h—-,-_--“_-f-_“—‘*ﬂ-—_“_— — i rp—
Sc-Sc,0,~In - 10-15 L o~uw A1
R -54¢s5¢] v
. - - Nk
gz . ="
Au—(vzos)(PZOS)-Au T~ o ~uw ) 142
o . . -73<s¢<.86
L ga=fen(T)
e . _ _— _ —t
Au-510_-Au -/ 220-420 / w6 163-144 )
— —_—— (A —————— - —
Al-AlN-Al : 125 1 . o~ w3 145
AL}-SL,N - [Al 120~ - lag ~ 7% "146
T 1T1t- , '
Al- biotite -Au 10° k Ing :-'I";"‘ - 147
mica ’ LS / lng ~ ¢ -
. . ga=fen(T)
— e e e e ] e ~ - —_———] ]
Au- {Ni? }-Au 500 Ing ~ 1% 175
FeF, Za=fca(T) :
- I
- A
&y \
' \\ ' _ _,_—--"‘l %A:w . Si
N ‘-\ /' * Yo B
e — \
g ¥
’- <
»
/ -
P
[ L . . A
- - /.' * = ; - -~
- . ' . ‘hﬁ -
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-~

1. POOLE FRENKEL CONDUCTION THEORY d .

r

-

7In- this section a detailed Poole Frgnkei condgction theory
will be :presented. To begin with,simple one diménsiogal analysis
will be .put forward, followed by an  extension £o three
dimensions; | Then field enhanced ionization of nbn-Coulombig
_pose;:iai wells will be discusseq. This will s the stage for a
description of the ‘current density - voltsge - temperature
(J-V-T) behavior_ expected when Poéle Frenkel ba?rie; lowering
controls conductivity.' Althopgh ‘this thesis 1is concerned only
with dec cond;etivity, field' enhanced barrier lowering is of -
cencern in the ingerpretation- of DLTS (Deep Level Traﬁsient
.Spectroscopf) (16§,150), FATSIC (Field Assisted Ther@ally
Simulated Ion Curré;t) (151),.photocon3uctivity (152,153) and ac
conduqtivitj (154) result#,. as well. I;HI;\?ht‘discussions of
:alternate c;nduction models, this section will conclude with 2
description of the various hybrid modfls_that_éombinelthc Poole
Frenkel effect with othgr coqductipn mbgeis: ané ;ith a summ;r

of the’ experiéentiih evidence for POJEZ‘ Frenkel copducti:;\\-

reported in the literature.
*

. - E - -

- I € 1)
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Poole Frenkel Barrier wacg}ﬁg - One Dimensional Analysis:

—_—

Poole Frenkel conduction arises from the interaction between *

a large electric field and the potential well surrounding a donor

or an acceptor. The term donor (or acceptor) is meant precisely.

By definition,  a donor is chafgea vhen empty and neutral when

filled. There are other configurations, for cxaﬁple, traps, which
do not experience Poole Frenkel barrier lowering because they are
chdrged when” full and neutral when empty. The reason for this

distinction will become clear in the following discussion. First,

consider as Frenkel did in 1938 (155), the isolated donor ig_a'

—_— -

crystalline semiconductor. Solid state theorists have shown that

»

‘the - behavior of an electron in the vicinity of the donor may be

-

described with surﬁrising accuracy by making slight modifications

to the predicted behavior of an electron near a singly charged,

positive ion (156). Because the escaping glectron sees an

attractive force due to the net positive charge on the fonized

donor, the potential well is Couloqbic; as in,thé hydrogen atom.

Y

However an effcctive 'e1ectron mass and an effective dielectric

constant are used to take into considerationm the othgr core

electrons between the positive ion_and the electron under -study.
. N P . P .

. ' )
Furthermore, these " constants are characteristic of the matrix,

-

not the source of the imperfection, which may be an impurity atom

or misplaced host atom, because the orbit of the extra electron

*
. : -
encompasses many host atoms. The orbital frequency of the extra

electron. {s such that the core electrons are not polarized.

(60)
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P

Therefore the diq}ectr%§' constant used in the model is the high

frequency one. An appropriate wmeasure of” the high frequeﬁcy

dielectric- constant is the square of the index of refractiom.

This distinction is particularly important in Ta,0. which has a
low frequency dielectric constant of 21 to 29 (157) and a high

frequency dielectric comstant of 4.47to 5 (158). In fact, this

-can be wused to distinguish between electronic Poole Frenkel

—

-

barrier loweriné and an analogoué process which enables ions to

——

move from potential well to potential well under the influence of
an electric field (159-161). In the latter cxsé, ihe low
frequency dielectric constant is appropriate.

- .
Thus & mod?ﬁ(@d Coulomb's law gives the shape of the
—

potential well surrounding an arbitrary imperfection as:

2 L)
T -9
E(r) fmee_ 7 <81>

As shown in Figure <9aJ}\'this form of potential impltes a

spherically symmetric barrier of height [ E.Eg to an electron

a—

attemﬁtiné- to escape from the vicinity of the impurity into the

konduction band. The supeérposition of amn appliéd.eleqtric field,

K—-
as shown in Figure <9b>, distorts the potential barrier, and

reduces its height for trajectories with a component’ parallel to

the field. If the field is applied in the positive x direction,
ol > !

then the total potential energy 6f the electron is given (in 1

dimension) by

. (‘“J
»

- C(e1)



3
¢

i
v
"
(o]
1]
1]

- r- .
(a> The potential well formed around a donor has a spherically
.symmetric shape defined by Coulomb's law. .

k]

. {b) An external electric field can distort the potential well
making it easier for the,K electron to™ escape in the field
direction. The amount of barrier lowering A{ is proportional to
the square root of applied electric field.

[

(
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E(x) =E_-_q° -qex

4nege x . <82>
. . o : :
. Differentiating with réspect te x locates the peak in ’ the
positive x direction
. q . .
x =
- P [‘n‘c co gmax <83>

which implies a barrier lowering of - /\/

B e
d w:co-u . T . _/ <8e>
~

I‘i\us in this one dimensional analysis the enhancement in

emission probability, P(¢) over the zero field probability, P(0)

is: : . ‘ : - v
—(g-)*exp (a) _ ,&-- .
P(0) kT : <85>

Poo\Frenkel Barrier Lowering - Three Dimensional Analysis:

-___.—I

There is an obvious d_ifficulty with this simple theory:

emission is~“enhanced foyﬂu‘ trajectonies with a component
. e - . .
aligned with /the field. Hany researchers have considered this

- e S .
aspect (65,162-165). Equation <82> {s replaced by

1

. E(r, B) - - g - QLT cos B ' <86>
‘mcc r . :

where " g = the angle between the escape trajectorf_ and the field

»
>

g'lirection. ‘ 7 - . *

]

By differentiating E(r,e) %respect to r and setting thea

result to . zero, the angle /erpendent barrier lowering can be

- . . )

~ ' (62) - . o .
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b ]

evaluated:

<87>

1
Acd - gg Fcos 0= Q‘Fos 8
' TEE .
o . .
‘ .

A}

In order to obtain ‘the.ltotal emissiqh enhancgment ratio
different methods of spatial a;er;ging over all 0 were used by
the different researchers. Connell et al..§162) used an exact
numerical method. .

Hartke (163) inte rated over the "forw&rd.ﬁepisphere" (i.e.
for -m/2 <0 < 1/2). Emission 4into the "reverse hemisphere” was
coﬁsidered to be ;naffe;ted by'the electric f;eh&. This approach

yields:

Note that' the 2" ‘term Is the constant term arising from

/.

the "reverse hemisphere" emtssion. See Figure <10>

Jouscher (65) set the Teverse term tp zero - implying no .

reverse emi®sion. Hill (164) proposed .that an appropriate

approximation: would be to let. the barrier at (r, y-g) in the

- N

“reverse” direction be increased by the same amount that the

barrier, at (r, g)- had been decreased. The resultant expression

is: ) -~ K .
P_(;l_Z' Ez @ Yeosh [ o ;sinh_a_ .
@ . \e o SR ALY <89>

leda et al. (165), on the other han&, introduceé the concept

o

.that' gi\en the'availability of thermal energy cth in the form of

-

(63) . ...

PE) [kt P . faN] 1
P(Q)\ = [?:! [1 * (qu ‘l) exp 65)]* 2 <88>
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-

?igure <10> Field Dependence of Different Emission Enhancement
Rarios®

P (EY /P (D)

) 5] . 4. 8 12 5

/

/KT

In this diagram the Paole Frenkel emission enhancement ratio (s
plotted against the dimensionless parameter &/kT (defined on page/ ™
62yfor the following models: .

one dimensional . equation <85> "page 63
-—-- Hartke - 88> . . ‘63 ' .
—'— Hill © T <89 63"
se-e< Teda et al. ' : ‘ 91> 64
seseeo Ogsager/Pai (one step process) <93> 65

Note that the slopes of these plots are the same for a/kT > 5,
corresponding to & voltage of 0.6 V for the devices considered
here. - : ’

v - . - -
'v Y .=
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Figure <11> Schematic of Truncation Procedure of Ieda et al.

- - .

In the procedure of Ieda\et al. (165) the ngE of the Coulombic

potential well is set to, be where the energy of the escaping

electron Is within g, of ‘the conduction bang. In this ﬁ?hqs; an
effective radius, refgﬂ and an effective donor depth Cd(d) c&h he
defined for all trajectories.

E g

il
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lattice phonons, thq’ cartier need only reach within “th of the

band edge- to be considered fonized. This assumption permits the
definition of an'effective potential well depth, ceff(ﬂ) for all.
carrier trajectories 2s shown ;n Figure <11>. It is then possible
to integrate over all 'e in a simple'ganner. Two regimes becbme

appérent. At low fields the carrier is ionized before reaching .

the peak of the barrier, so that the enhancement ratio is:
L

. 2 3
] %ﬁg% - 20, 5% sinh <90>
(0. « Gt

But at high fields, -the radial position of the peak of the

barrier, :p(e) is within r,¢¢(g) for some portion of the "forward
hemisphere"”, so that: -

2 4
;JQ.[EI] (&- 1) exp(i_t_h)_
(92 a kT kT 2kT

‘ ‘ C
- . :h . kT .

. . —
Equations <88-89>, <915 and .<93> are compared against the one

@

dimensional equation <85>, page 62 on Figure <10>. Note that for
high electric filelds the slopes of the edhancement ratio vs /¢

curves are identical. Only at low fields are diffcrences evident.
. =% -

Also, each of the three dimensional approaches characteristically v f\\\

~

produce near ohmic behavior at very low fields.

So .far} all of the Poole Frenkel conduction models have -

expressed the emission enhancement ratio~in terms of the barrier

[
r

’ ) . - (64) . . oot '::
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height alone. The implication is that the nature of the escape~

@E“\f\

process has little effect on t:he observed _electrical behavior. In
contrast, ‘the Onsager approach (166 169) explicitly considers the
three dimensionsl diffusion process (Brownian motion) in the

/
yrescnce of a specified potential. The equauon to be solved-iss

-

0 ' ) ’ ' N
3f kT (z,8) [E(r e)] <92> '
— o — —-._Z_ ——
T q L div ,}xp[ T ]grad £ exp T
where E(r,8) is given by equation <86> page 62 jp—
- f {5 the probability function '
u is mobility o -
The solution’ in the case of the electron originating at a
donor for steady stmte is: . : _.l ' AR
; : a
P : S :
P(0) N J; = Bessel funct:.on of <93a>
. 2KkT ' first order. -
- l 2 1 L [ .
s - - — -(—1— —r— —Q— ‘ —-_l ol - ’
T L+ 2:(2kT)+ 213!(2161) * 3:&:(ﬁr)+. eee U <93p>
. . a
The subsidiary asshmptions are: .
' 2
1)  cartier is delocalized if r>1| q )
. ) ' 4mesT :
- L
: : ' 11) exp{qércos® —1 for r < _1_ q 2 B
. kT h'neg_k'r . -
. . ) “
111) negligible screening - . ‘ : -
iv) neéligible overlap of adjacent potential wells . .‘\\
N ' "

‘ ) 8
Pai (167) considered the ramifications teo thc Poole Freakel

~

conduction situation. His results are also shoun on Figure <10>.

- . '; - : D ., (65)

B RV

v
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'po:entials' such as the screened Coulombic (173-177) and those of
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. @

A simple formulé which replicates }qua:ion <93b> for £ in the

. 6 9
range of 10 to 10" V/m is given by Adamec and Calderwood (168):

-

.75 : *
PCEY _ kT a .
. P(O) .531 [G—-] ex? [_kT:I . \/\ <94>
™ ‘ - L

The Onsager formulation is especially useful jin déEé?ﬁbing

the electric field dependence of rdcombination éyents where the

electron and hole are -initally_seﬁarated (166, 167, 169, 170).
. .‘ .

The change in E:Fndary conditions Lak a profound effect on the
‘fét??“fé:fendenCe of .the enhanc;mént ratio, as shown in Figufe
<12>. The high field ln {P(£)/P(0)} linear in /€ behavior is -last
and instead the enhancgment ratio tends_ to _sagﬁr#te at high

7

fields. There is one situation that might be encountered in an
insulator to ﬁgich this form may apply. Suppose the ca;;ier
begins i£s escape ~from a neutral trap within the Coﬁlom§ic
potential ueir”kl71,172). ThelOnsagcr formulation for initially

separated charges must be used. Plans et al. (171) call this the:

two ‘step process, and find experimental evidence for it in the

case of the release of photogenerated carriers in TSC (Thermally

Stimulated Current) spectra.

. .
% “ o~
. " . .
.
e
- L

Poole Frenkel Barrier Lowering -~ Non-éouiomﬁic'Po;entials:

At " this peint, it could be noted that field " enhanced

Rl

emission need not be restricted to Coulombic potentials. Other

-

- (66) -
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Figure <12> Onsager - Poole Frenkel Emission Enhancement Ratio

s T - - -/
S et
& =
Z_, , N
ohlN | a/ /
- | _ o
i i ' .
192
9-? N i y
g 16° ‘ :
2 S 18 15 2B
v S /KT

‘-14@ field dependcnée of the emission enhancement ratio predicted

by the Onsager .wodel {is compared for the one and two step
processes. In -case (a) the elestyon begins its escape from the

g,;_,f'/ center of the potential well, w in ¢ase Xb) the electron
starts - its second step of the escape\iroceks fr@m 2 distance of.

1.5 nm away from the center. a/kT which is proportional to/g -
was defined on page 62. From Pai (167) . .

Y ¥

FERYY
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:he form E(zr), Ar™ have been considered (172, Lf&:l?ﬁ, 178-179).

‘ ) - ~ 3 N
While strictly speaking the resulting conduction formulae are not
- = Py

"Poole 'Frénkel-lﬁre"..in nature, it is instructive to consider

-

them here for comag;isoq.

The screened Coulombic 0T Yukawa potential (173-171) has

J
béen studied inb the context of donor lonization. Thc potential

energy of the electyon in the v1cinity of the donor has the form:

-
- .

L 2 . . : -

o s(r?e) = exp| = B qer cose <95>
D £ T r

SRS P o o‘. 6

C e e Lo - -

“where T, is the shielding length. " .

n

., Asin convéniionaLPoole Frenkel analysis, the erergy cquation
. T |
<95> is ifferentiated with Tepect to radius and set equal to

zero to cate the barrier extrems. In this case, however, the

process must be done numerically. Martin et al. (173) presented

analysis that showed that the Yukawa Botentlal only deviates

~—
-

significantlé_ from the Coulombic potential when r is less than’
_ —_ )

L)

10 om, Kahat and Schirrmeister (177) give theoretical enhancement

ratio curves for a Tange of electric fields, séreening lengrths,

dielectric constants and temperatures. They present an estimate

" of the screening length:

- . —— '

[T ec ' ’ ’
fo = _8 o . . . <962
2 +- .
Nd : ,
vhere Tg is the temperature at which the defects were ‘formed
» N .
+ — :

Ng 1is the density of charged donors '
.t .

(67)
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Although this expression was proposed for glasses, it can
serve as a figgsjorder approximation for amorpiious Tazos. Given

the material properties of'TaZOS, equation.<96> implies that in

- 22.-3 )
excess of 10 m charged defects are required to reduce the

“
~

screening length to less than 10 nm. Thus consideration of \the

Yukawa potential is necessary only when donors are dense and

shallow (i,e. charged ‘"at TOOM temperature). The strong

temperature depeadence of conductivity in T8205 demonstrates that

L L
conduction is not dominated by shallow levels, and thus the

Yukawa potential can be safely approximated by the Coulombic one.

- Another class of potentials that has been considered

~
—-

(172, 174-176, 178-179) is of the form: .

E(r) = A ;—m

. ‘?‘&EK
vhere A is a constant, or slowly varying function of r

“This yie1d§ 2 one"dimensional field induced barrier lowering

of_:hé form:

1/m ﬁ)m+1 -
P(g) | wtl[A™ "qe ‘ .
v POy, e"*’(‘ﬁ'_[ m ] , ) , OB

—- Marshall and  Miller (179} also used a truncation Procedure
similar to what Teda et al. (165) used  with the Coulombic
potential in order to extend ghc work to ﬁhree:digen;ions.

The Coulombie potential is the special case where m=]. Q;hcr

exponents are also physically meaningful:

(68)

AT
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1) m=2 corresponds to the dipole potential energy: \‘\

. . =qPcos <99>
E(r,¢) z%zz;;zi _ 99

which may. arise from ga complex of two oppositely charged

-
centers (173), or from a dipolar molecular impurity (180). In this

case the amount of barrier lowering is dependent on the angl

between z and,g.

{1) m=3 is the quaarupolé potential energy which-may'ariSe

from lattice strain around a substitutional isovalent impurity

(172). -

S

1ii) m=4 is the polarization potential which has been used -

‘to describe that around neutral traps (173).

Two other potential’ wells vith similar field dependent
enhancement ratios have been considered. They are the system of
multiple " overlapping Coulombic wells (164}, and the square well

(173,181). Both lead to Poole's law (155,164);

Il

= exp (BE) <100>

where B is a constant

—

To Qumm;rize. the field enhanced iorization of a deep

- - . :
fmpurity in .a semiconductor or an insulator has a variety of
theoretical lforms governed by the asgumed shape of the potential
Qell.' The most géneral- form is é(r)ﬁlr'm which ieads to an -
enhancema;t ratio that increases exponentially as £ to the

~ (69)
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exponent of m/(m+l) for 1 ¢ m < 4. Only the Coulombic form (5-1)
expected for simple domors or acceptors leads to the Poole

Frenkel efcht. The screened Coulombic or Yukauaiﬁotential should

) be used at high charge densities. By correctly taking into

account the possfSZlity of emission in all directions, ohmic
behavior ~“is pred£pﬁed at low field strengths with the Coulembic
potential. At high field strengths, howevef:-all Coulombic forms

approach the simple one dimensional form, i.e.:

//{ . .
,”’ . In this work, therefore, the various cqnduction models will
. be. tested Iin the high fiéld tegime. The low field behavior does
not yield much additional information, as was noted by Hrivnak
o (176). The primary reason being that the close similarity between
the vgrious ‘three dimensional Poole Frenkel models at low fields

pFecludes distinguishing which model is most appropriste.

ey

.

(70}

N P(E) _ ol 14/8° & <85'>
L PCO) .“P[kr:l exp E{_vaeeo] _ |

’
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Current - Voltage ~ Temperature Behavior :

. - -
-_ e

Electric field enhanced emissfon will lead to electric field

dependent carrier .concentration and thus nonohmic current -
voltage behavior if and only  if the source of carriers is a
partially ionized donor (or acceptor) level. In the following

discussion, the expressions %elating CuTrent to-voltage in the

presence of Poole Frenkel barrier lowering will be derived.

o

In the ‘most general system containing acceptors and donors,

the &xpression for charge neutrélity is (182):

+ =p + < .
n f1?d,~ Na P na + Nd 101>

where n = the density of free electrons

Nd = the density of donors

n, = the density of un-ionized donors
P = the density of frefe holes =
Na = the density of acceptors ' -

n, = the density of un-ionized acceptors

_—

L€t us consider an n type material. This {mplies that p and n
are negligible. Now
E -E .
n =N expl_F = . <102>
N O :

where Nc = the conduction band effective density of states
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EF.= the Fermi energy

Ec ='the.conduction band energy

Also {
n. = Nd Nd -
- 1 - E= R - <103>
. 1+ Texp|_d Flo1+ _Coexp|_t '
' ‘ 8 T . 7Zn kT.] - ,
where Ed'= the donor energy level Ty ..
- -

;d.= Ec-gd’ the donor activataion energy
Lo 7 . -
g8 = ground state degeneracy of the impurity level ( = 2 )-

.

For the sake of brevity, lcpg - : -

. N ' ai cxp -Cd ’ . . 7' '.';.( h . <1_0{¢>
- < 3 kT ' ‘

Therefore, from <102>

\\\\ n = Nd - Na - Nd : <105>

I+N °

. which yields a quadratic expression in n:

2 3
n- o+ {N." +. N - ' - -
T RN N ) 0

. . <106>
with a phxsically acceptable solution .
o= - % (Na+ﬁc') + % ((NCT+N‘)2+6;NC'(Nd-N.))llz _<107>
;his-;é;muia ha; two simple approximat%on§ as describc?vbglou.' -

i ‘ , ™

(72)
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CASE I --Uncompensated Donors

Let Na be -very small. In addition, let Ng > N.c' to ensure
A4

that these levéis are partially ionized for Poole Frenkel barrier
lowering to be significant. 1In this case equation <107 has an
approximation of

aT N 'N = cNd exp |- L4 ' N - <108>
¢ d — —— . -
2 2%T )v

And in the presence of Poole Frenkel barrier lowering in the high.

-

field limit where from page 62:

'M'd " 4/E . i <84>

Thus . : . - '
N N C . 3 T .
A= £ d expl- do| exp 1 q_ £ -
, 'K T T nee, <109>

The progression from carrier density to current density can
now _be maded In well behaved crystalline semiconductors, the
relationship betwéc':n electric field and current.‘density is linear-
with the cbnstant.of proportionalit‘y\hging the product of carrier
density, mobility and the electronic charge: Therefore the high
field behavior of a semiconductor "containing donors (or

acceptors) is expected to be®f the form:

J =nqpg - T <110> -

(73)
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and thus . T

N N
J = pq" ¢ d Eexp[ ] <111>
2 2kT - 2k

This may be recast in terhs of thé expcrxmental parameters:

current density, J, and voltage, V:

J = Kpf V exp(8 /V) <, . - <112>
where
K =7 exp|-No _ <113>
pe ~ p[__g] i
2kT . .
d

. 3 . <1145

B 1 qQ .

: kT é'ns:cod .

d = insulator thickness
- 3 _ ]
"k Mg , -
2
CASE II - Partially Compensated Donors

~In this case let the acceptors rTemain, but in smaller

numbers than that of the donors. Furthefﬁore, let N >> N ', This
: a c

-

condition allows expansion of the square root in equation <107>"

as follows:

‘ 4 (N -
n o= -E .-l-_i: 1+ lq.cz (Nd Na) <115>
2 - N z ~
a
or.
(N, - N )
n d a <116>
N
a

- (Nd - N;j N exp|- Cao ' <I17>

2N € . %T

a ~

Therefore in the presence of Poole Frenkel barrier lowering,

n = (Nd B Na) N, exp |- do exp <118>
2N_ ¢ kT kT Tee :

(1) . =
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which implies . oy

"N 3 . s
. 7 = pq'Ny )Nc g exp [~ Sdof exp _g‘fq £ ) <119> ‘
‘ - 2N kT kT TEE ) :
. - W,

" The 8 that arises from tiMis situation is

B= 1 h° <120>
kTV¥ree 4 -
o . ~ :

which {s twice the one in equation <114> I

L)

-

Also Kpf.diﬁfers %roq that in equat%gp €113>, and is instead:

¢
. (N-=N) N ="do
Kpf Mg _d a’ ¢ exp *T <121>
2d N,
- »
In this work, a compensation index v is adopted to relate the
true barrier lowcriné'Acd to the slope of the ln(J/V)VSﬁrcurve,l
’ hereafter defined to be B. That is

g = [+ . L. <122>
. YkT;d .

:_,YkT ﬂceod
Where y= 1 ig partially compensated semiconductors ®

or ™ 2 in vacompensated semiconductors

T.

Ochey €ases may be envisioned invelving impurity sites that
-eXperience Poole Frenkelh%;;}ier lowering; e.g. ﬁ:1may be allowed
to increase further to surﬁas; N » but then the original equation
<102> must be rewritten for p-type material. In these“and other
cases analogous expressions .can be derived. Simmons (6) and Mark

-

(75)
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and Hartman (183) have examined these and have found no new forms

" of the basic carrier concentration equations. The contribution of

Yeargan and Taylor (186) was Lo point out that since g is ﬁerived

-

from an approximation at the extremes of the permitted populntion'
of parxially compensating acceptors, then vy should vary between

1 ‘and 2.‘

.
e

.Recall  from the discussion of punch-through 'Schottky'
barriers that the Schottky B, which is the slope of a 1n(J) vs /¥

plot (equationm&i3>, pagé 22), has a value exactly equal to the

- slope of a similar curve for Poole Frenkel conduction if Yy were

2. This has lead to difficulties in distinguishing the two
conduction models, especially since the uncompensated case yhere
y does equal 2 was not originally considered (74,183,185). This
issue was brough: to a head when data was published that appeared
to have a Schottky like §  (82) even up to thicknesses of ¢4 pm,'
and even  when dissimilar contact materials were used..To
reconcile the apparently coptact controlled J-V behavior u;th
otherwise bulk controlled characteristics, an argument was waged
in the literature between the various camps of Jonscher, HIll and
associates at Chelsea College (65, 138; iS&, 185-1&7); Simmons
and his students (6, 73-75, 188, 189); Mark and Hhrtmnn {(183);
and Yeargan and Taylor (184), until the explanation was found in

semiconductor carrier statistics.

(76)
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hodific;tions and Hybrid‘Theories:

‘The task remains to test the theory for its validity in the
applicatlon. to anodic 'l‘azo5 films. Although the above simple “
. ’thgory is derived for an isolated donor in a crystalline.
semiconductor, it is used to explain the behavior of imperfect
amorphous insulators. There is considerable irony in the
observation that Pocle Frenke% conduction has been rarely
Teported in crystalline materials (190~196). Jonscher (197
offers an explanatiéﬁ. At the electric field s:rengths requzred
to significantly increase free carrier concentratxons through
Poole Frenkel barriér lowering, avalanche brcakdown has already'
occurred in a crystalline solid.‘Amorphous materials also exhibie
av;lanche breakdown, b;E at correspondingly hig;er fields due to
the short;ned mean free'pa:h of the electron. Nevertheless, the
use of single crystal concebts Eb model amorphoué behavior is one

assumption of this simple picture of Poole Frenkel conduction

that must be examined in detaii. )

First +then, the question must_be asked - what parts of the
theory survive the'transfer from a single crystal to an amorphous
solid and what parts must be abandoned? The extensive work with
amorphous. and liquid sediconductbrs of the last two decades has
established that the basic band- Structure of the amorphous
semiconductorg differs from that of the single crystal only in the

diffuse natuYe of the band edges (198,199). There is no—longer a

precisely defined band gap in the amorphous éolid. Instead, =2

(77)
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continuum of states exists within the "band gap”, which are

characterized by rapidly decreasing mobility “as the energy

separation from the approxﬁmati‘banﬂ edges increases. Thus, ‘the
electronic prop;gation that ;aLes place in the conduction band
may be safely de;cribed with single'crfstal'conccpqs.

| The. smeared-out b;nd edges do make the concept of a

precisely defined activation energy, ca' suspect, however. An

electron thermionically emitted from an impurity site does not

reach the’ condué?%?h*vpand rafter & specific energy gain - but

24

. 'l
rather it becomes more and more mobile as its energy increases. A

spread of activation energies would intuitively seem more

appfopriate. Fortunately, thegpaily stimulated conduction and

photoconductivity experiments have indicégcd that in some

amorphous materials at least, activation energies are well

" defined (69,200).

A second cpﬁcept that can be questioned is that of mobility.

In many -materials, amorphous (201) and single crystal (202), the -

r

electron drift velocity saturates at high electric fields. After

that point, mobility {s undefined and equation <110>, page 73,

must be replaced by:

- ' <124>
~ J nq vsat . 12
Thus: \ N
J a exp /¥ : <125>

-
Note that current density has a field dependence through

(78)



J

*PART II - THEORY

— ha . Fa

equivalent to saying that the escaped electron travels to the

next nearest site downstream where it is recaptured. In contrast,

the simplc. ihco;y is dependent on the e;ec:roq spending a mean)
free time ia the lconductiqn ;andﬂ Under sathrated velocity
conditions, one’ observes a linear relationship between in(J) an
A ‘rather than 1a(J/V) and /V as ngdzcted by szmple theory This
point has been missed by many workers who have used In(J)- JV

relationship indiscriminately. To the . author's knowledge the

behavior of drift velocity in Tazos has not been investigated

(203).

One final ob}ectibn to raise is how does th; behavior of an
isolaged donor relate to the behaviqr of an assembly of them in a
real - material with edges and contacts? Are the electrons
extracted and replenished through the contacts with little or no
expeﬂdrture of voltage? The only contact capable of supplying
&arriérs upon demand without szgn;flcant assistance of an applxed
e}ectric field is the trye chmic one. 'Its behavxor may be
nimicked however -by-a Process by which elebtrpns tunnei directly

into deep levels adjacent to the contact with, subsequent

excitation "to the conduction band (65). Interestingly, exactly

-
.

this kind of interfacial tunnelling was the mechanzsm proposed to
explain the frequency behavior of taentalum oxide ‘capacitors
(204). If the contacts' influence is signifigant, then one of the
hybrid. - models which combine Poole Frengel conduction with

injecting (76} or blocking (74) contact behavior must be used.

(79)

L
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On a differeht/SIeVel: -the  Poole Frenkel effect has Seen

combined with other emission mgchénisms. Yor instanﬁe; Hill
. ’ o —
proposed that the distorted barrier becomes narrow enough at high

-

fields to permit quantum mechanxcal tunnellxng from the donor
L

core to the ' . conduction band (164). stng the

Wentzel-Kramers-Brillouin (W.K.B.) tunnelling “approximation, he

was able to Teduce a rather Acomplicated expression +to a two

-~

variable system which allows the plotting of experimental J-£
. . . .

data for a range of temperatures-qp-a singﬂé graph. J and Lare

combined into a new vnriable, 9=JT exp(c /kT) where n = 3 or

4. Poole Efenkel mechanzsms arelidentified whe 9'is a hyperbolie

function of § ='B/E'/kT.‘ Thiﬁj model accounts far the decreased

e < e
sensitivity to changing temperature at low temperatures due to

the increased dominance of tunnelling in that regime, and for tﬁéf—

e

often seen ohmic behavior at low fields. Experimental data for

$i0  were shown to agree with the theoty's prediction for a large
X .

tempcrature range.

Martin -et al. (173) and Vincent et al. (181) have extended

Hill's work by 1ncorp9rating phonon assisted tunneliing over

Coﬁlombic, and non-Coulombic Qﬁlls. In these models, the carrier

is thermaliy excited to, a psuedo-state pPartway up within the"

well, from which point i;g;gay more easily tuﬁnel into the-

.

conduction band. For all these models, the effects become more

noticeable at lower temperatures.

(80)
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The, mogt convincing ;xamples of Poole’F;gnkel conduction
have tﬁree iEh‘:aracte_r’istics in common: 1In (J/V) is proportional
to\_{g and J-V behavior %s- essentially independent of ?oth"
clectrode -uork function and bias polarity. Silicon n;;rid', as
studied by | Brown et al. (205),..9nd Sze (206) fits the
description. 1In S;;'s study, concurrent ohmic and tunnelling
components were alseo identified wvia temperature dependences.
Brown -used the wide latitude permitted in the prepd&ation of this
m;terial to check the predicted variation in conduction w;tﬂ d
and €. He tes that the observed B s teunded to be 107 higher
.tgan was calculated from independent measurements of ¢ and €, in -
" both studies 8 was an;lyseé withy = i-

s

Silicon ‘oxide ' has also yielded some convi cing examplesd of

Poole 'Frenkel conductioﬁ - althou

not” always recognized as .

N\

such. The work of Hartman, Blaifr and Bauer (81) i{s a case in* :’% 

point. Nonrectifying . In(J) vs /V behavior was obtained fo:\gég}
different metal contacts and for thicknesses varying from 1 to
10 um. A Schottky emission interpretqtion was discarded on the

unfavourable comparison of the deduced barrier height and the one
observed directly with photoresponse techniques. Other internal

{nconsistencies were found with the model. However, they also

. '

discarded the Poole Frenkel theory, as it was then.knoun, because

the 8 appcared to be Schoﬁtky like. This is, of course,

- (81) -
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permissible wheﬁ Y =2. Their data also shows a classic‘cxnmple
of _the iow "bias ;fénsition from Schottkf emission to Poole
Frenkel cpSfuctign which was :not descrised theoretically fof
another "two years (74)." The results of Hiros; and‘wada (82) on
$i0; are similar. They originally interpreted it as Poole Freﬁkel

-

conduction, but this view fell into disfavour (84) because the
-agreement is very good when. the uncompensated donor model (Y = 2)

is used. The work of‘gohanSen (207) on SiO2 is often cited for

- -

“his ‘attempt. to rteconcile apparent bulk conduction with Schottky .

like B 's. He proposed, (with some expressed misgivings) that

-

Schottky  emission could be \taking place from islands of

“metallic" silicon in the interio

~of the insuf&tor. Ironically

he also mentions the cffect ol-compensation, but misquotes it,

and thus expected a B twice as large as the "normal" one, and

four times aj large as the one he observed.

.

Extensive rescarch has been performed on $i0, ;:}k/recently.

A.K. Jonscher and his colleages have been particularly active {in
this area (12, 65, 138, 154, 185-187). The three mentioned
criteria of Poole Frenkel ‘conduction wefc demonstrated for an

exceptionally wide range of bias conditicns in the paper of

Jonscher and Ansari (187) ... but for dark currents ouly. Low,

levels of 1light intensity increased the current by a temperature

- -

insens%tive amount proportional to Y V.. They came to the

conclusion that the light was capable of altering the equilibrium

-

(82)

-

dgﬂuced £ was much larger than the accepted value. In fact, the -
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electron -distribution present in the donoF site;. The resultina
J-v behavior would therefore appear’ anomalous, but could be
brought back inte agreement with Poocle Fredzol prediotions with
the use of an effective tcmperaourc higher than that'of-ihe
lattice. “ Many subsequent Papers from this group explore the
dynamic J-V behavior, and TSC (thermally stimulated current)
properties of Sio, that exhzblt PdoTe Frenkel conductxon, Table
IV reviews oome of the experiﬁental evidence for PooIe Frenkel
conduction in sxox, Si Nh, and other materials.

3

The evidence for Poole Frenkel conduction in tantalum -

pentoxide gcncraily is not as good. Early work vith a variety of
metal counter =welectrodes dcmonstrated large changes  in
conductivity, but no clear work function depcﬁdence (208). Fi;E\

© — -

conduction 'ma} hawe been  at fault as metal foil was used. Head\

(209) had also shown ln(J) vs YV behavior and analysed it as Pacle
Frenkel conductzon, but calculated an erroneous dielectric
constant. This was pointed out by Schug (210), who re-examinod
the data in terms of y= 2, Hany other examples since these early
ones have oeen documented. Often data is quoted for one polﬁrity
only - the other one being subject to too much drift (209). An
intcrestiog‘ ooservation in this respect is thate'OE Pulfrey,
Shousha, and Young (?6). Their tantalum 'oxide filos were
rectifying until a large voltage was applied in the "drifey"
polority, after which point the films became nonrectifying and

obeyed a Schottky law. It is likely that the "before" case

(83)
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Tesulted from a contact barrier that was removed by the voltage
stress, after which uncompcnsaled Poole Frenkel conduction due to

the bulk was seen.

The compensation index Y, has been observed by the various

workers to pe equal to either 1 or 2 (ui;hibj2315.I1ntermcdintc
values have not been documented prier to the uorﬁ feported in
this thesis. Angle anéiialley see Y=1 for.thQngl oxides and Y
= 2 for anodic oxisés of similar thickness and cénductivity (51).

Matsumoto (86) chqngea Y= 1 behavior to Y= 2 behavior by vacuum
baking the‘jnodized/cgntalum Q;ide, wvhereas P;L.Young (211) sees

Y go from 2 to) 1 with 2 more gentle hcatiné of v.f. sputtered
films. And' finally, Gubanski_ and Hughes (70) fail-to see Poole
Frenkel conductivity at all unless 'their tantalum oxide 1is

thoroughly dried. These examples and others of Poole Frenkel

conduction in 'I‘az_q5 are also reviewed in Table IV,

(84)

-
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STRUCTURE

Ta-TJZOS—AI"

-

TABLE IV
4 R -
Experimental Evidence for Poole Frenkel Conduction
THICKNESS EVIDENCE COMPENSATION | RECTIFICATION | REF.
(nm) - RATIO, Y RATIO -
z. e e - o e e e

~-50-100 J ~ exp (84) | ~1 anodic <10 51
~2 thermal .

Ta-T?ZOS{Al-

Ta-Tazos—Au

Ta-Tazos-Al

300-500"

87

340

po e m— m = mrw oww

J-v-T

foe = = ——

J ~ exp (&£/V)

J ~ exp (8/V)

~2 T

~1 unheated:
~2 heated :

10-100

- 69

209

86

Si-TaZO§—Al

J ~ exp (8/V)

~2

52

Al-A1,0,-Al
|si-Cr 0 ,-a1
51} S1,N, {

Mo Cr

’ J-V-doping

.

—— - e v —

— e —

‘ e N _—
- A
Ta-Ta,04-Au 27-81 J ~ exp (B/ﬁl_L’“f/rs\ . ‘ 839
Ta-Ta 0 ¢-Al 80 J=v-T Lt 2 59
Ta—TaZOS{Au 14-260 | J-v-p ~2 a5™ts 211
Al . ~1 dried
- - J—— - - . = ————— e ]

' 1

—

88

139

—— e ———

205

S1 -S1,N, -Al

E——

350

212

Au

Si -S1,N,
Mo

110-290

J=V-T

$1 ~Si3N, -Al

Al-$10 ~A1
Al-510,~Al
AlfSiOx Al

Cu

fat

Ti

300-1400

100 J-v-T
{- 250-590 | . J-v-T
[ - 100-1000| J-v

J-V‘Gm

- - ———— ————

e T T

fen(T)

p— —— e — o —

~2

]

-~

-~

~1

b e . e - e o

(85)
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TABLE IV (Cont’

d}

Experimental Evidencec for Poole Frenkel Conduction - -
-— - —— e e e e e e . e
DEVICE | THICKNESS EVIDENCE COMPENSATION | RECTIFICATION | REF.
STRUCTURE (nm) RATIO, Y L_RATm ok
Au-Si0,-Au 100-300 J-v 1 A doped ~1 | a1
~2 undoped |
' |a1-s10,-A1 500 J-v-T ~1 216
Ti-T10x~Au 20~60 J=v ol 1 217
Mo-Mg0- 5~20 J-v-T 1 196
electron beam —
Au {CdO_ons} {Au 1.2-4.5x10%  J-v-T-¢_ 1 1 161°
Zn0 Ag -
Au {cao_ ons} Au  1.3-2.1x10%|  J-v-¢ 2 1 160
Znl ' -
Si-Si,N, -Al 150 J-V-T-¢ g - 218
s1 } $10,-51 $0-120 J=V-T~d .96-1.23 fcn(TS 219
Al - .
Ag-phthalocyanine-Ag 200-2200 J-v-T-d 1 1 220
Al - . =
GeS-Al 50-500 J-v-¢ ~1 or 2 1 221
sd, B :
: /'-"-—“—‘ . -
— B T
Cd-CdSe-Se 5.5 J-v __ 1 1 193
- _
Al Al _ ]
In(CdTe{In 723-1165 J-v-T-d-¢ 2 222
Ag Ag )
In) CdF, fIn .5-lam J-V-T-§. 1 223
Au Au i
Au)l AIN-S{ 100-300 | J-v-T 1 1 195 |.
e )
B1 } FeF {Au 500 J-V-T-¢ 1 1 148
Au { NiF L~
2 . _4
Au~hexamethyl 800 J-V-T 224
disiloxane - Au
Au-polymethyl Sx10% J>V-T 1 1 225
pentene = Aul .
Al-polystyrene — Ag| 60-350 J-V-T-d 2 1 226
. .
- 2 L J
/ (85 - .
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2. DEFINITION OF EXPERIMENTAL GOALS

Now that all of the_méjor contenders have been put. forward
with appropriate supporting evidence, it remains to be seen which
éonduction modél most closely describes the electrical behavior
of the Ta,0, films used in this study. All four models predict
the . existence of-a high field regime where current density rises
rapidly and su?erlinearly with increasing‘voltage. In fact, all
four ¢an be made to fit gﬁe J-V behavior observed here - for a
restricted range of currents and with appropr{ate choice of
values for the disposable parameters in eac§ J-b expressioﬁ. This
is shown in ?EE:ée <13> for a typical set of J-V data. The
restricteé .range is understandabre,.gven ekpec;ed, because more
than one conduction mechanism may be operative in each voltage
region. Fortunately the disposable parameters do remain open to
examination. The main thrust of the work described here is the
compdrisoh of the predisted and obserﬁed J-V  behavior using
independently determined values of the material ﬁroperties that
make ub . these disposable parameters. fhé additi;n of the
variable, temperature, allows tests of self consistency as well.
Fér example, the value of a ?hysieal property.may be inferred
from J-V Dbehavior at " rToom temperature and from J-T behavior at

~N .
constant voltage. The pr?Ferties involved, such as the dielectric

constant or film thickness should have little ot no temperature

-

(87) " .
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» Figure <13> Comparison of Proposed Models Fitted to J-v D;ta 7-' ?

-3

Nf‘E- s I-— - = e e P - - e ;-o—‘o--;
3 :
~ . { l ‘.
> :
2 197 7 f
i + - :
Q i . P o
s ‘
¢ 18 s i
] s
3] e |
Vi *
ey 4 '
l@ I /‘/ H
I - % - : -
i 7 |
16! % !
| i :
i -t
. l A '

1@-1 ;.
b=
& &
:Z_/ ) ; ~ Volt?ge Q")) ‘4

. L - -
Typical J-V -data is plotted here and compared to least squares
fits to four conduction models: (a) Hoppingy (b) Poole Frenkel,
(c) Schottky barrier, and (d) Space charge limited conduction
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or wvoltage dependencé;_*in the raﬁges covereg, and so the two'
inferred varﬁ:;\_égpﬁld be ;he same. Tahle.V_presents the J-V-T
expressions for Schottky, "SCLC, Hopping and Poole Frenkel
conduction gi}h the temperature .and -voltage indeéendent
parameters condensed into the single constants the measurements

>

aée able to determine. Table V is found om page 91.

An exp;;imental goal that - must Se‘ achieved prior to J-V
study is the exclusion of flaw qomiﬂated conduction. The method
of sample préparation' is désigqed to reduce flaws. Should they
occur, the following test, as recommended by Schwartz and Cresh
(28), will set a maximum limit on their size and density. In this

~

experiment, devices are made with areas raﬁ&ing ever three orders
of magnitude. The ver} sm;ilest qf the devices, & um by 4um in
area, are still iarge compare{ to the flaws now thought to
control catastrophic breakdown (>10-n¥ in diameter) (20), but the
flaws which invalidated much of the early work in anodic
conduction would be identiffed by this test. In addition, flaws
in anodized tantalum pentoxide thin films often cluster along the
edges of tantalum .electrode where etching may leave burrs or
promote - local' lifring of the metal from the substrate. Thus flaw
conduction usually depends on device "perimeter" rather than
area, and can be identified in thii manner. ’

Once current density has. been proven valid, the other
geoméi:;c property of the device, oxide thickness,\ can be

studicd. The thickness ‘dependence of SCLC, J-“d_(25+1) , where

- (88)
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the expopenc; -{2s+1), is uniquely related to the exponent, s+1,
relating J to Vs+l » is significantly different from that of
Schottky or Poole Fremkel conduction vhere J =« exp(constant//d) or
=
Hopping where Ja exp(constant/d) Therefore devxces with a range
of th1cknesseq were tested. The range is not extensive, only 40
to &5 nm, primarily because the experimental evidence and the
proposed hybrid models have suggested that a transition from one

conduﬁtion mechanism te the othet may be ;xpected as thickness is
increased. |

In all models conduction is dependent on the dielectric
constant which of course varies with frequencyT In SCLC, the low
freqﬁencf, or static dielectric constant is important. For the

devices used here, the measurement of capacitance and oxide
thickness allows this -value-to be calculated. For Poole Frenkel
and Schottky conduction equations, the high frequency dielectric-
constant is required. This was calculated from the index of
refraction of. the oxide, which was obtained by a combination of
reflectance sbec:ropho:ometry and ellipsometry tcchniques (41).

In hoﬁping conduction both‘ dielectric constants. enter into the .
calculation of the radius and energy of the polaron. To explore
further the relationship between theT;;ptical and electrical
.properties of the oxide, the dielectric co stant‘of the oxide was
varied in a controlled manner by nitrogen dobing the parent.

tantalum £ilm. The pertinent electrical parameters could be then

checked to see if they varied in the fashion predicted.

(89)
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The values of mobility and carrier" soncentration and the

details of the interface properties do remain inaccessible in all

’ .

but the hopping conduction model. Hopping is unique in that all

parameters arte accessible, and are in many bays interdependenf

(e.g hop *length and impurity density). Thus only in a hopping -

analysis "can the absolute level of conducéifity be éompared to
' ‘ /\\- .
model -predictions. Large changes in the overall conductivity are
s

attained chroﬁEE__EEkth@reatmenté while other properties may be

unaltered. So, even though the physical cause for these chagées

g

cannot be quantified for some of. the mo&els, annealing does
provide very fertile ground fgsf“ées:ing these theories over

extended conduct{yity'ranges. ,

Pl
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- TABLE v N

Comparison of Proposed Conduction Feormulac

o~ | \\_\\\_,///
Contact Limited Conduction - Schottky Barriers ’
. o .
J n T2 exp —9¢&] exp| B "!
ser kT 2kT Y d

Space Charge Limited Conduction - SCLC -

'
i PR

4

J 1o €XP a0 Vs+l‘
sele kT | 25+

d - -

Thermally Activared Hopping Conduction

I ehop™ Y. exp[CVR] expf~w
thop '3 [Td KT

Variable Range Hopping Conduction

X
Jvhopc-z exp|CVR ] exp —To .
. d Td —,I.-—

Poocle Prenkel Conduction

: =
J e “ v? exp _Cdo exp| B v
L P d Y KT vwT ¥4

(91
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1. SAMPLE PREPARATION AND MEASUREMENT TECHNIQUES

Sample Preparation:

The samples of %3205 used in this study were prepared with
the basic process sequence shown in Figure <14>. The details of
tﬁis ; proc;ss are described bglow. First, soda lime or
boro icate glass substrates 'Z'inches square were thoroughl}
degreasefy and rinsed in accotdancei with standard thin film

techniques. Either a dc diode, or planar magnetron sputtering

system as previously described in the literature (227,228) was

then loaded with a number of these substrates, and pumped to a

base pressure of 10 “Pa before the dxffuszon pump was throttled

-
1

and high purbdty argon, the sputcerxng gas, was admx:ted into the
cbamber. After a short pre-sputter period to remove ths:layer_of
the target which was expose§A to thﬁ.atmosphere,‘an etch stop
layer pf tantalum pentoxide was reactively sputtered in oxygeﬁl
from a 99.999% pure Ta target. Without bregkiné vacuum a shutter
was then put in place between the target and the substrates and
the target was _ Sputtered .1# pure AE, oT an Ar/N2 mixture -until
the 'stoichiqmetry ~of the target was stable. Then the shutter was
remove;; and the substrates were coated with a nominall&'ZOO nm
thick }ayeé of tantalum or tantalum nitride. In a few of the
éar;ie; exp;riments; the etch stop layer was formed by depositing

-

a2 50 nm Ta layer and converting it to am oxide thermally. The

»

tantalum layer to be anodized was then deposited in the same

Fl

(92)
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Figure <14>.0%line of Sample Preparation Sequence

— )

{a) Clean glass subStrates are coated Qith a layer of Ta2d$

(b) Ta or TaN, then is éputtered and photolithographically
defined. | 1 ' '

(¢) The metal is partially convertgd to an oxide by anddization
in 2 weak citric acid electrolyte.

defined into strips that intersect the oxide coated tantalum at
right angles. '
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S o . |
fashion'\"y;s _Just  described. Next,  this tantalum was
‘photolithqgr;ﬁgically defined .into the ;equired base electrode
pattern. The etch SE°P layer of Tazos. protec:e}t the glass
substrate from Eﬁemical-attack in.this step. ‘ .

“Anodization of the oxide took place-at room temperature in a

6.17 solution of citric acid monchydrate in &e-ionized water. A

-constant current of 10 A/m? from & Keithley constant current

source -was passed through the sample, causing oxide gréuth, and a,
e = ‘ o

linear rise in vbItage.‘Uhen the voltage reached a pre:get limit ¥
(30 v, unless otherwise stated) the voltage Qas.held constant
until thet current had fallen to 10 mA/mz. The ﬁehavior of
anodi;ing current and voltage uith:time is shown schemat}cally in
Figure <15>;- The sample was then carqfullj tinsed in boiiing
de-ionized water to remove all surfgqe traces of electrolyte.

The top contact metal’ used - in these experiments was

electron-bean evaporated chromium. It was also defined

-

photolithograﬁ%ically. The oxide coated tantalum iines and the ,

chromium lines Intersec§ each other at right.angles, minimiziag

- ’ '

the error in area .that could ‘be possible through registration

LR

difficulties. :

During the course of the Study both de¢ diode and magnetron

sputtering were used to deposit the first two layers. The latter
‘ - S P '
technique is an improvement on the diode systenm, featueing’ﬁ////\\

magnetic field to confine the secondaty electrens to the target

region thus increasing the Sputtering rate. As,mentioned in the

(93)
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Figure <15> Typical Anodizing 'I-V-t Characteristics

v

YOLTAGE

"
fal

o

Formation of the anodic oxfde uses both galvanostatic and -

potentiostatic modes.' First a constant curreat is passed through
the cell, causing oxide growth and a linear rise in voltage. Once
the .desired vqltage is reached, '{t is held constant while current
falls "as 1/time. _The process is-halted when curtent has reached
levels that can be attributed g§ electronic conduction alone.

For the samples in this studytotal anodizing times were 3-5 mins.

- . -
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intreduction, the residuzl gas .pressures and impurity levels ~

associated with -an ~individual sputtering system do play an

important’ role in determining the characteristics of the anodic
]

oxide to be formed on the deposited tantalum. This observation

was indeed substantiated in our work. Even though the Poole

Frenkel nonlinearity coefficient B, which is related to insulator

dielectric constant and thickness (defined in equatien <122>,
page 75), was  reproducible from system. to system, the

conductiv;gy. coefﬁ;cient, Kpf’ indicative of a doping

concentratio?, was found to be several orders of magnitude lower

in oxides ormed on magnetron sputtered tantalum, as compared to
I

-

-3.
diode sputtered films. d

Four electrode patterns, each designed for a specific type

of ‘measuﬁfment, were used in this investigation. For optical

) méasurements, b¥road areas of oxides of different thicknesses were

required. For this purpose, centimeter wide tantalum electrodes
with a common contact to the anodiiing electronics above tﬁe
electrolyte meniscus .were bhotodefined\ Thus the area and
appropriatg anodizing current could be determined accurately.
Also, regions of flawed tantalum that may be present at the edges
of the substrate could be avéided. Any such flaw, scra;ch o¥

pinhole would have thwarted precise control of anodizing

-

ere would have short

-

parameters, because oxygen evolution th
circuited oxide growth. 1In any case, those sdmples showing

bubbles, or abno¥pal anodizingll-t behavior were dropped from the

(94)
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experiment. Three other pattems wecre designed for conductivity

e ) .
measurements. One, shown in figure <16>, featured ten devices of

each of fodﬁ/(differen: areas . with provision made for easy
(; simultaneous access to each device with an edge connector. It

was primarily used in the J-V-T experiment. Figure <17> shows an

‘ enlarged view of the area test pattern, used to determined the
."‘\
! aré? ~ current relationship. The fourth pattern featured.an array

v

i . of \\qz by if),-&Q.5 um  square devices, for the puypese of

[l

’ ; . . B
/ generating sﬁatistics on device characteristic uniformity.
' i
C N\, .
\l/,
Measurement of Optical Properties :
b

Two parameters that enter the conduction formulae are oxide
thickness, d, and index of refraction, 3, (as the square root of
the high frequency dielectric constant). - . The first is

particularly difficult to  measure by simple step hefght™-

.techniques because the oxide grows both above and below the plane

e
of the unanodized metal. In addition the oxide is very chemically
stable, complicating attempts to-etch a step while preserving the
substrate surface. |

The method chosen was a combination of reflectance

| spectrophotometry  and ellipsometry. In. the - former, the
reflectance of the oxide coated ﬁetal was‘measurcd from 187 nm
(the cut-off of the quartz optics) to 1000 nm (beyond the
position of the zero-th interference peak) in a Perkin - Elmer

. 3330 _Spectropho;omc:er (kindly made ayaiiable by the Optical

. | _ Toesy - -



Figure <16> Mask for I-V-T Test Pattern
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The mask for the tantalum (a) and chromium (B) levels are shown

above. When these pattemrns are overlapped, 40 devices are formed,

10 of each of the following dimegsdons:. .005" = 125:Jm,
.010" = 250 ym, .020" = 500 ym, .040" = 1000 tm sSquare.

v
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Figure <17> Mask for Area Test Pattern
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The tantalum level of the area test pattern is.shown above at
3.25x. Devices are formed at. the crossover of chromium ‘eclectrodes
(not shown) and the oxide coated tantalum lines connected at
‘right angles to the main tantalum electrodes running from right
to left in this diagram. The numbers on.the diagram refer to the——
width of the Ta and Cr lines (respectively) making up the devices . -
in each Block outlined with th's dotted lines.
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Physics Department of the National Research Council of Canada).

s

The positions of the peaks are related to the product of the
index of refr;ctiﬁn, %, and 'the'oxide ;hickness;-d {(229,230).
Thus a aispersion curve in t;rms of Nd can be constructed for the
entire 'wayeléngth range. To separate these two variables, morTe
information is Tequired. Either tr;nsmission spectra or a
measurement of either n or d at a single frequency Qould suffice.
The first option Is unavailabief- tﬁé ., ever present metal.
und;flayer is opaque; therefore the secé;d option was pursueé;g
Representative - samples, including those of the variocus nitrogen
doping concentrations, weré. prepared and analysed at 632.8 om
(He-Ne la;er) by ellipsometry iat the Electrical Engineering
Depart;ent of the University of British Columbia\by Dr. David
Smith. In this method (231) the absoiute phase and amplitude of
the light reflecting from a given surface are measured for both
the components parallel and at right angles to Ehe plane of
incidence. = The extra vari;ble permits -'the independent
determination of both | and d at the one uavel;ngth and thus

provides =& reference point to scale the dispersion curve

determined'from the'reflectance data. -

Measurement pf Electrical Properties:
Current. - voltage (I-V) measurements were made using a
Keitliley constant current source (0.1 nA to 10 mA) and 2 Keithley

electrometer (input impedance 10'“ 2 ). Shielding of the

-

(96)
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electrometerg;’ﬂge constant current source cables and the sample

-

holde; :was Tequired to reduce électrical noise. The measurement
error in current is + 0.57 (or .05 nA, whichever is larger); in
device size is + .25um; and iﬁ voltage—is + l-mV. The typical
device responded to the first application of a constant current
in a2 manner that saw the‘vbltage r?se'gradually with an esti;atcd
time constant of ; to 5 ;kconds. Thereafter, the I-V
cha;acteristics could be reproduced,. provided the highest bias

previously reached was 'not exceeded. The test procedure,
) ¥

therefore, consisted of increasing the .current through the dégiééﬁ
until the maximum desired level had been reached, then reducing:
the current in steps and ailowing for éapacitive discharge before

measurements of voltage were made. In this ﬁa&, true steady state

behavior could be determined. A recorder .trace of typical

. charging and discharging phenomena may be seen in Figure <18>. In

Beneral the vrange of I-V data is limited by noise in the low

current region ( < .05 nA), and drift at high ficl{; (V> 80% of
the‘anodizing voitag&). -

. In the J-V-T experiment the test limit was kept to a very
con;ervative 157 of the anodizing voltage to eliminate possible
drift. iq this experiment three out of the 10 devices of a given
size omn the mask (Figﬁre <16>) were measured at a time. Note that
area independence  of c;rrent density was checked at room

temperature. The J-V  behavior was re-examined after . each

temperature excursion and compared to control samples which -had

-
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Figure <18> Typical Transients Seen in I-V Measurments

Ty . _

VYOLTAGE (¢

TIME (SEDO

A strip chart recording of voltage vs time is reproduced here
showing the transients associated with changing the current
flowing through) the device to the wvalues indicated. A time
constant of the“-order of seconds and slight hysteresis is
evident. Measurements are typically made on_the descending bias
steps. Rt ’
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. e

been temperature cycled, but not voltage stressed, and to samples

seeing no temperature 6: voltage stress. The vacuum baked and

unpeated. samples exhib?ted no detgctable changes throughout the

experiment. ‘The hydrogen annealed samples however‘diq exceed the

drift limit .Sf A1 > 3% after Ehe 360 K temperature run and were’
therefore analysed 6ver.a more narrow temperature range.

The problem ) of 'qogtrol of temperature during J-v-T
measurements was studied. A cooling system based on cold nitrogen
8as boiled-off from .liquid nftrogen (a Delta-type environmentai
chamber) onved to‘ have too short a thermal time constant. The

voltage across a device passing a constant current fluctuated

wildly whenever a new "blast” of cold nitrogen was admitted inte

the chamber._,&_compreésor based refrigeration unit combined with

. _ .
forced air heating was much slower in attaining set points, but
could hold that temperature with smaller fluctuations. With the
proper cheoice of thermal mass attached to the substrate,

femperatures at the sufstrate could be kept within at least .2 K

(the measurement limit of a ‘chromel/alumel thermocouple -

voltmeter combination), or more importantly, within the limit of

LY

the measurement of voltage across tﬁe device, a more sensitive
criterion. Icing and/or condensation problems were avoided by one
of t;o methods: an ambient of dry nitrogen' inside the test
chamber, or a thorough drying bake at 80°¢ prior to low

temperature runs.

A slightl® different approach was followed i{n testing the 32

(98)
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by- 32 array of.12.5 Mm square devices. This mask was the primary

tool in the inves:igation of the thickness and nztrogen doping
dependences of J-V behavior. ‘Testing of the entire array was
performed by a Rockwell Aim 65 microcomputer, interfaced to an
x-y stagg.' digita;ly controlled voltage source, instrumentation

amplifier (unity gain, 10!“hm input impedance). and digital
p .

T

voltmeter. A test voltage was applied to each device

. Bl
[y O

individually, and current (i.e. the voltage" drop acrgss a

-

precision resistor) was recorded after a softw:;;\é' ermined
settling period. Uniformity and reproducibility of J-V behavior
were evaluated on a r?utine basis in Fhis manner chroughoﬁt the
duration off‘the project. Well over one thousand substrates of
1924 vdevicesm each were mapped. Uniformity and reproducibility
were uhdgrstandibly functions of processing paraﬁeters. However,
in the absence of serious processing problems the following

e

statistics were typical: 1 or 2 devices would be shorted due to

: —_—
particulate contamination prior to anodization, or due to

electrostatic Hiscﬁatge, up to 5 would be open due to microcracks

. Where the chromium top metallization steps up over the Ta, 04

covered tantalum electrode; and the remainder would show a 3o

standard deviation in current for a given voltage of < 37 on a

-

given substrate of 12.5]ﬁ;r'square devices, and < 5% within a

dabrication run of 3 no 25 substrates. As mentioned previdusly,

-
L 4

larger differences dzd appear between the magnetron and+dc diode

sputtered based Tazo By careful measurement of line widths

~ "

v T ‘}2 (99) -



_ PART II1 - EXPERIMENTS

.

using a Nanoline 3dutomatic dimension measurement system {t was

deteréined that uni?otmity on a substrate was photolithography

) limited. For the s;alle; devices, such as are fourd on the ‘area
test pgitérn (Figuré '<17>j these tolerances of + .25 pum imply

»e larger standard deviations of up to 137, as was observed. Of the
1024 devices on a substrate, 64 were tested with a more
substantial range of voltage;}\go t§at the appropriate conduction

-

~

models could be determined.

Firnally, .a least squares fit to the J-V data was made with

_ - : .ov
functions appropriate to the various models. A typical set of

data and the Poole Frenkel fit is given in Figure <19>. There is

a range of voitages covering four orders of magnitude of aurrent

density where the 1aJ/V) vs /v plot is near ideal. The magnitude
o _ -

of J-V asymmetry with Tespect to zeroe bias is also typical.

Obviously, there is a Kpf for each pola:ity; Not so obvious is

that there is also a slightly different 8 for each polarity, even

-

though the physical parameters making uvp B have no apparent bias
dependence. This oLservacion is not in accor&ance with Poole
Frenkel theory, and will be discussed fully in Part IV. For this
preliminary analysis, an average of the two B's is used.

| The high field forms of the Poole Frenkel and hoppiﬁg
conduction equations, appropriate to' the fields actually u&ed,
were fitted. t&” the data for all but the J-V-T experiment. Thus

the Kpf and B quoted correspond to equations <113>, <121> and

€123> found on pages 74 and 75. It was unnecessary to resort to

) - | _ (100)
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Figure <19> Poole Frenkel Plot for Devices of Various Areas
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A Poole Frenkel plot. of current density/voltage vs the square
root of voltage is shown for devices with the nominal. areas
indicated. For clarity the errors bars have been omitted. The
relative error in current is + 0.5%, in area is + 0.5 pmz, and in
voltage is + 1 aV.
line (a) - cathodic polarity (Ta positive with respect to Cr)
line (b) - anodic polarity (Ta negative with respect to Cr)
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~could bé selected to fit the data withiany higher accuracy than

-
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\
v

\

the less common forms of field induced barrier lowering. No

integral values of m in the telationship:

J un Tl | <98">
LV ® hewp|et

~ -

the "Poole Frenkel model (m = 1). The most accurate fits yielded

non-integer values of m,. close to ;un’ff;‘uhich were not
independeﬁi of temperature, - oxide thickne;s' and dielectric
constant. ﬁec;use_ the Poole Frenkel fit is satisfactoiy for the-
experimental range of these properties, and 1nladdition permit; a
physical interpretation of the ﬁitting parameters, it will be the
only barrier. lowering model discussed in subsequent sections.
Likewise, the hop length is calculaf&d7fro;\Equation‘<80> (page
54). In the J-V-T :experiment the limited wvoltage range
necessitates the wuse of a full 3 dimensional approach - such as

the Onsager formulation (equation <93a>, page 65).

{(101)
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2. RESULTS o

The Effect of Device Area :

Y . -

To establish whether current could-be described in term%\of

current density, 1-V data were obtained for current levels from

5 nA to ~ devices ranging in size from 4 um x 4 um to
250 um x 50 substrates of undonE\g;Ta were*used (in '
two differen ide " thicknesses) and one egsh of the 0.6, 0.9,

and 1.2 sccm N2 doped Ta. The “generous number of devices
- LY . .

available of ecach size on the area test pattern (32 of the

smaller sizes and 128 of the larger) permitted the estimation of

A
the mean deviation in conductivity levels for a particular size
. . -
i

of device ac,goz to 147. A few size categories showed anomalously

large - deviations and thus were not included in this analysis.

This 1is attributed to difficulties with photélithography in the

very smallest sized devices and poor step coverage of the

- chromium _8ver the oxide coated tan;aLum in certain areas of the

- The data prescated in Figures <19&420> are representative of

. = J * !
the given device sizes-for a particular substrate of 30 V thick

undoped oxide devices. _Similar behavior was observed with .the

nitrogen doped and 40 V thick undoped devices. As can

-

Figure <20>,_ cendpctivity for a fixed voltage (anmd thus fixed

-2 .
electric field) scales with area. The or bars shown are the 3g

deviations for all devices tesled-;f.thar size. Figure <19 is a
P ~,

K
.

(102)
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Figure <20> Observed Current as a Function of Device Area
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“arTTN
The curreats interpolated from the data given in mfor

a voltage of 10 V anodic bias (e) and 8 V cathodic bias (o) are
plotted against the device area. The error.‘'bars on current
represent 3¢ deviations for all the devices tested of that

particular 'size. ‘ -
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Poole Frenkel plot ;f the .J-V data for :he;e devices. The
loéarithm of the ratio of current density to voltage is plotted
against' the square root of voltaée. The J-V data of the devices
whose areas vary by more than a factor of sgx, c;n be seen to
fall on the same eurve, confirming that current does scale with
ar;a. The largest_ devices, .not plotted, did not fall on this
line. Fbr. the currents used in_the test, only ohﬁit béhavior_uas

observed, presumably because the Poole Frenkel regime had not yet

¢

been entered at that <bias. The currents required to produce

comparable electric fields in devices of this size can be

-estimated to be approximately 100 pA two orders of magnitude-

higher than the arbitrarily chosen current limit for this test.
-/

Although thzs test conforms to that set out by‘ichuartz and
Gresh to 1dentify ‘nominally flaw free films, it is actually
verifying that conduction is uniform on the scale of miﬁ%ons
However, there is the addxtional ev;dence in the morpholfﬁy of
the oxide observed at 20 »000 times magnifzcation in the scaqning

\l
electron micrescope. The oxide appears uniform and featureless.

Thus it is concluded that conduction in these devices is not

dominated by flaws such as fissures and micropores.

F(,r .

(103)
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The Effect of Oxide Thickness :

Once confident that the flaw free conditions can be assumed

to exist in the oxides under investigation, wé can proceced to

‘examine the effect of oxide thickness. In this experiment, three

anodizing.\xoltages (255 30 and 35 V) were chosen to give samples
»

of three differemt oxide thicknesses. The standard 32 x 32
pattern was wused to give a large number of.devices for Feétiﬁg.
At the samg time, an optical test pattern sample was prepared
with ;npdizing voltages from 15 to 55 V, in 10 V increments.

The ellipsometry results were fitted well with a model

consisting of a single homogeneous layer. Figure <21> is a plot

-

of the measured oxide- thickness as a function ;f anodizing
voltage. The offset; which aépears to indicate no oxide formation
until ~2 V is measured, is not unusual; It can be explained by
the exis'tence of a mative oxide. Moreover, iny the agsolgtc
value of oxide thickness is required for the following analysis

.
of conduction behavior.

The J-V behavior of these films is diagrammed in Figure

<22>. These data fit the Poole Frenkel relationship,-%n(J/V)? /9,

for over 4 orders of magnitude~o{ current dcpsity in the anodic
(Ta positive) bias and a somewhat reduced range for the cathodic

(Ta negative) | bias. In addition, 8, the Poglc Frenkel

nonlinearity coefficient defined in equation <123>, page 75 is.

i . 1 . )
observed to be proportional to d ¢ g predicted (Figure <23b>),
-

{104)
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Oxide thickness is determined by zhe .:modfzing voltage used. The
relationship is shown here for g phase of thin film Ta. The

" calculated anodizing constant is 1.96 om/V. The, absclute error in
thickness as determined by ellipsometry is + 0.5 nm, while the
error in voltage is estimated 'to be + 0.1 V.
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Figure <22> Poole Frenkel Plot for Devices of Various Thicknesses

<19>, following page 100, the error bars have been omitted for
clarity. The total relative error in conductance is 47 and in
voltage is less ‘than .0017. '
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a) Anodic conductance,zi.e.‘current density / voltage for the Ta
positive  bias) i shown here for three different oxide
thicknesses. The curvés should be linear on this plet format if
1-D Poole Frenkel conduction is dominant. Three different.
-thicknesses were obtained by the choice of the following
anodizfog voltages: (a) 25V, (b) 30 Vv, (c) 35 V. As ia Figure .
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Figure <22> Poole Frenkel Plot for Devices of Various Thicknesses
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b) The cathodic conductance for the same devices as shown in-pari.
a) of this figure is plotted against ¢ voltage. For voltages in
excess of 507 of the anodizing voltage, a small excess current is

" observed ~ for this bias polarity. This phenomencn has been

 observed by -other workers (13, 90), and is believed to be caused
by the onset of high field ionic conduction. Also seen in curve
{(¢) "is the predicted deviation at low fields due _ to three
dimensional effectﬁl (a) 25 V oxide, (b) 30 v oxidt{'(c) 35
oxide
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In upper part, the logarithm of current density for a bias of 10
Vv from Figure <22>, is shown to be a linear function of (oxide
thickness)=%. Io. the lower part, the Poole Frenkel nonlinearity
coefficient 8 » is shown to  be proportionél to (oxide
. thickness)“%. The error bars on g of 0.03% are statisically
derived for a Student's T confidence limit of 95%L. Both
relationships should Thold if Poole Frenkel conduction Is
dominant. ‘e - anodic bias (Ta positive), +- cathodic bias (Ta
negative). > -
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ané current density at'a set voltage (10 V is cho#en for Figure
;23.>)‘ is observed to be an exponential function of 4 % s 4s
predicted in equatioﬁ 112>, page 74. These ‘relations would also
hold for Schottky puﬁch—ﬁhrough condi:ions, equatiens <12> and
<13>, page 22. ‘

The analysis of the data with respect te the high field
hopp;;é- model 1is shown in Figure <24>. The fit is only ad;qua:e

for conductance greater than 500 Q/m?. As discussed on page 54,

the slope of the 1a(J/V) vs Vv curve in that region 1is

cqR

theoretically equal tog: --. kTd
uhgre ¢ is equal to 0.17
R is the hop.length

. dis t;c oxide thickness

For all these Curves, R is calculated to be 5.2 + .2 nm.
Th{s‘ is large éomparéd to‘the value o{ 1.81 nm found by Bryksin
et al. (137) for Tazés.. If the hoﬁ length corresponds to the
inter-impurity geparatfon, as might be expected a:'lhigh

temperature, then Ng can be estimated to be on the order of

Y

-1 .
énR3} = 1.8x10%% 3
3

o.

This is ' within the range of values for 'I'a205 derived from
other methods. (See for instance Table I1I, page 41). Thus hopping
‘conduction cannet be ruled out by these observations.

In contrast, the thickness dependence of J-v behavior

predicted for both the imperfect insulator - metal contact and

(105)



Figure <24> Hopping Analysis of Devices with
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When the hopping model 1is applied to J-V data covering ao
exteusive range of voltages gsatisfactory agreement is only
attained for the highest voltages. Omnly in that region does

conductance (J/V) iancrease exponentially with electric field as

per equation <128>, page 91. (a) 25 V oxide, (b) 30 V oxide,
(c) 35 V oxide *
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space charge limited conductor cannot be teconciled with the

data. The former predicts no thickness dependence, (equation <9>,

page
such
<25>
SCLC

J(v)

22), while the other predicts the existence of an qnique s
that JoVvSt! and Ju 4725+ (equation <37>, page 34). Figure
presents an analysis of éhe J-V data within the-standard
model. The s .derived from the straightest éortion of th?
plot is 5.5, while s predicted from J(d) is 3.3.

The conclusion of this'experiment is that the space charge

limited conduction, and the imperfect insulator - metal Schottky

barrier models are not appropriate to these films, whereas either

pudch-through Schottky barrier emission” or hopping or Poole

Frenkel conduction might be occurring.

_(106)
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Figure f25> SCLC Analysis of Devices with‘Various Thicknesses
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If space charge limited conduction were dominant, then these
power law plots of current density vs voltage and current density
vs oxide thickness (inset) would be linear with exponents of s+1
and -(2s+1) respectively. The calculated exponents are 6.5 + 0.1
and =-7.6 %+ 0.1 for J > 100 A/mz,"anq are thus inconsistent with
an unique s.: As before the error in J ie less than 47 and V s
1 mV. (a) 25 V oxide, (b) 30 V oxide, (c) 35 V oxide o
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The Effect of Dielectric Constant :

Small amounts of nitrogen added to the argon used to sputter.
the tantalum deposited for these experiments had a dramatic
effect on both' the metal and the .anodic oxide pr;pe;ties
subscquently fc;rmedr on it. As the nitrogen flow inte the &g
diode‘ sputtering chamber was increased the metal resistivity
first dropped from- the undoped value of ~2.0 chm-m to a minimum.
of =0.8 ohm-m at 0.3 scem (standard cubic centimeters per minute)

-

of ultra pure nitrpgen. Between 0.6 and 0.9 scem, the résistivi;y
rose to a pla;eau at ~3.5 ohm-m. Beyond the plateau, reiisqivit}-
rose steadily to insulator like values at 1.5 sccm. These results
appear to be typical of Qiode sputtered tantalum, and aré in good
agreement with the 'finding§ .of Gerstenberg (379. A .smooth
transition in c:ystallogra?hic phase from undope& B-Ta to f.c.c
Tak at 1.5 scerm N, was observed with wide film Debye Scherer

/ftcchniques. The 1intermediately doped films were composed‘ of

. b‘?'c‘ Ta near the resistivity minimum, and a mixture of TazN,I”

Tau“s and ThsNG, throughout the plateau region. The two lattér
phases were not observed by Cerstgpberg, but have beenlreported
by Tcraé (232) for nitrided evaporated tantalum films. The
magnetron _sputtered tantalum films also went through a similar
. sequence of phases ia good agree;;nt with the literature (233).

To study” the changes in oxide properties, three nitrogen

flowrates were chosen to compare with the undoped 8-Ta based

(107)
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oxides. These were 0.6, 0.9 and 1.2 scem. For comparison, note

that the argon flowrate was 8 scem. The interplanar spacings .

‘observed are compared to literature values (232-236) in Table VI.

The  use of flow rate to char&ctertize.the nitrogen content of the

Eilms can be justified. Given the deposition . rate, sand the

sticking coefficient of nitrogen to tantalum, analysis has shown

that all of the nitrogen entering the chamber is gettered by the
film, and .is not merely pumped away. These particular flowrates
were chosen because they span the‘range.pf tantalum nitride that
forms useful oxides. At flowrates above ffalsccm the nitride

A

. \ o
became so highly resistive that the voltage dropped™in the‘lincs

leading from the contdct above the clectrolyte meniscus down to

the device area would significantly reduce the thickness of the

‘'oxide formed furthest from the contact. In the range between no

N, and .6 scem of Ny, b.c.c. Ta was deposited. These samples did

not yield good 4uality oxides. The anodizing behavior ;houcd
evidence of, frequené breakdown events during growth, and the
interference colors" of the oxide were murky and greyed rather
than clear and intense, as {f containing aumerous light

-

scattering centers. Under I-V fest, these films were unable to

Support current in the Poole Frenkel-range without catastrophic

breakdown.

. -(108)



Table VY

" Summary of X-Ray Analysis - Observed and Reported In:erplana{:

Spacings -
Observed Interplanar Spacing -Réborged Interplanar Spacing
vs. Nz Flowrate (scecm) vs. Nitride Composition. :
none 0.6 “0.9 1.2 P tetz. h.c.p. tetr. tetr.
'_. . . - N
B-Ta T32 T35N6 Ta‘.N5
7.260 (nm) . i .267 (nm) -
. .258 L 289 -
-250 T,
, -248 . 248 R .249
7.244 T247 -247 .248 =247
L2484
-233 .233 .233
.232 ' o -232 :
.226 _ . - .225. i
- .220 N 219 216
.214 ) T 214 i
.207 o .207 |
] 1 L1152 .152 .152 ;
L1483 - = .144
. .140 . 140
.132 : - 123
T .,130 -130 .130
-116 ' 117
. 098 ~ .101 ‘ ' ;
-097 %096 -
Deduced Composition:
. . . . . - -
) B-Tﬁ, TazN TaZN+ TaaNs v
‘ Ta, N_+
o &NS
%56 v .
b M
1 indicates poor correlation between observed and reportéd

.

sén;ings. Systematig errors . due to film shrinkage is suspected.

The

be less than 0.S7.

(lo9),

sum of all other errors in observed values are estimated to
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For each . nitrogen doping level one substrate was processed

with the area test pattern, one with the optical measurement

pattern and between 4 and 8 with the standard 32 x 32 trest’

pattern of 12.5 pm square devices in each of two thicknesses.
The reflectance spectra of the oxides are shown in Figure

<26>, where the. 30 V %xide of each sputtering condi;ioﬁ is

compared. The reflectance maxima and minima are shifted to

shorter wavelengths and the range of amplitude of the
interference ‘effects at high frequencies is reduced with the

increasing nitrogen content. In practical terms, the first

‘observation means that the doped films "look ten volts thinner",

than- the undoped films anodized at the same voltage; and the

second gives them their less intense colors. In more theoretical

terms, it can be concluded that the effect of nitrogen is to
e

reduce the product of the index of refraction and axide
thickness, Ed, and té shift the onset of strong absorpé}on to
longer Qavelqng:hs. Thomas's photoconductivity s}udy of nitrogen
doped tantalum oxide (63) confirms the observation that the

absorption edge shifts to longer wavelengths with dncreasing -

nitrogen. -
T

{ . .
The same samples wete examined with ellipsometric
. 3

4 .
techniques. The reduction /;n the product of index of refraction
. - N . -

and insulator thickness with doping was shown to be due to a drop
in the index of refraction of 107, as well as a 207 decrease in

the thickness of the films prepared at the same anodizing

IS
-

{110)
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Figure <26> Reflectance Spectra Af Nz'Doped'Tantalum Oxides
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The amount of light teflected from the oxide'coétéd metal as. a
function of wavelength is determined by interference effects, and
absorption mnear the band gap. Both are related to the complex’
refraction in the oxide and its parent metal and both
these ‘plots to be’,affected by nitrogen in the
The reflectance curves here are for tantalum
sputtered with the following nitrogen flowrates: (a) none, (b)
0.6 scem, (¢} 0.9 scem, (d) 1.2 scem. The x-ray composition
analysis for these films is given in Table VI.

are .shown by
tantalum film.
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»

voltager The optical constants determined are listed in Table

‘V1I. The observed effect of nitrogen on the anodizing constant is

in qualitatiye' agreement with that 'seen by Kamei and Matsuzaki
- ' . .

(i9). The wundoped Ta,0 in this ex eriment_ s apparently not
¥y _exp - PP Y

-~

typical of the B°Ta based oxides reported previocusly. The index

is almést 10% below literature values (52), and has an imaginary

——

Eomponent as well, con;ra;y' to common experience. The latter
implies absorptien at the wavelength used iﬁ the ellipsqmctry.
This unexpécted absorption is thought to be a consequence of the
optiﬁization of the oxides used in this stud§ for the MINM-LCD,
whi;h fkquires much'hié;er levels of conductivity than the usual
capacitor applicat@pn. This point will be discqés;d in Part IV.

Electri;al characterization began with the verification of
‘the expected ‘area and thickness dependences of current. Then J-V
data was coilected for 64 devices on each of 4 to 8 substrates
and Poole‘ Frenkel coefficients- were determined in che standard
fashion and are given in Table VIII. Analysis using a hopping
model is- given .in Table IX and will be discussed shortly. Under
the Poole Frenk;l model the main conclusions are that the doped
films showed lower cdhdﬁétiviﬁ} (i.e. sﬁallér K), and greater
non-limearity (r;e. larger B). Now that both d and ¢ (¢ = 7% are
known for each film, the expected 8 may ﬁe calcuiated directly.
The ratio of g calcﬁlaéé& for vy = 1 to the observed slope of the

.

1n{J/V) vs YV curves, “gives the compensation index ¥ (as defined

in equation <1¥2>, page 75). All three doped films exhibit.

(111)



&

"normal” Poole Frenkel &'s (¥ = 1}, conforming to a model of

PART III - EXPERIMENTS
. .

{ - ’

coﬁpensated :donoqs, even though € itself varies frem 2.99 ro

3.45. These B's  are inconsistent with the Schottky model. The 8
of the undoped film is alse not Schottky-1like, and if Poole

Frenkel-like, etan only be reconciled with a compensation index

between ' 1 and z. Interestingly, Thomas also proposes a
compensating role for nitrogen in'reducing an absorption featur

at 2.1 eV that he observed in - undoped | films, but could not

~
’

resclve in filhs made on tantalum with as little as[il nitrogen
(63).

Thus  under the Poole PrénEelténalysis it can be concluded

that nitrogen in-, the oxidé_ has the effect of compensating the

donors rtesponsible “for conductibity.' This explains the larger

‘

non-linearity and lower conductivity of the ° electrical

' : -
characterispics, and the reduced absorption observed in the’

ellipsometry Eudy of the optical properties on these film#. -

—_

The hoppiné model also leads to the interpretation that
nitrogen doping a;:\s 2 decrease in the number of,impuritie;.
This leads to the observed increase in Lop leggth, and decrease
in overall cqﬁductivity. The wvalues of the hop length given in

Table 1IX . do Tequire comment, however. Devices with the highest

nitrogen doping exhibit an  inferred hopping leﬁgth'of 18.5 num.

e

This {s surprisingly large, and not in agreement with ﬁ}yksiq's
value of 1.81 nm~(137). In fact, in most exberimental examples of

hopping in a range of'materials the hop length is on the order of

t
(t12) - ’

4
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.5 to S am. To be able to make a conclusion regardiﬁg the
appropriateness of  the hopﬁing model even in the light of these
longer than normal hop lengths, an estimate of the activation-

. ]
energy is required.

(133)



TABLE VII

Optical Properties of Anodic Films on N, Doped Tantalum

No Flowrate . None 0.6 scem - 0.9 sccn 1.2 scem

R(Ta0N5 )  1.9-3.06 1.86 . 1.75 1.73
d(nm)(30 V film) 56.2 43.8 —— 44.8 _ 44.0

—measured by ellipsometry at 632.8nm, relative error = =%

TABLE VIIT

Poole Frenkel Coefficients of Anodic Films on N. Doped Ta

(30 vV film) =
N, Flouraté None 6.6 scem ' 0.9 scem | 1.2 scem
B (V) 4.2 = .4 6.4t b 8.5 = .1 . 8.8 .9
K (a/ve?) 7.26 x 107%  3.42 x 101! 8.77 x 10-13 1.78 x 10-1!
v — = s e 12 .2 9 0+ 1 5 s .2

~calculated from J(V) and data of Table VII
~absolute error in log (K) is less than .5

’

TABLE IX

a

Summary of‘Hobping Analysis‘of Anodic Films on N, Doped Ta. -

N, FElowrate None 0.6 scem 0.9 scem - 1.2 scem

R(nm) TS 4 U522 38 9.3t .1 18.5 £ .9
+

-inferred from J(V) and data of Table VII . . ST

(114)
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The Effect Of Heat Treatments:

As reviewed id the inttbducéion, heat treatments have been
shown to make large changes in the ‘level of conductivity in
an;dic ‘Tazos. .The use of heat treatments was advocated In this
- study to see 1f a conductiow model could be demonstrated for a .
fange_ of conductivity levels and whether it could identify t#e
causes of those.éhanges. Furthe;more, heat treatments were shown

to affect .the compensation index Y of those films exhibitgng

.Poole Freﬁkel- conduction, as documented in Part II; This was
particularify interesti;g since the Y determined for o;r undoped
samples was 1.5 - midvay between the usually observed values of 1
oTr 2. This corresponds to intermediately compensated donor
statistics. _That is, these samples are neither.uncompenéatcd. nor
. are they in the regime where éartial compensation fs said io
occur. This was the first report of a'significant departure from
1 or 2 conditions, -even though intermediate va;ues had been
theoretically prediéted by‘ Yeargan and Taqu; in 1968 (184). It
was important to determine whether these films‘could be pushed
into’ one qf the two more well kgoun regimes.

Two types of ﬂ;;;; treatments were tried. One ton;ist;d of
baking' the samples with quartz'lamps undetr high vacuum (IO'QPa)
just prior to 'the deposition of the chromium top metallization.

The maximum temperature reached is estimated to be 150°C. This

would be very effective .in removing water from the oxide, a

1:15)
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likely impurity. The second method was designed to enhance oxygen

»

vacancies, another .proposed séurce of donors. The samples were
placed in h'tUSQ-fufnace a:‘350°CAfor 1 hour in a flowing stream
of 1072 H, in N;. The samples were Reated to this temperaturg and
cooled down while in the reduégng.atmosphere. . -t |
The J-V-T pattern (Figure €16>) was used: Five substrates
from a common Sputtering run were . Processed with each hgat

treatpent -and studied over 2 range of temperatures. Later

experiments compared - the J-V behavior of vacuunm baked and

- nominally unheated devices on a larger number of 32 by 32 array

substrates. The later experiments confimmed the room temperatuyre

observations quoted below.
The heat treatments were effective in"changing the overall

level of conductivity, as shown in Figure <27»>. This graph

A .
compares the threé types of devices at 251 K. This temperature is.

chosen - for illustratipn purposes only.- At this temperature all
three sample types exhibit relatively simple J-V behavior. The

low field effects that are ‘seen will be discussed in the next

* .
. Section. As _can be Seen, the conductance of the vecuum baked

samples was approximhtely an order of magnitude greater thani

i -

samples which saw no heat treatment. The hydrogen - annealed -

—

samples showed a thousandfold increase in conductivity. These

changes were stable provided the samples were kept and tested

under” a dry nitrogen ambient. As already mentioned, the stabillty

of the hydrogen annealed samples degraded in the upper rtange of

(116)
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Figure <27> Poole Frenkel Analysis of Heat Treated Devices
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Heat treatments of various types are shown to have an effect on
the Poole Frenkel behavior of anodic tantalum oxides. The solid
lines connect the anodic (o) and cathodie (+) J-V data for the
unheated oxides. The dashed lines similarily connect t
baked J-V points. Note that both the anodic (e) and cathodic (+)
currents have been increased by the heat treatment. Hydrogen
annealing increases current by an even larger amount as seen by
the data connected by the dash-dot line. Cathodic currents (+)
for the hydrogen annealed devices remain larger than anodic
currents (e). .The lines used here to guide: the eye do have

Physical significance as will be explained in later portions of
this thesis.
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J-V-T- testing (T > 360 K). -

The Poole ?renkel interpretation of the data is discussed

first. All samples showed 1In{(J/V) vs /v behavior for electric
t

field strengths in excess of 3x10% v/m. as expected, 5 did indeed

drop . in the vacuum baked samples to the Y = 2 condition. Tﬁus'

either the number of accéptors has been decreased, or the number
of donors hés‘ been increased. An intuitive sdégestfon is that
water | loss during baking is associy.ed with a decrease in the
density of a water rélat;d acccptér. Thg hydrogen annealed
samples showed a 8 of 3.12 VTIIZ at 251 K~ much too i0w_to be
re?onciled‘ with theé index of refraction and the oxide thickness
measured ‘prior to hea? treatment. It is unclear whether these
have been changea _by the annéal. That is to say, the hydrogen
annealed samples_did not show any change in the appeatance of the
in;e;ference colors of the expose% oxide adjacent to the chromium

coated devices, and Yet the capac{tance and dissipation factor of

tantalum capacitors were shown by Vermilyea (15) and later Smyth

et al (14) to be quite different after annealing, even though iz

those instances also, the i{nterference colors were not changed.
Smyth developed g model to explain the frequeﬁcy dependent
beﬂgvior' of the annealed capacitor in terms of a blurring of the
metal - oxide interface: his so-called conﬁuctivity profile.
These studies support the suspicion_that the transport_properties
of hydrogen annealed samﬁles ¢an no longer be described with the

macroscopic parameters determined for unheated samples.

- (117)
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An analysis of the data was also made with the ‘hopping model
(Figure <28>). The hop length at 251 K inferred was 10.3nm for
*the qnheated' samples, 9.4 nm for the vacuum baked samples, and

x

9.0 nm for the hydrogen annealed samples. The relative error in

- these values arising from measurement tolerances and sample

thonuniformity is 5%. If nearest neighbour hoppink can be assumed
(aA\\{Easonable assumption in the tempera:gz}_ range under
consideration) thenA these results imply that the impu?i;y
concentration is lowest' in the dnheated samples, and hfghest in

the hydrogen® annealed samples. Therefore water would be a poor

candidate for the impurity responsible for a hopping type

- conduction. From these results it ié not clear whether the

magnitude of the change in impurity density and thus hop lengih
is sufficient to explain the large increases in conductivity in
the heat treated” samples. One other ';arametcr that may have
changed is the activation ‘energy which will be examined in the

4

next section.

Current - Voltage - Temperature VBehavigr}

Thé extra variable of temperature was used to check the
Poole F;e?kel and hoppihg models for internal consistency, and to
quantify the differences between the three tyﬁes pf samples
studied *dn the last section. It also brought unexpected.insights
into asymmeiry and coﬁpensation effects.

The J-V behavior of the three types of samples - unheated,

. . f{118)
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Figure <28> Hopping Analysis of Heat Treated Devices
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The: data of Figure <27> are replotted in the format expected to
produce linear plots at high fields if hopping conduction were
dominant. As  beforé, the solid, dish and dash-dot lines
correspond to the unheated, vacuum baked, and hydrogen annealed
oxides, respectively; alsoc () denote anodic polarity, and (+)
denote the cathod};ﬁpolarity J-¥ points. In this figure however,
the - shape of the liges used has no physical significance. Only
the anodic hydrogen annealed line approaches the Ja exp (V) form
expected by equation <128>, found on page 91. :

1
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. vacuum baked, and hydrogen annealed, was investigated over the

range of -55°C to~"1457C. Uzthin this range conduc:ivity changed

by almost eight orders of magnxtude.

ha

-

In this section, analysis of the data will be attqﬁpted with
-.1, .
: ‘ 3 . ‘
the activated hopping, wvariable range hopping and Poole Frenkel

models.
a) Thermally Activated Hopping:
The - restricted voltage range and wide temperature variation

brought to light a low field ohmie Tegion. This is seen 'in the

hopping plots Figures <29-31> and mg;e clearly in the Poole

Frenkel plots Figures <35-37>, pg'122. Bo:h‘hopping and ‘the three

dimensional Poole Frenkel models predict the existence of such a

region. From an Arrhenius plot of conductance (J/V) in the

voltage independent rtegion vs 1/T, Figuré <32>, an activation

enerky may be calculated. For both the vacuum baked and unheated
samples an activation energy of T, = 0.86 + 0.04 eV was deduced.

The hydrogen annealed samples, on the other hand, exhibited an

activation energy of £, = 0.69 + 0.05 ev.

_With these values of $; it is now possible to calculate the
absclute level of conductance predicted by the thermélly
activated hopping conduction model. Recall equation <51> derived

in Part 1, page 45, repeated here in an approprlate format:

Y L2,p2, - 4
J -95‘:%—“ V exp (-ﬁ?-znn) .o <51'>

?

(119) ' N



Figure <29> Hopping J-V-T'Behavior of Unheated Oxides

a) .0n this plot anodic J-V data are shown for a range of
temperatures. The estimated errors have been discussed in Figure
<22>, following page 104. The solid lines are least square fits
to equation <128>, page 91. The lower than expected conductance
at low voltages {where data points are connected by dashed lines)
is not explained by the hopping theory. ’
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Figure <29> Hopping J-V-T Behavior of Unhested Oxides
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b) Cathodic J-V data is shown as a function of temperature in a
format expected to produce straight lines if hopping conduction
‘were dominant. As in the a) part of the figure, linear behavior
is only observed at high voltages. The deviation from theory is -
more significant in this polarity. )



Figure <30> Hopping J-V-T Behavior of Vacuum Baked Oxides
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a) On this plot anodic J-V data are shown for a Tange of
temperatures. The' solid lines are least Square fits to equation

<128>, page 91. The hopping model does not explain’ the dashed
-portion of the curves. . .
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Figure <30> Hopping J-V-T Behavior of Vacuum Baked Oxides
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b} On this plot cathedic J-V /hata are shown for a range of
temperatures. The solid lines are least square fits to equation
<128>, page 91. The hopping model does not explain the dashed
portion of the curves which deviate more strongly in this

polarity.
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Figure <31> Hopping J~V-T Behavior of Hydrogeii Annealed Oxides
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a)l On this plot anodic J-V data are shown for a Tange of
temperatures.
128>, page

The
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prediction of a

solid lines are least square fits to equation
Note that the fit to the hopping - theory
straight line is significantly better than that

exhibited by either the unheated or vacuum baked samples.



Figﬁré'<31> Hopping J-V-T Behavior of Hydrogéﬁ Annealed Oxides
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b) On this plot cathodic J-V data are shown for a range of
temperatumes. The s0lid lines are least squate fits to equation
<128>, pdge 91. The fit to the hopping theory prediction of a.
straight line degrades at low bias, as observed in the unheated
and vacuum baked oxides. - . ’ -
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Figure <32> Temperature Dependence of Low Field Ohmic Conductance -
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Temperature behavior of the ohmic conductance at zero bias for
(a) wunheated, (b) vacuum “baked, and (c) hydrogen annealed

the
samples. The calculated activation energies are 0.86 + .04 eV for
-the wvacuum baked and unheated samples, and 0.69 + .05 eV for the

hydrogen annealed case.
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" Take as, aa example the data from Figure <30> for the vacuum

baked samples. The following parameters from equation <51"> have

been evaluated at 312 K:

2.65x1072A/(V-n?) - observed at low bias

(J/v) =
3 -= 0.86 eV - from Figure <32>
d = 54.7 nm - measured by ellipsometry

R = 8.4 um - inferred from J-V dependence

v. 1032 - 1033 g7 . ph&sikal property of solids
exp(-2nR) < 1 - the overlap factor

Let us assume nearest neighbour transitions which permits
the uppér. limit qu the overlap factor can be taken. &his also
allows n to be eStimated 4.0x1023 mT3. Substitution in equation
<51'> gives a predicted (J/V) ;;lue of less than
3.7x107% A/(V-m%), 70 times smaller than what is observed.

No improvement 1is made by allowing for hop lengths, R, in
excess of. the 1nter-impur§ty spacings—=&.  For instance, suppbse
that -the carriérs hop to the next nearest neighbour, i.e. R = 2a.
Then the estimate of n would increase to 3.2#102“ o 3, helping
to- increase the estimated value of J/V, but at the same time the
overlap factor will drop to below 3.5x107" (@ssuming that
1/ n< al2; i.e. impurit; wave functions do/Mot overlap). The Aet.
result is that the predicted J/V'in this case must be less tﬁan
1x10"8A/(V-n?), over four orders of magnitude teoo small..

Similarly, the optimized predictions of J/V, agsuming

nearest mneighbour hopping, for the unheated and hydrogen annealed

(120)
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sampies at this _teémperature are 24 and 14 times toorsmall,
respectively.. Th;sc optimized wvalues are er; estimates, since
expé:imental “evidence shows that R has not yet reached a high
temperatufe limit (Figure ¥33>); and thus'the.overlap factor must
be retained. Therefore it 4{s concluded that pure thermally
activated- hopping is unable to explain. the observed J-v-T

. N e

behavior.

b) Variable Range Hoppihg:

Figure <33> suggests that the Mott theory for variable range

. hopping shouid be considered, even .though .:he experimental
temperature range is  higher than is wysuvally considered
appropriate for this mechanism. An additional argument against
variable vange hopping is-the apparent temperature independence
of the observed activation energy. In fact, a plot of the léw

1.
q

field conductance wvs. T » as per equation <57>, page 46,

repeated below alse gives a straight line. This equation states
»

that for low bias-zid low temperature conditions:
1

2,2 : 4
JIV - deN(E exp, :g‘{,

<57>

3
T - 18.1 n3
°  N(Epk ) : <58>

The values of To can be calculated from the slopes of the

curves plotted in Figure <345. These are 6.6, 15.5, and 4.8

x10'% K for the unheated, vacuum baked and hydrogen annealed

*

samples réspectively. They compare poorly with the value of 10° K

(121) ) .
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Figure <33> Temperature Dependence of Inferred Hop Length
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If hop lengths, R, calculated from the data of Figures <29%-31>
(following page 119) 'for the unheated o, vacuum baked e, and
hydrogen annealed O samples are plotted against temperature, then
a rtough tendency towards smaller hop lengths at higher
temperature is observed. .Only in the case of* the hydrogen
annealed oxides can a monotonically decreasing function be drawn
through all data points. As before, the error bars on R represent
a statistically derived Student's. T confidence limit of 95% en
the results of the linear regression.
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Figure <34> Variable Range Hopping Analysis of Ohmic Conductance
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The wvariable range hopping equation <57>, page 46, predicts that
the low field ohmic conductance decreases exponentially as T-i,
as shown in this graph. The three curves shown are for
o - unheated, e - vacuum baked, and O - hydrogen annealed
samples. As 1is discussed in the text, howeveYt, the slopes and
intercepts of these lines predict physically unacceptible hop

lengths. i _
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.

"deduced by Bryksin éof-Tazos‘(137). Note that the intercepts of
:hel pléts on -Figufe <34> yield an estimate of N(Ep}. For the
vacuum  baked éample, for instance, N(Ep) is Eound to be
5.3x1035(3-m3)71 correéponding to a .room temperature density of
states at ;hé Fermi level of 2.2x10!% 5~3, Uitﬁ this value, and
the T, estimate,‘ 1/n can be estimated. For the VACUum baked
device -example 1/& = 25 ﬁm, an exceptlon;lly large value. It is
three times the hop length,. and is incompatible with the
assumptions of hopping conduction. Therefore both the activated

and wvariable Tange Hﬁpping theories must be discarded as possible

éxplanations_of the observed J-V-T behavior in these films.

¢) Poole Frenkel Conduction:
rd
In general, when the J-V data is plotted in Poole Frenkel

format (i.e. 1In{J/V) wvs V), each curve has up to 3 distinct

.

segments. These can be seen in Figures <35-37>. The first segment
is the low field ohmie region whose activation energy has already

been calculated. The next  segment is most distinct in the

cathodic (Ta negative) pelarity in the vacuum baked and unheated

samples, but is sls0 present iiﬁz:j/fnodic (Ta positive) polarity

for certain temperatures. It linear on these Poole Frenkel

plets, but with s 'larger‘slope than that of the third segment.

-

The third éegment is the Pocle Frenkel Tegion identified in the
previous experiments. A number of conduction models, such as the

threq:jhimensional P;gle Frenkel models, Poocle Frenkel condbdt?op

(122)
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Figure <35> Poole Frenkel Plot of Unheated Oxides
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. a) This 1s a Poole Frenkel plot for the anodi¢- bias of the
unheated oxides with temperature as a parameter. The estihated
errors have been discussed in Figure <22>, following page 104.
The solid lines are least squa:ﬁ‘fi:s to the form predicted by
the Poole Frenkel theory "discussed -in Part IV. The low field
behavior is strongly influenced by 3-D effects and thus is curved
on this type ot plot. The high field behavior for points to the
right of the dividing line exhibits a—-gradual change in slepe
due te a rise in compensation index when a sufficient number of
donors. have Eeen fonized. . .

—t
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Figure <35> Poole Frenkel Plot of‘Unheéted Oxides
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b) This graph shows the Corresponding J-V-T curves
cathodic bias. The transition between the two
Tegions 'is more .distinct .thanp in the anodic case,
occurs at approximately the same ¢
The behavior can also be fitted
theory of this thesis.

for the '
compensation
but in fact
urrent density for both biases.
with the extended Pogle Frenkel

/
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Figure <36> Poole Frenkel Plot ¢f Vacuum Baked Oxides B ,;~
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. a) The anodic J-V-T behavior of the vacuum baked samples 1is shown
_ in the same format as given in Figure <35> for the unheated
- . oxides. Temperature is given as a pgrameter. Low'field effects
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figure <36> Poole Frenkel Plot for Vacuum Baked Oxides
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The shape of the
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the unheated oxides.
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Figure <37> Poole Frenkel Plot for Hydrogen Antealed Oxides
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a) For all-temperatur®s the current demsity.in hydrogen annealed
oxides’ is much larger than for the same bias applied to unheated
oT vacuum baked samples. The anodic bias is shown here. The solid
lines are (ts to the 3-D Onsager-Poole Frenkel model. No
mid-f2eld change 1n slope is ‘observed within the experimental

Tange. -
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Figure <37> Poole Frenkel Plot for ‘Hydrogen _Annealed‘ Oxides
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b) The cathodic J-V-T behavior is shown here for the hy’droge;
annealed samples. The_ shape of the curves is similar to that of

the anodic bias  an can be ~satifactorily fitted te the
Ounsager-Poole Frenkel mgdel. :
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involving a 'second donor level, or a.Schottky contact barrier in

se;ies with the Poole Frenkel‘domfnated bulk, were applied to the

‘Second segment, without success. The least squares algorithm used

to . draw the solid %liﬁe§' on. Figures <35-37> is guided by the

»

conduction model described in Part IV. All Tegicns are fitted to

-
-

a_ Poole Fé\\kel_form, with a smooth change in compensatzon index

a
o
consider the three dimensional emission process.

This discussion shall -‘concentrate on the h?hhest 'field
region which should correspond to one dimensional theory. If

o
Poole Frenkel conduction were operative, then one should observe

an activation $nergy for conductance, Ca’ that decreases with
increasing voltage. This is precisely vhat is seen in Figures

\&38>. One complication in extracting these values from the

experimehtal J-V-T data .was . that the. data wés' collected as

Géltage fo set current, while current for a set voltage is

required for the .E}ivatlon energy.analyszs. Therefore for each

\ .
point _in"figﬁre <38§ interpolated values of _J(V) were used.
‘Analysis was not carried oui f;r voltages in the ohmic or
if;ngition’ regions. In the high Af;eld Tegion the decrease in
observed activation e gy depth is proportional to tﬁe sqqa;e

_ root of applied voltagzg::\Brgﬁictcd‘from equatiop <84>, page 62.
The constant of prpbortibqality is nearly the same for both

’ @

t a critical voltage. For low voltages it is necessary to

polarities, and for both the vacuum baked and the unheated -

samples, even thougﬁ conductivity is an order of magnitude higher

. (123)



. Figure <38>

Voltage Dependence of Activation Energy. : °
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When the activation energy, ca(v); is calculated from the slopes

of experimental
is found o
Such’

points it
voltage.

conduction.
unheated

(o),

In(J/V) vs. 1/T plots at equally spaced voltage
decrease linearly as the square root of
behavior is characteristic of Poole Frenkel

identical behavior is observed for both the

and vacyum baked ‘samples (o), even though the

Near

magnitude of conductionin the two types ofisamples differed by a

also

but both

“factor of 10. The activation energy for hydrogen annealed samples
decreases
the
unheated and vacuum bakdd oxides®

linearly th the square root of applied voltage,
slope and/?;terCfpt)differ from those obServed for
; a

L |
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PART III - EXPERIMENTS

.in the vacuum baked samples. An asymmetry with respect to zero

bias is apparent for these two types of samples. In the hydrogeﬁ

annealed samples, on the other hand, the asymmetry is-absent. The

. ’ < - .
slope of the &5 vs /V  line was also less at/.17 + .01 eV/V% .

do experlence identical Poole Frenkel barrier loweripg operating
on the same level. Hydrogeh annealing appears to cieate}a new.

shallower level. These limes do not extrapolate to the correct

Thus it would aipe&r that the vacuum baked and unheated samples

. 4
zero  bia activation energies because the one_~dimensional

approach leads to an over estimate of fg.

In the section describing the nitrogen doping experiments,

rthe rtoom temperatutre, nonlinearity coefficlent 8, was extracted
! L

-: ' . .
from the J(V) data. Then the compensation index, ¥ , was
//
calculated as-& ratio of the constant

. . '
-

-_— =

to B, the observed slope .pf the experimental ln{J/V) vs /v,

curves. Independenty- measured /4:1ues of the pertinenf physical
. - ¢ .
. parameters enabled accurate -calculation of B. In a similar

fashion, y  may -also be calculated from the slope of the

. /' //--./"“ ) . _
. experimertal Cavs-/v-plots. That is ’
= _‘/""-"-__/'/ . .
h Lla = 1 93 =BT ' | : <131>
. ~ = ' '

- - AN kyymeegd

| Thus it may, seem possible to calculate Y from J(T) as well
LN - 2y v
as ’U(VT“*Houever, when this is tried, the inferred v is 0.6 + 0 1

- N I

(124)
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'

for beth the vacuum: baked and unheated samples. This s

inconsistent ‘with the previously calculated 's of 2 ang-1.5
- o

respectively. Even for the hydrogen annealed samples, where there

~

is some doubt as to € and d, a‘similar discr;pancy is fouﬁd when
the slope Acalafv is compared to the product of 8 and T.

Consider the .temperature dependence of 8 itself (Figures_
<39-41>). A similar célcula;i&;\\fhous B rises ;uch too rapidly

.

wit écreasing temperature Ao be consistent with the T's

e, or for aﬁy other v between 1 and

t the eventual -answer to the dilemmg...

above room temperature 8 does follow @ proper vy = 2 line (as is

\“\—~dpfzéd in on the Figure), consistent with independent measurement

of € .and d. Intution might suggést that at lower temperatures vy

-

is dropping tothe vy = 1 state, causing a rise in £. Part v will

-

. back up intultich with a detailed theory of the intermediately

compensated semiconductor, which predicts this effect.
At this point however, the conclusion must be made that

.Standard Poble Frenkel theory is unmable to explain the observed

J=-V-T behavior.



. Figure <39> 8.T Behavior of Udheated Oxides o
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The temperature dependence of 8 for the unheated oxides is shown
heré for the anodic (e) and cathoddc (*) polarities. 'Error bars
correspond to a Students' T 95% prediction interval. Clearly the
data deparcts fom the y = 2 line predicted by standard theory. .
The solid line is the prediction of the extended Poole Frenkel

. "theory proposed in part IV of this thesis. The critical fitting

parameters are indicated in the insert, and all others are found
in Table X, page 145, .
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Figure <40> 8-T Behavior of Vacuum Baked Oxides
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The B's of cthe vacuum baked oxides show similar temperature -
behavior to the unheated samples (Figure <39>), even though the - ’
room temperature valué of B lies closer to the y = 2 line in this

case. () - anodic bias (*) - carhodic bias. To produce the solid

curve shown, the ratio of Nfa/Nd was increased over that used-in
Figure <39> by a.factor.of 23. -
- b
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n&u;—e-_u.p'ﬁ-"r Behavior of Hydrogen Annesled Oxides
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B8 's’ for the hydrogen annealed, samples are plotted against
reciprocal temperature. Values of £ a'ntd d can dbe chosen to fit
the observed B at one. temperature, but as in Figures <39> and
) <40>, standard theory cannot fit all temperatures simultaneously.
Even though S is much lower than what can be ‘estimated frow
- pre-aoneal ® and d values, perhaps it is also exhibiting a
transition from Y= 1 to Ye 2 conditions. If 50, the appropriate -
fitring parameters are those indicated in the insert and ‘in Table X \
/—'\ ' - , . ) .
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Y

e
3. SUMMARY OF RESULTS

-

.

The matter rests at an impasse. \5(:;BQ51.IPoolc Frenkel

condirction theory cannot be carried any furthc{_/ﬁ;:‘ er, the
results which have been explained by the existing theory can\be-

summatrized thus far. . ‘

LI . -

- 1) Current 1is. distributed uniformly down to the scale of

microns. Flaw dominated conduction is considered ‘onlikely.
. \ . ' o
__,2&“d’// 2) Current density and the nonlinearity coefficients "depend

upon insulator thickness in the manner predicted by the punch '
- : . T .
through' .Schottky  barrier emission, hopping -and Poole Frenkel

\

conduction. 1In contrast, the predictig:S of“imperfect insulator. -
¢
. metal Schottky ~ barrier emission and Space Charge Limited
Conduction (SCLC) were notfupgeLé. - | : &
32’,Inéependent measurements of € and d, uﬁich‘permit.thé
calculation Bf‘ 2 theoretical B, show that "no;mak" Poole Frenkel
conduction occu?s in three different tantalum .oxy-nitride
compositions: Their compensation 4index is one, {n ldne with "the
theory that nitrogen -compensates- the doner operat;ve in_ the

und&ped'ﬁfilms. The %pdoped film, on the other hand, showed a room

' -temperature coépensation' index of 1.5, which.is permitted by the

theory of YJngan and Taylor (184), but has not been reported -

prior to this work: It corresponds to a condition dominate v
intermediately .' .-compensated donors, where neither phartial

{126)
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eompensation nor uncompensated donor .statistics can be applied.

In both cases, Schottky conduction is ruled out.

Analysis of the J-V behavior of the nltrogen,doped‘devices

also puts hopping conduction in an unfavourable llghtbbeeause the

inferred hop lengths are much larger than what i{s normil for this

\‘-

conduction mechanism. -

4) By vacuum baking the undoped sample, conductivity can be

—

increased and its Poole Frenkel compensation index can be brought
up to approximately 2. Under the Poole Frenkel model it is

concluded that vacuum baking decreases the number of acceptors -

»

posslbly by removing water from the film. Hydrogen annealing, on

-

the other hand, creates a new shallower donor - possibly related

to oxygen vacancies. The'magnitude nonllnearity coefficient, g,

of  the hydrogen annealed sample cannot be explained by‘iﬁ/ Poole

.

'Frenkel model on the basis of physical parameters measured before

length to decrease and_ggnduftivit to increase.
5) Low . field ohm;:\Ngﬂiljfzz;;ond "Poole Frenkel -

annealing. The hopping model, on the other hand,. has no
diffieulty explaining the nonllnearlry of the hydrogen annealed
sample. It also implies tHat vacuum baking and hydrogen annealing
increases the number of impurities (of a'shal

in the case of the hydrogen annealed samples), causing the hop

"conduction regime were. found at very low field‘strengths. The

only slightly- rec:lfying nature of the ohmic behavior llmits the

LI

magnitude of any postulated pre-existing internal field such as

2

Tl ot 2




would result from "contact metal work function differences. The

shape  of the low field ohmic region is correctly*predicted by the

- Onsager - Poole Frenkel model. f'f

6) The nature 6f.the asymmetry ib.the high fileld region is

such Erht the extrapolated peak’in theé activation.energy vs 7V
P

plots ®is” shifted in the direction of the anodic polarity in doth

the uanated and vacuum baked samples. Thls supports tesult &)

that the wvacuum baked and unheated samples differ in the number
. )
i cf donprs and acceptprs, not the type of donor. The hydrogen

annealed ¢ samples were shown to have symmetricéectivation energy

- - . behavior. T

".‘7_) Us'ir‘zgahe -t-emperature dependences o.t_' t‘he zero bias

'conduetance- and the voltage dependence of current density it was

showd that the hopping models all predict conductances well below
the’ - observed values. This evidence, combined with the
exceptionally large hop lengths, and the generallj poor J-VY fits

lead to the dismiss#l.of the hopping model. "

" 8) Discrepances  were fouhd in the'inferred values of th

. physical parameters that make up B estimated from temperature

® dependences, and field dependences. The standard Poole Frenkel

model 1is wunable to explain these resulis.‘An extene*:n to the-‘
theory is propesed in  the ,following section to rt%solve the
) | T

- difficuley. . 4 '

(128)
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" PART 1V - DISGUSSION

1. EXTENSIONS TO THE THEOQRY

\
Introduction:

The analysis . has shown  that ‘standard Poole Frenkel

conduction theory  has | been suqeessful in prediﬁting the
functiénal depéndench of J-V daéa on such physical properties as
éhickness and dielectric constant. It has alsc been able to
present a consistent bicture with regards to the compensating
effects of "nitrogen doping and heat treatments. But two problems
remain. The first, and the most disturbing problem is that one
cannot- use the standa?d Poole Frenkel theory to predict umigle
values for such physicgi parameters as Y, the compensation index,
from both th? J(V) "and the J(T) data. This problem manifcs;s
itself most clearly in :hc.teﬁperature dependcnc; of p. Tt rises
too  steeply with decreasing temperature. Ehc second problem 15

that the J-V data is asymmetric; cathodic currents exceed the

-

ancdic curreants, bdut fﬂe Poole Frenkel model, beiné strictly a

bulk phenomenon, has no provi:ion for this effect. 1In this

..section, the. Poole Frenkel conduction theory is extended fp

. “ .
include explanations for both the anomalous J-V-T behavior aund
the asymmetry of current with respect to zero bias.

- —

(129)
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2. INTERMEDIATELY COMPENSATED DONORS: .
® et

The anomalous J-V-T data, which glves us diffcrcn: estimates
for the phfsical parameters depending on how the data ‘is
analysed, i35 the crux o} the probicm.: An;lysis at any one
temperature gives 'reasonable estimates for all,;he dis;oaable
parameters in the Poole Frenkel céndpctivi:y expression. It is
the attempt- to , aﬁalyse the behavior -at all temperatures
simﬁltancously that lea&s to the inconsistencyT Therefore it is a
valid question to ask if. there really is a‘;;oblem. Could the
measurements be Im "érror? The answer teo this question is "not
likcff". ldequ;te calibration of. temperature, current and voltage
measuring devices, the strict Qse of.controls to chegk for'drift,.
and ;he fact that a large number of devices have been tested over

.

a span of ‘nany fabri;a;ion runs limits ‘the possibilicy for géror.
Tﬁ? possibility becomes even more remote when the“literature is
consulted. Similar hnomaléus J-V-T behavior has been reporté&,
but not explained, by Jonscher (65) working wiéh Si0y, by Sinha
and Smith (213)° also working with S10y, by Broun‘et al (205)
working with Si3N,, ana by Meaudre and Meaudre 6215) also in
SiQ, . Temperature dependent dielectric constants and/or thickness

have been suggestédl However, the anomaly described in this

thesis Appeats 'to be the furthest from theory yet seen. Therefore

- . -

even the most generous estimates of temperature dependences in €
"~

(130) -
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and d are simply -insufficient. to bring the “data in ‘line.
Fortunately, these temﬁﬁrature dependences ;re not fcquired to
fully explain the J-V-T data reported here and in the literature.

In the first extension 'to the theory presented below, a simple

model is derived from within-the framework of the Poole Frenkel

model _to fit the.J-¥=P-behavior based on the existence of partly
partially compensated donors within the Ta, O, -

One way to explain the J-V-T results is_Eo find a smooth
variation with temperature iny, the only other phramgter lef£ in
8 -whose ™ temperature ‘independence. has not been verified.

Intﬁitively, it is not hard to understand why this can occur. The

degree of -compensation, and ‘thus Y must be .2 function of

‘temperaturE because the ratic of r}bnized donors to ionized

- acceptors 1is not the same for all temperatures. When temperature

ij‘increased the number of ionized d&nors increases whereas the

‘number of ionized acceptors remasins the same since they were all

‘ionized to begin with. Clearly then, the ratio of ionized donors

to ionized acceptors increases with heating, making the insulator,
less "compensated”. Thus Y must increase from 1 ‘to 2. This

magnitude of changgxis sufficient to fit the observed values of B

.

in the results presented here.
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A detailed analysis will be ptesenéed in this sectidn to
show that the, transition between :r = 1 and Y = 2 conditions
occurs graduﬂ}}y over the oﬁée;ved gempergzkée range. Recall froﬁ‘

' ParTT-Ii, pages "71-75 that Y arose from the relati;n;hip E:Epé;n'
| the carrier density and the donor density. The :;tarting
assumption was ch;rge neutrality. TFree holés and;.unionized

" —

acceptors were neglected. This gave equation <107>. ST

- , - %
n = < (Ng +8.) + % {(N.’ +-Na)2 + :_, N.’ (Na—-_ua)}, <107>
Jhere n = density of free electrons

Ny = density of donors

N; = density of accéptors ,

Rorx Jeexr ~[ied] L
N2 kT
.“c = conduction band density of states

gqa ™ donoT energy depth

Standard theory assumed that if Nq » Nc‘ > N, {i.e. donors
are uncompensated) then only the 4°N_ (N3 -N, ) term in equation

<107> was retained, and therefore the carrier density became:

) - o _‘/NJYC ( 8 . \ <108>
“‘72—“‘"2,&1'] :

Thus v = 2
o ' Similarly, 1f Ng > N, >> N.' (i.e. donmors are partially
compensated) then it was possible to expand the square root te

second order and cancel the two terms in (Na + Nc').

(132)
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- ~_
This left the expressiom: = . \\\‘5\._¢ ’
(Ng = 8) ] d 118>
o = —— - =] .-.
. 2N Neew [-43].
—— N

Thus v = 3

In contrast, the analysis presented in this section is_

concerned with the situation where the donors are neither

uncompensated nor partially compensated. In effect, the donors -
’ \

aTe intermediately compensated. Hathematically speaking, these

(519

conditions prevail when:
4 No'(Ng - N;) < (N + Ny) <40 N (Ng - N,)

and thus neither of the simplifying assumptions wused in thc-
derivation of equation <108> and <118; is valid. When the donor
and écceptgr ‘densities ate in ghe intermediately compensated
regime, the temperature dependence of.che carrier density must be
Falculated directly from <107>.

In the computation of values of equation <107> care must bé
taken to ensure that round off error does not aé;ersely affect
accuracy. For example, {f (Nc' + Na)z i3 more than 107 times
larger than 6-Nc'.(Nd - Na)’ thén a2 formulation of equation <107>
.exdctly as written will return an incorrect value of zero when
executed on‘the épble /le coﬁputer. This is due to the nine digit
limit of accuracy. UndFr these parﬁicula; circumstances n is the

difference between two nearly equal numbers. Therefore the

expansion of the square“\root employed in the derivation qf

J’/‘
{ :
[

(133)
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-

equation <118> s not only valid under certain circumstances, it -

is necessary téfpreserve,accuracy. Happily, the range of impurity

[ F

. concentrations where the full formula must be used in;teaa of the

expanded form lies wgthin the ringe where the computation of the
full formula {s accurate. A similar problem in the comput;tion of
equation <107> is the limited aynamic range of the computer. Only
numbers {n the range of 10738 to 10738 pay be'manipulated.Aéhis
problem c¢an be easily circumvented by <factoring out a common

oultiple of, say, 1010 from Ny, Ng, and N.' prior to calculg}ion.

The Dbehavior of this function over the temperature range

used in the j-V-T experiment is shown in Figure 42> for asrange
of acceptor densities. Several features of the plot can be
described.

1) .For all donorI to acceptor ratios greater than 102% a
transition is wmade between two linear ln(n) vs i/T curves
differing in slope by approximately a factor of two. The
high temperature portion corresponds to equatiom <108> with
slope equal to (3/2k, while the low temperature portion
corresponds to equatiom <118> with slope equal to {y/k.

. 2) ?he larger the acceptor density, the higher th%‘tcmpcrature

at which the transition begins.

3) An alternate choice of donor densitf simply displaces the

curves vertically,

5) The donor to acceptor ratios may seem exceptionally large.

Why should such a seﬁmingly insignificant number of

(134)
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aqcep:drs be 5o important? In fact, the number of ionized

donors and ionized acceptofg are comparable. For-exaﬁple,
< 24 9 . »

for T = 300 K, Ng = 10°", Ny = 10° , and Ld= 1.75 eV, the

number of jonized domors is only 5.1x10 3, and thus the

o '
material is indeed partially compensated. If, on the other
- .

hand, &4 were only 0.5 eV, then the donor to acceptor.

ratio must -"be below 100 to exhibit a transitionm in this

temperature range. In short, the deeper the donors are, the

fewer acceptors needed to compensate them.
5)-—f;e'accepto:‘dctivation energy shas no influence on the form
of the plot provided Ep - E, is greafer than ZkI; This was
. contained in the assumption that the material was n-type,
and therefore that all o£ the acceptors were ionized.
6) The calculatiQn is ouly valid up to the point where E4 - Eyp
becomes less than 2kT. This was contained in the assumed
valfdlty of the Boltzmann relationship between carrier

density and donor activation energy. All of the calculations

shown in this thesis have been verified to be within the

P

range of Boltzmann statistics.

TEF. temperature dependence of carrier coucentration with
diffexing domor to acceptor taties shown here is nothing
startling. Similar graphs can be found in the text "Semiconductor

Statistics” = by Blakemore (235), and  Hall data showing

. i
experMeeSESY  evidence of the transition can be found (236). What

N ' (135)
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is new is the application to the Poole Frenkel situstion.

In the Poole Frenkel situation both‘Bpf, the noplineap§ty'—-

coefficient, " and. Kpf' the conductivity coefficient, are affected

—_—

by the degree of cempensation. The Poole Frenkel conductivity

coefficient, Kpf, in either of the two asymptotic doping regimes

is equal to:

“pg T 2.3 3,(T) — <132>
d -

—

where n, (T) is the carrier concentration in the,absence of Poole

Frenkel barrier lowering, -

Thus in previous applications of standard Poole Frenkel

. theory plots of Kpf vs 1/T were presumed to be linear with slope
. equal to ad/vk Data and predictions of standard theory are given

N

in Figures <43-45>. In both the vacuum baked' and unheated
examples the standard theory tends to 6ve;estimace,1¢bf'in the
. ’ . .
low temperature range. Under the model described here, the

decrease in Kpf below the values predicted by standard theory is
{due to the transition from uncompensated to partially compensated
donor statistics 45 temperature decreases. It might be expected
that these K pf plofs should be identical to those of n(T) in
Figure <42> except for a vertical displacement to account” for the
nq/d multiplicative factor. Although such . a fit to the data
(gi#en in Fgg;ré <43> only) shows the desired drop at low

temperaturés, this curve also deviates from the observed data.

The trouble is that Kpf is not exactly as given in equation <132>

- - (136)
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Flgures <43> Kpf-T Behavior of Unheated Oxides .
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This graph shows the large variation in the observed K _ values
over the temperature range examined. Standard theory is unable
to fit the low temperature K's which fall below the prediction,
-a). The curve b) drawn for the same fitting parameters used for
the B-T fit (Figure <39>, page 125) correctly- predicts the devia—
tion, and falls between the anodic (Y and cathodic (*) points.
Neglect of the voltage dependence of compensatign leads to the
dashed curve ¢). .
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The K__-T behavior of the vacuum baked samples show ‘even more
clearly the low temperature deviation from standard theory a).
The predictions of the extended Poole Frenkel theory, b), using
the firting parameters from the 8-T curve, Figure <40>, page 125
falls between the anodic (*) and cathodic (*) points. As in the

‘previous. Figure, the error bars are the 95X Student's T intervals.
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Although the B-T curves for the hydrogen annealed samples, (Figure
' <41>, page 125) exhibited a change in slope suggestive of a change
F= in compensation, no corresponding break in-this curve is apparent. -
The solid line is the prediction based on the fitting parameters
used in the B-T plots,




when - intermediately ;ompensated donors are present. Instead’Kpé

must Qg_,;isoroﬁsLy defined .as pq/d tites the value of a(T)

eéxtrapolated from the Poole - Frenkel bias regime to zero bias,

denoted n.,(T). Under either of the uncompeﬁfated or partially
. —~—— .

" compensated conditions, =n (T) is equal to ng (T).- Under partly

partially compensated conditions, houevei,'they are not. To find_

nex(T), values of equation <107> must be calculated for a series

-

of wvoltages with ‘Cqd replaced with fdo 284 .™ Recall that the

magnitude of the one dimensional Poole Frenkel barriex ldueriﬁg,

4Lz, is relatéd to the applied bias via equation <84> found on

page_62; and repeated here for convenience: T \
A( . - 3—v . ‘ * ' /
d Tee d 4,/’ <84>

Note that values of €, d and Cdo Must be assumed: The values
used and the rationale behing their <choice will be discussed

shortly. Also note that this equation is not valid foerery low

electric f;eld' strengths where a full three dimensional approach

is necessary. These effects, which only add a low field ohmic

‘pertion to the curves have been omitted to highlight the effect

under study. Figure <46> gives a-plot of the calculated carrier

density as a function applied voltage. For conditions

cdrrespo;ding to the temperature range where the activation
energy of carrier density exhibits g transition between y= 1 and
Y= 2 conditions, In(n) vs /V has two approximately straight

segments with slopes differing by apprbximately a factor of twe.

(137)
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- . -Figuré <46> Voltage Dependence Of'Ca?rief Density .
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—i:::] Carrier density, as described by equation <107>, page 72, is. .

, Plotted against Y voltage for a range of temperatures. The donor
/ . coergy was chosen to 1.75 eV. The Na to Ng ratio was 10715 Note
there are two nearly straight pertions, corresponding to the two | -
linear portions on -the Poole Frenmkel plots of J-V-T (Figures
<35-37>, following page 122). -



. may be calculated from it),
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These curves are stronglj Teminiscent of the J-V-T,Blots of

Figygg;\\}35-37>lﬂjd;dkhe region where the one dimensional Poole

4

FEehEéEﬁ,igffgfiion formula is expected to hold. This also implies

that for intermediate compenyated conditions n (T) (and thus
. : ox

-

the true Kpf) is larger than ngy(T) (and the incorrect Kpf that

R
N

The  effect Ean be easily explained under the model of the
1nt£?htdiately " comPlensated donor. As the electric field

ihcrcaéésq and the donor levels begin to empty, the degree of
;gmpensation decreases, “and thus the slope of & In(n) vs ¥V curve
must decrease from_ a valﬁe corresponding tor Y= 1 te one
appropriate to v = 2., éyidently,Y_ whish rélate; :ﬁe slope of the
Ia(n) (or 1n(J/V)) vs/v curﬁe-igfthe physi#al propertides of the
oxide and was previousl; Zhought to be constant for /i given
device, is net only teép?rature dependen;, -but*alsp Abias
dependent! When the—;;;ditted Kpé islcalc;latcd Jsing the n . (T)
extrapolaied fram. the same bias Tegion-as that over which the
.expeflmental Poole frenkel coefficients were calculated, good
ngeement between theory and eipﬁgiﬁeht Is achieved for the
unheated . and v;cuum ‘baked samples. The fit to the hydrogen

annealed data is.significantly pocrer. The values used are given

in the captions, and are Summarized in Table X at the end of this

section, page 145.

In a similar fashion, the anomalous temperature dependence

of £ can be explained. Aga?ﬁ, values of ﬁ(V,T) ate generated for

way -

(138)
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*

specific values o N4, Na, Céo’ €, and 4. Since J/V is
. A :

pProportional to 'n, B is equal to the slope of & In(n) vs/ v

curve! Then Y can be calculated from its original definition:

that i{s, vy equals the ratio of the constant,

143 .
) kT €e md i

to 8. .Becnuse it 1is dimensionless, results of the calculatioﬁ
have: wider application when expressed in terms of T.. Its
,témperature behavior is shown ' in Figure <47>. The :ransition—
epéns a temperature range of approximately 200°C. For a limited
range of - approximately 50° _within that span, the funetion'is
nearl; linear.. Because B8 changes so smeothly with temperature,
.activation energy plots will appear normal, but gi?e compietely
erroneous results‘ because the temperature -dependence of Y was
inadvertentiy inciuded. It is Uo "surprise that £4 calculated in'
this manner does not vary wi:h voltage with the correct constant
‘of proportionality. In a similar fashion, a B -vs.llT curve
constructed for that region ‘would be accidently linear with an
anomalously high slope. 8 rises too rapidly at low temperatures
because v s ‘also droppieg. The solid curves shown on Figures
<39-41> demonstrate . that ehe model-presented here notrqnly fits
— .
the Kpf tempefature dependeece,~ but also the temperature
dependence of 8 using' the same fitting Parameters. Also, an

unambiguous valye of ¢ which fits the entire temperature range

may be calculated for the vacuum baked and unheated samples. This

- (139)
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Fiéure <47 Témpqratugg:pcpendence of Compensation Index
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. The effective compensation index can be calculated,from equation
<107>, page 72, for experimental bias conditions. Note that it

varies smoothly over a range of 200°C from Y=1 toy =7
conditions. .
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is 3.52 + .07 (i.e. o= 1.8;/1 .04) « consistent wiih earlier
optical peasureﬁcnt?. See Table VII, page 114. -
- The sha;c -of theEB vs 1/T curves for the hydrogen annealed
Sampie 15 similar to those of the unheated and vacuum baked
samples h;én though corresponding.break points in the Ko vs 1/T
and J/V vs <V curves are not apBarent. The anomalously low values
of 8 indicate that efither ¢ or d fo; these oxides are larger thén
wvhat was -determined i{n wmacroscopic optical measurements on
unheated saﬁples. Note that if.d ;ere assumed to be unchanged,
then the ¢ that fits éhe observed 8+T curves is 24 + 5. This is
equal to the static dielectric constant for Ta505(157). Such
agreement may be coincidental, or it zay indicate tbat ienic
Poole Frenkel conduction ig taking gla;e. Recall that fpr such a
proaesa Poole Frenkel like J(V) behavior is observed except that
B. then q;pcnfs on the static dielectric constant (159-161)é’fhere
is not enquh ﬁata to decide what conduction process is most
appropriate for these ;xides._

The numerical values for éhé other parameters i{n equation

. P i

<107> are arrived at Lé\ihe following fashson:

N
1) Donor depth: The steepness of the ln(Kpf) vs 1/T plots

/ ‘ .
and the width of gye transition in the B vs 1/T curves is a
_ ’ r

strong function of f4o® 3%° that this value can be estimated

without knowledge of N; or Ng. An interactive fitting pxgggam was

written- to allow user directed variations in Sdo (and all other

.

-

(140)
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fitting parameters) and comparison of the sum of the residual
errors  between predictions and  theory. Convergence to a
satisfactory fit could be rapid with.Acareful ch;ice of seed
values. The value |at£ained in this manner for (4, for both the

vacuum baked and unheated samples is 1.75 4+ .05 eV, and
: >

1.40 & .05 eV for the hydrogen annealed sample. An independent

| ——

‘estimate of fdo Is rteadily attained ‘from the temperature

. dependence of the low field ohmic ‘tegion. In light of the model

proposed here, it is apparent that over the temperatures used to

calculate the ohmic region's activation energy, Y ¥ 2. Therefore

-

the energy ‘ depth of the level responsible for the ohgic
conéuc;ion is 2x.86 eV = 1.72 +£.08 eV. for the vacuum bsked and
unheated samples 'aﬁd 1.4 .1 eV for aqdrogen annealed
samples. The shallow level has been observed-in Ta,0¢ films by
other research;rs (69,237), but the deeper 'égg is new. It is
believed that the optimization process em}loyed hby—~£his
laboratory to prod;ce tantalum pentoxide with larger than normal
conductivif} levels ma; have enhanced a naturally occurring, but
usually iow density lével, or has introdu;ed ; new, impurity

related level.

A

2) Domor to acceptor density ratio: The temperature of the
S ) .

transition point between the two straight line portions of the

n(T} and therefore the Kpf(f) curves 1is a strong function of

Ng/N;. The value of N, merely shifts the n curves vertically on

such a plot. Once the transition temperature is identffied, the

(1a1 )9
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ratio Is read off g, graph such as Figure_(h&), generated for a
specific &,y,.

3} Donor dcnsity:"The value used is arbitrary. However,
othe¥ Tesearchers haﬁe applied & wide variety of analysis
techniques to anodic Ta,0¢ ﬁnd have‘independently arrived at a
doping councentration of 10_2"m-3 even th;ugh the films differed in
preparation, "and éondﬁttivity behavior (21, 58, 59, 110, 137).
This wvalue may be univefsal-fof this materifl, for much the ,same

reasons that amorphous semiconductors were thought to be

1ntriﬁsically undopable (238). Impurities are simply tied up

somewhere in _the ‘loose. atemic structure where they are not
electrically active. |
45 Electron mobility: From the Kpf(T) plots an estimate. of
electron mobility Amay- be madé (in the vacuum bakgd'and untheated
;amélg; only, since the values of d and €are in.question fo? the
hydrogen annealed ;ambles). The values calculated, which depend
uon‘ the exact value of Ny, are on the order of 107 a2 /v for all
Teasonable estimates (see Table X). They are fully consistent

with electron propagation in the conduction band, and are in

agreement with the results of Thomas (59).

The success of the model permits an interpretation of the .
observed J-V behavior in terms of impurities ana_their probable
sources. To begin with, coaéuction in these films is now assured

B ? -

to be a bulk phenomenon. The sources of conduction electrons are



Figure <48> Dependence of ‘the Compensatfon Index on Acceptor
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This graph recasts the data presented in flgure <42>, after page
i 134 and <47> after page 139 to show the abrupt drop in v at a
} fixed temperature as acceptor density is increased. This feature
1 facilitates. the accurate deteriination of the donor to acceptor

density ratio.
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partially lonized don;rs distributed throughout the oxide Aaving
an energy depth of 1.75 eV in unheated and vacuum baked samples.
C;nduction electrons (or ioms) which dominate the hydrogen
anneazled samples have a .different activation enexrgy of 1.4 'eV.
This work has shown \chat under cértain conditions compensatihg
acceptors .a;e also present. The;'identity of these dénors and
‘acceptors may be surmised by correlatingrthe observe& changes in
the compensatio?. index,? » with the physical mechanisas by which
the different ?rocess conditions change coﬁductivity.-Consider
the undoped, ugﬁbaggd oxidé. It exhibits a compensation'index of
around 1.5, and an intermediate c;nductivity coefficient, Kpg.
After vacuum baking th;s_ oxide, Y rises to 2,_gorresponding to

uncompensated Poole Frenkel conditions, and K . increases by an

pf
order of magnitude. . Both- observations may imply the loss of
accepto;s. It is proposed that the acceptor driven off in vacuum
baking is water (or -OH); a well known impurity in anodic oxides
formed in aqueous solutions. It was mentioned in the introduction
that Krembs,}uorking with ;ritiated_water, estinated a density of
102“273 4 atoms in anodized Ta,0; (IL),-so there can be no‘dpubt
that this impurity is important.

Consider the unheated oxide once more. Now -add nitrogen by
reactively sputtering the parent tantalum. Kpf drops dramatically
aod Y falls te 1, corresponding to "complete™ partial

compensation. This can be accomplished by the addition of more

acceptors, or the loss of donors. The expression of charge .

(143)
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neutrality makes both views equivalent. Nitrogen fits this’role
well. It may be introducing another acceptor in additon to water.

However anothes hypothesis c¢ould be that the primﬁry donor in

Tazos is an oxygen vacancy. As nitrogen replaces oxygen atoms in ~

atomic- arrangements‘ that -woul?ipormally lead to the creation of
&Qhors, the extra electrons become bound to the nitrogen instead
of Dbeing exciteg to the conduction bané. This would explain the
drop in Kpf - there are feﬁer donors - and in Y - the ratio of
. . .o

‘acceptor density to donor density rises. The changes oB;erved in

the hydrogen annealed samples point to large increases in the

dielectric constant and/or oxide thic .4\\?nd~a-substantial

. : ' ~
increase in the carrier concentration. The reducing atmosphere
used would increase the number of donors if these were-oxygen
vacancies (but the donors at 1.75 eV and 1.40 eV _could not both

be simple oxygen vacancies) , or could be introducing hydrogen as

an ionic charge carrier.

e
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N.=10%°0™3 ar 300 K with T /
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2

3

" dependence is assumed

calculated from the slope of K-T data (Flgures<43-45>)

calculated from co-T data (Figure <32>)

measured by ellipsomerry

calculated form slope of B-T daﬁa,

parameter for bgﬁ; fit to K-T and B-T (Figures <39-41>8<43-45>)

(error in log(Na/Nd) is estimated to be +.5)

inferred from fitring parameters, for 300 K and zero bias
calculated’ from anodic 8 and ¢ and d given above

assuming N,- 1024~ 3

error in log(u) is estimated to be =.§

('145)

v=2 (Figures <39-41>)

-

Table X - Summary of Poole Frenkel Analysis
. Oxide Type
Parameter Unheated !  Vacuum Baked ’ Hydrogen Annealed
R . 1
¢y (eW) ! 1.752.05 | .1.75:.05 lf 1.4 =1
2 | 172203 1 1.72s.02 ~ | 1.41%.08
e=n? 3 ) 361207 | - -
.
“ | 3.58+.03 3.472.03 | (24 = 5)
d (mm) 3 {'s54:9s.5 ~ i -
NN, S| 3x1071S " 1x10715 3x10" 12
pr + 5
Ny /N 2.1 , 5.1 1.9
7 1.5=.1 T 1.842,09 1.1=.3
Y280K ( )
u(m?/vs)® 8 .16 .23 .17
Notes:
2
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3. SPATIALLY NON-UNIFORM DONORS:

‘'The pregeaing analysis 1is all Afor nought; if there i3 no
explanation how a suppesedly bulk -conduction mechanism can be
aSyﬁmetric: which B dées one use to fit the Y(T) curves, and

. —
which K¢ for the na(T)? In this section, an explanation,
preserving the.main tenets of Pool; Frenkel conduc:ioq‘theory, is
drawzn from the J-V-T experiment and observations made by various
researchers w#o have  studied Fhe 'ﬁhysicgi 'and electrical
properties of anodic Tazos. ?hs first task, however is to review
what dis known empirically -about the asymmetry. Then the existing
‘explanations will bde explored, and their predictions compared to
the data. And f{?ally, 2 model which passes the test will be

L3

Presented.

. -

The term asymme:ry needs 2 more precise definition thaqxg
Hhat has been used thus far. ; e figure of® Ferit is the s0o c;lled :E%
rectification ratio, define&ito be the raé;é of current obserjfd
for a set "forward” voltage to that observed for that voltage
applied in the "rever;e" §irection. In common practise, when the
| rectific;tion rafio is between 1 and 10, the J-V behavi;r has
‘been deemed to be symmetric. The films under 3tudyrin this study
might also qualify under that criterio;: the rectification ratios -

observed are approximately 4 for the unheated samples,

approximately 3 for the vacuum baked samples, and less than 2 for

{146)
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the hydfbgen annealed 5amp1es. In all .three, the cathodic (i:e.
tantalum negative bias) currénts ;fé greater than their anodic
(tantalum positive bias) counterparts. .

The next observation i;&lthat the rectificatioﬁ_ratio is
nearly constant throughoui the Poole Frenkel ;egimé - that is, a
Poole Fienkel plot such as Figure €27>, vhich is found after page
116, shows the curves for{each polarity become parallel at higher _
voltages. TFigures <19>, ffo owing page 100;'substantiates the
observation over a wider rabge of voltage. Thus the major
difference between polar;ties is in be,.not 8. Fié;res <43-45>,
found after page 135, ?f Kpf as a functigu of temperature show
that the tectification ratio (as seen as the ratio of K(cathodic)
to the K{anodic)) is also independent of temperature. This lead;
us to conc;gge that asymmetry ca?noz be due to a bias dependent
activation energy; such é si£uation might arise if the potential
wells around the donors hhéwed 2 preferentially oriented
distortion.. " - -

A -corollary to.the preceding oﬁgervation is that 8 tends to
be Atﬁg lsame for each polarity. As mentioned before, this is only
abb;éximaqelx ;rue.- Differences of up to 107 have been obkerve&,

with the anodic B being greater than the cathodic one (whereas

the currents show the opposite ‘trend). The large differences seen

" by Pulfrcy, Wilcox and Young-(131, a factor of two, is.likely a

panifestation of the Schottky to Poole FPrenkel transition in the

ca:hodic polarity. The wvariation of B with T, shown in Figures

© >~
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€39-41>, after page 125, show th{f‘lﬁ the case of a differ&nce,
the diffé?cnce is gfeater;atllbier temperatures. It Eould be that
the ' transition from Y =1 to Yy =2 takgs place at a lower
temperature” for the cathodic polarity. Unfortuna?eiy, there 1s no
data ;o confirm that the 8;3 Teconverge at even lower
éemperatures. -

Aunother observation: Even though the activ&t&on'energies
calculated in the experimentél geciion cannot be directly related
t§ the é;;or ioniza;ion eneray; because the tcmpefature

dependence of Y was unavoidably included in the calculation, its ’

.voltage dependence shown previously in Figure <38 after page

1123, is rTepresentative. It i{s clear that the observed activation

. ’

energy for a given cathodic voltage is less than that for the

same ' size anodic voltage. The difference between the values is
greatexr for the unhegted samples than for the vacuum baked .~

samples, whereas 1t is almost zero for the most highly symmetric

hydrogen annealed samples. The first two sample types, w

differ in xectification ratio, none the less have the same
relating the square root of voltage to decrease in activation
energy. Thus, any mechanism proposed to explain the. symmetry
must not alter the voltage dependence of actf%ation‘energ except

for an offset in the square root of voltage.

© (148)
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Previous Models for Asymmetry:
. The bredominant- explanaiion used by other workers for
asymmetry is the- internal field resulting from ‘metal work

function differences (86, 209, 239). However, as discussed with

———

the J-V-T experiment 'results, the fact that the ohmic component
is non-rectifying, or slightly rectifying in‘the opposite sense

- ‘ ) .
to that seen - fn the Poole Frenkel Tegime clearly discounts this

—

approach. A varistion on the model could be that the internal

-

"fields arise only in the non-ohmic regime as a consequence of

polarization or ionic drift. Ionic drift would bte irreversible,

and could be  detected by comparison of J-V characteristics of
P ' .

devices with different biasing histoxies. - This comparison has

been made and no evidence of ionic drift was detected.

-

T e

N
'Poférization “on the other hand, is reversible for small voltages.
it is field dependent, which would explain its appearance-only at

- :
high field#. A polarity dependence, however 1is difficulp to
Justify,. ’ - ‘

In any casé, the simple addition or subtraction of a
voltage due to an internal field of auy origin would fail t;
eliminate the apparent asymmetry for all current levels; the
rectification ratio could hot be: constanE at all curren;s as
observed. Similarily, thq activation energy plots versus the

square 7Troot. of wvoltage would be distorted by the addition of an

internal field, not brought into coincidence.

To summarize® there is evidence that asymmeﬁry is not due

(149)
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to a simple . internal field, arising from metal work function

differences nor fb‘iqpic drift, nor from intrfimsically distorted
-potential wells giving polarity dependent activatiéq;encrgiei.

Because the Poole Frenkél‘plots and the I, vs N are linear, the

~

v b a fcaals e bt b

—~

possible causes” of asymmetry are limited to mechanisms which do i

Al

-
I

- . <
not distort&j}ese telationships. The-following proposal meets the

A TR

criterion b applying the Poole Frenkel effect itself to a

spatially non-unuiform distribution of donors.

Consider the effect of Poole Frenkel barrier lowering on the ’

=
-

non-uniform distribution of domors diagrammed in Figure <49>. The
. : . .

. ~

donors are concentrated in the uszjjhalf‘of the anodic oxide <

adjacent to the chromium top metallization. As the field strength

increases, the Fermi energy rises to maintain equilibrium.
.However, because there are more donors in the upper half of the :
‘oxide, the Fermi level moves further upwards im that half. The

Tesult 1s that the original electric field has been augmented by

an 1ﬁterna; field whose msgnitudelincreases with theanumber of

electrons added to the conduction band by Poole Frenkel Barrier

lowering.

A crude analysis is now offered to estimate the size of the

-effect proposed. It is necessary to solve Poisson's equation for

- .-

a Tepresentative donor distribution. To start them:

» wu - — 2] .
. SCQ _ <1335

) < , _
where for uncompeﬁgztia’abnors we have -

fi Gox —q ¢ 3 : -
d c. d 1 q € <10B8"> //””’
P =q z . P [ 2kt |57 [;kT mee ] . x |

s v &

(156)
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?1gure <49> Energy Band Diagram with Spaizzily Nonunifora Donors

.

i Consider & Ta-T -Cr device confaining donors predoﬁinantly in
the upper half of the Insulator adjacent to the chromium.

‘ . . L) Bm EIJ z
£ | o 2
- Ta Ta,0g Cr F .
T~ 7 X _ d

Atﬁ low bias, while the donors remained filled, there is no
interval’ field. Nonpola® ohmic behavior would be observed.

~

N

Under sufficiently.high cathodic bias, the charging éf the donors
causes - Ep to rise, but more so at x = d than at x = 0. Therefore

a potential %Jx- Vn(O)-Vn(d) is created.

o ‘o 00O}

»
bias, however, the same mechanism works against the

Under amnodic
applied field and leads to a lower current flow.

-
e
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J

for brevity, write

n = no(X) cxp[g 3 . o <€134>
k’l‘l '

Furthcrmbre, let n,(x) = 0 for 0 < x.<m - Region I

and N;for m<x <d - - - Region 1II

Therefore in Region I we have

16 Sl - ' <135>
v, = ¢ .
o1 1 <136>
= C ¢
¢I lx + » \i <137>
In Region II, we can write
. -9 No ' <138>
’ 1'|"II B cc cxpEg_ZEJ B
[a} kT '

To first order, let £(x) be nearly constant. This will be true in
the case of small donor densities, and will be justified more

generally by numerical anal}sis Biven later. Thus

AN e 1es
P o= 2 expie /€ [Ix + b . <139
- 11 €t : 1
o L kT
*q N -~
S9N 2
Y11 % Tee exp[cxfi_]}‘ + blx + bz‘ <140>
. oL kT
bl -
ﬁhe boundary conditions are such that )

1) ¥; (0) = 0, which sets c,=0
2) ?IIQ' -(v+vin), which fixes b, which respect to b,
3) ?I'(m)'= +11—(m), which sets ¢, in terms of bl

i’y ?I'(m) = ?ll'(ﬁ). which sets ¢, with respect to.b, and b,.

{151)
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The final solutions are given as:

v+vi q N i '(dz 2)
1 = - n -— L4 . ./ - +m .
*1 d |* ce_ “xdg% E:] = 2d x <141

: 2, 2, -
Wep T - __,__i_n exp| a /¢ xz_(i___;'"‘x + o
I1 d ch T d

<€142>

W%v 2 2

. i )
¢I = - 5 f] cxth /—] m -(? ;3 - <143>

Fv+v '
bt o q No (d2+-m2) <144
11 — 2d )
‘o kT [

In both ‘Tegions, the electric field which is equal to -7,
is almost constant, being equal to the parallel plate value
(V+Vin)/d, and  a correction term. - If we let Nd= 102%/,3

N.= 1025/m3, Na= 10° /3, .and  g4= 1.75 eV, the correction term

can be calculated for a typical Tazo5 device at 10.V bias to be

109. times smaller than the .constant term. Thus it is well
A\-"-—-"_\ . . .
Justified to take £ constant. The step function,chosen here for

the donor distribution is an extreme. For smoogtfr no(x)
\\ . . .
distributions, the correction term will be even smaller.

The final step is to show how this result can lead to

asymmetry. The result

d : 145>

does not appear to offer’ any improvement over the "internal

field" solution Proposed by other researchers. Those modsf;jwere

(152)
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unable to explain the coexsijisﬁpc of non-rectifying 6Lmic and
asymmetric Poole Frenkel conduction regimes. “Progress can be
made, however, by examining the voitagc dcpendcnce'of Vin

By definition:

-1 ..gc -q Vn(x)
. e ; = e <146>
n Nc exp T Nc exp T .
g ‘ (d) |
: = - = KT mell- '
. Vin vn(d) vﬂ(O) q in [n(o)] <147>

Thuﬁ Vi, depends on the doping density at the end points.onlyl

To calculate the magnitude of Vi, we cannot use the simple
distribution used in the first example because n(0)=0 has certain
unpleésant consequences in a'logarithmic expression. It is alse
unphysical. If nothing else. there is the intrinsie carrier
concentration due to -thermal excitation across the gap. Only in
the purest  semiconductor crystals‘ are intrinsic conditions
attaincd:. Therefore 'it.is probable in amorphous T$?05 that there
are other sources of carriers with a total density of ny. Let us

x

assume _ that they_are traps which do not experience Poole Frenkel

"t
barrier lowering. Thcreféré n{x)} has the form
n({x) = ny ' for 0 < x < m i .
T <148>
= Ny + g exp ,gfg form < x < d .
’ kT .
Thus
. v = KT ni+no'exprc_/f
in q .y L kT <14%>

for all biases wherein the one dimensional Poole Frenkel formula

-~
o
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-~

is valid , and at very high bias

X .
Vo v Im|-2|+2 - <1505
in q . ny q o

Since no q&ro- bias ‘current leakage due to Ry in excess of °
wvhat the Onsager model predicts for low bias Poole Ftenkel
behavior was observed, the upper liﬁit on no/“i can be est‘mated
to. be 0.1. This implies that at this limit Vin'at zero bias is
-002 VvV, and thus would not be observable. At a higher voltage, say
5 V, these .Same numbers éiv; f;nu.zo V. Thus the diﬂference in
electric ft?ld for the forward and Teverse directions is 8%.
Cohtinuing to)‘use- represeﬁtativg values £for the Pooie Frenkel
coe{ficients, a rectification ratio of‘l.s is calculatéd, in good"
agreement with observation. Becéuse Vi incéeases with bias, the

rectificat%on ratio is nearly constani, ;s observed. The mode 1
also pred;cts the- observation of a4 -élightly larger anodic B,
becausé the relative magnitudes of V to Vin increases slowly at
high bias. | N

The cplculations' Just described are approximate, because
there is a finite coupling between Vin'and §- Vin‘depends cu .the
number of carriers, which depends on.the electric field, which
depends on Vin. In add%tion, we used the assumption that £ was
constant, to prove £ Qas constant in the Preliminary example. An
exact numericél analysis luas p;rformed to verify these results.

The technique, known as a finite differenée method, is in wide

spread use in semiconductor device ﬁodelling (240). a potential]

/\\ +

( " (154) N
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J

distribution is calculated byl an iterative procedure which

proceeds from an approximate solution to an arbitrarily exact

solution of Poisson’s equation for potential. The first step is
to divide the device into a finite number of segments. The
potential at each point is writtem as a function of the

conditions at adjacent points. For example, to find the local

carrier density from a given emission enhancement formula such as

the Onsager equation <93b>, found on page 65, the electri? field

is " estimated toe be the difference in poteﬁtial between the two
adjacent points, divided by twice the mesh spacing. M such
expressions are written out, where M is the total number of

. interior mesh points. A Taylor expansion is then employed to

write each equation in terms of the most recent estimate of the

potential at’ that Eoint, plus a small error term in the
pote;tial. The exprg&gions‘ used in this thesis are necessarily
different than thosé\used for 'diodes, transistors, and the like,
which are puﬁlished in the.literature'and {orm the foundation of
© such modelling .programs as MINIMOS,” and SPICE (241). Because
Poole Frenkel 'ﬁarrier lo;ering links carrier density to the
derivative of po:enggal, and not p;Lential itself as in diodes,
new finite difference expressions were’needed# These are given in
" Appendix I. The M linear " equations for the M error terms are
solved sdmuitaneously by a Gauss-Seidel algorithm, executed on an

) Y
/i;ple ITe. For each iteration, the new potential estimate is

calculated from the sum of the previous one, and the error terms.

-

€155)
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.
-

.

Convergence for a mesh spacing of 1 nmi/ind 2 tolerance in the -

e

potential of .01 was fast; usually within 5 passes. An outline
of the algox4thm is also éiveq in Appendix I.” :

The results of these exact calchlations are given in Figure
<50>. It 1is clear that the astmetry‘is of ;He correct magnitude
and varies with bias in the expected manner.

-~ _

The implications of this model to the interpretation of the

+ J=V-T behavior of the three types of samples are these: The

dono;s responsible for conduction in Ehe case of the unheated
-t
samples are more predominaﬁtly located in the upper portions of
the oxide than in the vacuum baked samples; w?e;gas:the hydrogen
annealed samples.iondgct by virtue of a different donor uniformly
distributed throughout the oxide. It has already been suggested
that there is fpfficient justification for proposing nonuniform
distribution of Iimpurities in the anodic oxides. While asymmetry

has been reported even when care is takiz-to exclude electrolyte-

incorporation, the knowledge that anodization proceeds from the

dl’-) '
center, leaving a demarcation that is detected by TEM and

ellipsometric techniques; leaves open to doubt that anodic films

are ever homogeneous. The work preSented here is the first self

consistent model to explain how 3uch a distribution affects J-V-T

behavior. . - . . oo

(156) .
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Results of numerical calculations usiﬁg the alogrithm outlined in .

the appendix. are shown here. For a ratio of nj

of 3.45, J-V behavior is predicted that shows nonpolar ohmic

behavior 'mear zero bias, and asymmetric Poole Frenkel behavior
for larger bias. The rectifi

this latter region, with a value of 1.4.

/ng of 10, and a 8

cation ratio ia nearly constant in
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- 4. -CONCLUSIONS:

-

-
1

The nonlinear conductivity exhibited by anodic oxides of

tantalum and tantalum nitride has been explaived in terms of an

extended Poole Frenkel conduction model. 'Evaluation of the

L%

current. density for electric fields up to 10B V/m. as a function

- Ve

of the physical properties of the films under investigation has
verified the predictions of-‘the theory. épecificarly, the

-

following predicted relationships were confirmed:
! J-V as a f;pction of device area (4 pm® to > 1000 pm %)
J-V as a function of device thickness (40 nm to 65 nm)
J-ﬁ as a function of dielectric funetion (2.99 to 3.61)

In 7 the process of con?irming P;ole~ Ffenkel conduction
theory, the five main alternative conduction models, space charge
limited condﬁciion, polaron and variable range hopping
conducti&q, and the punch th;ough and imperfect insﬁ%étor

Schottky bi{rief models, were cénclusiveky ruled out.

The J-ﬁ\:bephvior for temperatures between -55°C and 145°C,

A

whereiﬁ_~conduciivity varied by over ¢ight orders of magnitude,

was also fitteda;o a new extended Poole Frenkel model. The J-V-T

behavior, which would appear to .be anomalous under the

pre-existing Poole Frenkel tﬂeories, has been shown by the

\

analysis presented her&; to be due to’ an | intermedihtely
compensated donor density. This analysis was also able to explain

the appearance of a second Poole Frenkel region occurring at low

Tasn ‘ ‘

P
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bias levels. Both .effects are related to the change "in

.
compensation as temperature is raised, or donors are ionized by

.increasing electric fields. Similar unexplaincd J-v-T anomalies

have been reported in the literature.

The often observed asymmetry in anodic film devices such as
the ones studied in this work was shown to be due to a spatially
non-uniform distribu:zon of the dominant Poole Frenkel donors.
Numerical analysis has quantified this effect, in good agreement
with observation. This explangtion iq_significdntlx better than
previous attempts in that the predicted re;tification.ratio is
only slightly dependent on current, as observed; activation

epergf plots are not distorted; 'and non-rectifying ohmic

'components at low field levels are permitted.

The extended theory has permitted the interpretation of the
J-V behavior of. anodic oxides ' processed under a v&ricty of
conditions. Nitrogen 'dobing of the parent tentalum film has be;n
shown te¢ increase compensation by either introddéing acceptors or
reducing the donor density. Vacuum baking appears to remove an
acceptor, probably due to water. Hydrogen aunnealing generates a
shallo; donor (1.4 eV) in sufficient numbers to dominate the
decper one (1.75 eV) seen in the unheated and vacuum baked films.

Both heat treatments smooth out the spaztal distribution of the

donors, although some nonuniformity remains after vacuum baking .

-

" {158)
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Appendix I: The Finite Difference Algorithm for Nonuniform
Distributfon of Poole Frenkel Donors
Consider an insulator with two impurity levels:

1) a trap like level, evenly distributed with a density of ny,

that does not exﬁerience Poole Frenkei barrier loﬁering.

2) a donor level, located in the outer section of the insulator

with a density of n, at zero bias.

If all other sources of . carriers are assumed to be much
smaller than these two, Poisson's -equation may be solved
approximately as follouéé

given: n = n; for 0 < x <'m . <151>
n ; n: + n /e
i o exp (ﬁfg) for m < x ¢ g <152>
wherea is a constant defined in equation <84>, page 62
£ is the electric field

then for 0 < x < m

oy 53
<153>
ﬁco . . .
- |
= -f{do " "\ g Rg(€=2z} + 0, exp(o/®) (4 - g2 -20) <1543
d 2880 kT d

- intV x q ‘ ) -
(V‘T:“) “ree (MO D + ay exp(arf) (a - n? -2m>x) <155> -
° kT

(159)
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Si;ailarly form < x ¢ ¢
ywee o0 . ’ :
1 we—[ag* 0, exp [ort €158
o . kT . .
¥' - - (vin T q-

I : <157>
II - - ng(d=~2x) + g exp|a -
d ZECO [o] P k._'fz (d m Zx)

" (Vin + f)x q s
e m— e 2 '
1I ee 21095 %) + n | expla/El (d4 - o2 -
d ‘ 2ee [ 3 _ o P X { _1} X)x

These results are approximate; to. arrive at analytical
solutions, £ was assumed to be nearly constant in the-integration
Steps, when, in fact, the above results demonstrate that £ = .y°*

does have a small x dependence. This x dependence represents a

small error term which can be evaluated by a finite difference

algorithm. The central premise of such a technique is that the
carrier concentration at any given point in the device is

specified by the local potential distribution. i.e.

¥

nII(x) " 0y + o0, exp [:‘L"EZXS]

kT

¥ (xmox)= ¥ (F ey
. . <159

20x

4 - ¥0 the limitdx — O

(160)
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Using the approximaté W', given in equations <1542 and
<157>, we may ﬁeplacé ‘equation <152>' with éhe more accurate
equaﬁion <159> for the “;arriér distribution. This may lead ia
turn to a more Ekeurate expression Y(x)}, bt this s5tep can no
‘longer be’done analytically. - ’

To  show hoﬁ ¥(x) is obtain T the modified n(x)

-’

distribution,(’it s usuvally conveniént to change notation at th}s_

. /
’_§poinc. For simplichty, it is custdmary to divide the device into

>

M+2 segments, and then speéify "the potential at each of the M
-interior mesh points. In this example the mesh points are equally .

spaced, with. a separation h, _but this need not be so in every

.----"-'\‘t
case. Thus for an arbitary point N:

- o

¥UN) = v N Y- (T
- h

-+ ((v(mlx)-'r@q) - ¥(N) - ‘?(N—l))
R B

= BON-1) S2¥(N)- + Y(N+D)

»
02 <160>

- . )_‘_' -

" T < . T

-~

) ;§ addition, ¥ may be expressed as a Taylor expansion, i.e.

pu—

¥N) = ¥ON) + ¥y T <161>

kie1)

N

.
T ————
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So that combining <153>; <156>, <160> and <161>, we have:

for 0 < x <m . : | \'

il
Y (N-1)-28¥(N)+6Y(N+1) = C(N) -
. o A ) _ .
= Tqny - YO(N-1) + 2YO(N) - YO(N+1)
“—EE?— L <162>
o
and form<x <d T\

SY(M-1) —R6¥(N) + 6¥(¥+1) = c(N)

€L

—qn2 [ - v
- Zgh [:ui'f' n, exp[i{‘:']. - ¥O(N-1) 4 2¥0(N) - Yo(Ne1) <163>
o T

s
There are M such\ffgggssions, one for each of the M interior
mesh points. The  two end  points are invariant: ¥(0) = 0, and

. 7(M¥1) = V + Viq. These form a8 tridiagonal system of linear

equations:

=2 1 0 0 ....... 0 6¥(1) c(1y i
- . e
1-2 1 0 .
0 1-2 1 . = _
- . B~ ]
: . . <164 :
0 1 -2 S¥ (M) C(M)
The unknowns to be found by solving these equations are the
error terms in Y. Once the 6¥(n)'s are found,. the present guess
for ?k.is improved by: <

(162)
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k() - ™ leny + O¥(N) <165>

tl

New C(N)'s are calculated, and the process is repeated unti]

-
——r

the &Y (N})'s are arbitrarily small. Figq;e <51> gives ‘a flowchart
of the program.

The algorithm used to solve the equacioﬁs <164> is the
Causs-Se}del method  (242). “This is an exact method which is
7‘parcicu1ar1y useful for solving sparse matrices (i.e. possessing
few off diagoéal elements) such. as <164>. This property also
reduces the memofy ﬁeeds, and thus brings the problem within the
capabilities .of an  Apple /[/e. T@e method 1is outTTﬁgg‘;or a

general 3 X 3 matrix as_follows:

- -

_ ConS}der: a,x + bly + ¢,z = di
a,x +;b2y + €,z = ﬁz.-
agx + b3y + c3z = d3

If y and z can be given estimated values Yo and Zy» then

- c. .2z

o

L 1= % 7 dpYg - ez c169>
a, | _ -
)
, ﬁsing this estimate of x, a bettcr guess for y may be made:
Y12 93 7 2% - <z, <1705
b2 .

™ (163)
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Figure <51> Flowchart for the Finite Difference Algorithm

: - INPUT PARAMETERS = -
’}- st l o
MAKE 17" GUESS AT W(N)

, .
(equations <¥55> and <158>)

| .

CALCULATE n(N) from W' (N) ———

(equation <159>)

-

SET UP MATRIX OF LINEAR EQUATIONS

(equations <162> and <163>)

SOLVE FOR JWAN)
{equation <164>, Gauss Seidel me'thod )
L4 ] .
' REVISE W(N)

(equation <1655)

-

IF |0W(N)| < TOLERANCE THEN END, ELSE

4
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<171>

With these x, Y, and =z estimates, new estimatbg are made

using the general formulae for the'kth iteration:

.

x c .z

_d -by -
k=71 "1¥e-1 7 %% 172>

. €173>

z_d-ax -by
k 3l 37k-1 3 k-1 174>

Convergence is assured if the diagonal element, the so
called pivot point , is larger than the sum of all others in that

column. Therefore ‘row infefchanges are employed to produce this

<ondition. A sEconﬁ technique to reduce instability peint
relaxation, whereby each new Xy is generated from a wei
average of Xx-1 8nd the value produced by equation <172>.

Convergence is determined by examining the size of the change in

values between the last two fiterations.’

(164;

~
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