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ABSTRACT

A study has been made of the properties of thin yttrium oxide
éiélectric films prepared by the electron beam evaporation of high purify
Y203 powder. |

¥ilms deposited on freshly cleaved NaCl crystals and on polishgd
ﬁFtype siii%on wefe éiamined‘in‘the élécErOn micrbscéﬁe.' The:specimeﬁsvwere
found to be polycrystalline; with a crystal size of the order of 100 X.
The structure was foundlto be essentially the same as found for bulk‘Y203.
D.C.:;Onductiﬁn measurements were made on films of wvarious thicknesses. The
characteristics were found to be bulk-limited, with the éonductivity
“decreasing at lower pressufes. An activation energy of 0.6 eV wés found.
‘The conduction mechanismvwas believed to be Poole-Frenkel emiséion'of'
electroﬁé*from donor qenters:into the Y203,conduction band. The.donorv
.centers were belieVed_torbe interstitial yttrium atoms rather than oxygen
-vacancies because*ofvthe pressure udepeQAeﬁce»obserVed in,conduc;ivity.

Step res§Onseﬁmeasuremenfs wére,made3nand the resultg-explainedv
on the basis of a loss peak with a most probable relaxation time of 200
seconds. 'Thev:ela#ation»of o§ygen atoms dissolved in the anion defective .
273

aand A.C. bridge loss'measurements,indicated that different relaxation

. Y.0, lattice was assumed to be the mechanism. The results of step response

jnwchaniSms§are dominant in differeént fféquency ranges.
‘Internal photoemission measurements were made on A14Y203—Alnsand-
wiches. "The energy barrier between the electrodes was found to. be trapezoidal,

with barrier heights of 3.14 and 3.72 ev.
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I, INTRODUC'fION
. High quality thin dielectric films are vital to the fabrication 6f
many solid state devices; The films provide insulation; and are usged for
diffusion masking, surface passivafion and hermetic sealing. To date,vsioz,
Si,N,, AL,0,, Tazo5 and evaporated 510 have been the principal dielectrics
used in electronic deV1ces It is desirable to find other dielectric
ﬁaterials that. give better performance, higher reliability and lower cost.

A number of attributes .are desitable in a dielectric used for
device fabrication. Some of these are:

(1) Good insulating properties (low pinhole density, high breakdown
field streﬁgth; high permittivity, low losses.)

(2) Low ionic mobility at adequate operating fields and, temperatures.

(3) Low surface—state density when depOSlted on semlconductor materlei.

4y Ease of productlon.

In this the51s, the properties of thin yttrlum oxide dielectric
filﬁs have been investigated. Previous work by Campbell( ) had shown these
films to have low 10ssee and interesting dielectric properties,

In the nekt chapter, the techniques used in‘samﬁle éreparatioﬁ'
are discuséed. |

Chapter III is concerned with the study of thin yttrium oxide films
by electron microscopy, in eraer_to éetefmine their physical structure.

Chapter IV deals with the D.C. eonduction properties of these
fiims, and how these properties may be undersﬁood bj considering the structure
of the Y203 crystal lattice. | |

In Chapter V, the results of.step response and A.C. iess‘measurements

“are given.



.Chapter VI deals with the energy barrier height determination at

the Al—Y203 interface in Al-Y203—Al devices.

)

Finally, in Chapter VII the concluding remarks and recommendations

for further research are given,



II, SAMPLE PREPARATION
The yttrium okide films We_i‘e evaporatéd in aﬁ, electron beam
apparatus with a 10-inch diffusion pump capable of réaching pressures as
low as 10_.6 torr without liquid nitrogen COOIing. A Brad-Thomson type 776 W
9kW water—cooled electron gun provided the electron beam used for heating
the compressed Y203 pqwder; ft was possible to apply beam powers of up to
800 watts (for 20 kV aécalerating voltagé and 40 ma beam currént) to an area
as small as 25 mm;zl' The évaporation procedure was similar to that used by
'Campbell<l>; 99.997% purity yttrium okide powder was packed firmly into a
boron nitride crucible before insertion into the vacuum system. The
material was outgassed for five minutes with a low power electron beam.
When the vacuum reached 1 k lO_S.torr,oiygen was bled into the system and
the pressure was held at 5 x 10“S torr by throttling back the high vacuum
valve. The film thickness was monitored during evaporation by depositing
Y203 simul taneously on the substrate and a quartz crystal oscillating‘at a
'5 MHz rate. The mass deposited on the crystal decreased the oscillating
frequency, wﬁich was mixed with the output of a variable oscillator set near
- 5 MHz. Thé frequency'differénce‘waé a linear function of film thickness, |
assuming constant film density. The constant of proportionality was fouﬁd
by measuring the thickness of a number of deposited films with a Talysurf*.
‘\The equation »
| d = 3.24AfF
where d =film thickness (X)and Af Z change in frequency (Hz), was found to
be accurate within 107 by comparison With Talysurf.measurements; '

.......Post-deposition thickness measurements were made by Talysurf or

kL ‘ ’
" Made by Taylor Hobson Ltd.



‘Angstrometer.
The Talysurf is a méchanical'dévice that meaéures the amplified
mechanical movement of a stylus with.respect to a reference plane.
| The Angstrometer measures a fringe displacement caused by the
interference of monochromatic light (Na yellow, 5890 g) between the fiim-to
be measured and a Fizeau flat in contact with the film. A layer of highly
reflecting aluminum was déposited on the insulating film to facilitate

measurement. The thickness is given by

e-g2 (1)
where t = film thicknesé
D = diétance between fringes
d = fringe step —
) = 5890 & )

Both methods were conéidered to be accurate to about thO,X.

After deposition the films were allowed to cool slowly in an oxygen
ambient for fiftéen minutes. The films were then baked in air for sixteen
hours at 150°C. Some problems were encountered with the firsﬁ films, which
‘haé many pinholes. The cause was found to be spattering‘of material from
the crucible during evaporation. This was controlled by first fusing the
surface of the Y203 powder aqd beginning the éVaporétioﬁ,.then rotating the
substrate into position oVerIthe-cruicible.

Two types of substrates were used, bDow Corning 7059 aluminosilicate
glass and silicon wafers. The former were cleaned with propyl.alcohél,:ch:omic
.acidAand distilled water, then dried in air. A metal film typically 2000 Z.
thick was_évaporated onto the substrate in an Edwérds'diffusion pump vacuum

system. . Aluminum, indium and gold were used. The 99.999% purity Al wire



was cieaned in KOH solutioo before plaeement'on the tungsteo heatef wire.

The aluminum was meited oerefully end e small qoantity was evaporated with

the shuﬁter in place between fhe heater and‘substrate.' This allowed imporities
to boil off. The shutter was opened for.the evaporation, then shut agaio
before all the_eluminuﬁ had.evaporated»to minimize the eVaporetion,of
'tungsten‘and other impurities from the heeter wire; Evaporation rates as

high as 1500 X/min were found to’giye good films. The thickness was

monitored with another quartz crystal'oscillator;

Similef pfecautions were used in evaporating the other metals, except
that propyl alcohol was used for cleaning. |

Y203 films of varying thicknesses were then evaporated onto the metal
fllms, using dep081t10n rates in the 100 to 1000 K per minute range. Higher
rates were found to yield hlghly stressed fllms that cracked on COOllng

Metal counterelectrodes of various a;easnand thlcknesses ‘were then
evaporaéedeonto.fhe oxide fdlm; For internal phofoemissioh'stddies, the
couoterelectrode films.were made between,lOOiand 150 & thick. ?of other
measurements, more durable‘coontefelectfodes of several thousend“eogstroms
thickness were employed. | |

The structures discussed above are'illusffated'iﬁ Fig; 1.

The other substrates used were 0 3—0 60-cm n-type pollshed s111con .
wafersAone 1nch in diameter, purchased from the Monsdnto Company. Yttrlum
oxide films were evaporated onto ‘the silicon slices:as before. A layef of.,.'
vantimpny doped gold one to two thousand-angstroms thick‘was eVaporated'onto
the unpolished (reVerse) side of tﬁevyafer; The antimony was drlven into the
»sillcon by dlffu51on at 400 C in a hydrogen ‘atmosphere of 500 ™m Hg pressure

for five minutes The resultlng heavily doped n+ region permltted ohmlc

contact to be made to the silicon.-



metal counterelectrodes

— —

metal film
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Fig. 1
MIM Structure
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Fig. 2
MIS Structure



III. ELECTRON MICROSCOPY Of THIN Y O‘ FILMS |
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1. Introduction

A polycrystalline material yielde‘a riﬁg diffraction pattern for
wﬁich it can be shown that
| nd = 2Lx, where (1)
D = diffraction ring diameter

L

camera constant
d = interplanar spacing_in cfystal lattice.
Bragg's law for diffraction is
nA = 2d sin 6, where (2)
n = an integer > 1
§ = angle between the incident beam and the crystal plane.
In a cubic 1attice; the interplanar sﬁacing d corresponding to a
set of Miller indiees {hkl} is
d = aO/J{'lz + k2 4 12 ‘(3>

where a is the lattice constant.

Combining eq. (1) and (3) gives

..a )
vCEI—J;—’)D = J{xz + k% + 12 , which . (4)

is a straight line of slope ao/ZLK when /g§7¥ k2 + 12»is plotted egainst D.
Two techniques were used to obtain diffraction patteﬁns:' selected
area diffraction and reflection electron diffraction.
The selected area method begins with an image of the film. The
selected area aperture (located in the objective lens image plane)idefines"
the area of the object that can be seen: In normal'operation, the objective

lens and intermediaté lens image planes are conjugate foci, so that an



ehiafged iﬁége of the film is produced. To obtain a diffraction pattern,
the focal length of the intermediate lens is decreased until the objective
back focal plane ié conjugaté to thé iﬁﬁérmédiété léné image plane. A
diffraétion pattern theh'éppéérs at tﬁé intérmediate lens image plane.
Wﬁile the intermediéte lens focal lengtﬁ is being decreased, the‘image of
the object gradually shrinks to a point; and a diffraction patternlforms
caround it,

In the.:eflection diffractioﬁ technique, no image can form since _

only diffracted electrons can reach the image screen.

2. Procedure

Yterium oxide films (~200-X thick) were evaporated onto freshly
cleaved NaCl crystals. After cooling, the films were floatea off thebwater—
 soluble substrate in distilled water and picked up with copper eleétfon
: miéroséopé grids. The films were then examined by transmission electron
.microscopy and diffraction.

‘In order to check the influence of the. substrate on crystal
structure, a fairly thick (~2000’X) film of yttrium oxide was evaporated on
polished n-type silicon and the strﬁcturé was examined by reflection electron
difffaction.

3. Results
) Fig. 3 shows the pﬂotOgraph of a diffraction'pattern obtained with
an accelerating voltage éf 75kV, using the sekﬁted-area diffractién'techﬁiqué,
The film was found to be polyérystalline bérdefing on émorphous‘with random
(2)

crystal orlentatlon and a crystal sxze of about 75 A or more.

It was found that 1nd1V1dua1 crystals could not be res°1ved, probably



Fig. 3

Freshly deposited Y203 film,

Fig. &

Fig. 5

Recrystallized Y.0. film.

293 Diffraction Structure of

Recrystallized film



Fig. 6
Diffraction Pattern after

further recrystallization

Fig. 7 Fig. 8

Reflection electron diffraction Diffraction pattern

from Y203 on n-type polished silicon of gold film
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because of diffraction by crystals of‘several orientations stacked vertically
in the film:
When'thé films weté hé;téd Qith an inténse éléctrbn»beam; they

were observed to récfystéligé; An éttempt was made to'find the retrystalliza—
tion temperature with a'heating'stage; but nothihg Was'obserted below 800°C,
the thermal limit of thé staget Fig: Aéhowsthe structure of a recrystalli-
zed film at a magnification of X46,000. A diffraction pattern for this film
is shown in Fig: 5: Thé pattern was obsérved to be more distinct,‘probably
because of reduced random scattering of electrons from néar—amorphous regions.
The-strong lines have diameters in the same ratios as in Fig. 3, but more.‘
rings can be res01Ved; This pattern was photographed using 100kV as the
accelerating potential, resulting in larger diameter rings (due to the shorter
electron anelength;) than Fig. 3.

 After further recrystallization by the beaﬁ, the pattern of Fig. 6
was obtained. The continuous diffractiOn‘riﬁgs of'Fig, 5 are brokeﬁ into
rings of diffraction spots because of the'Smaller number of crystals in.
the path_of the beam; |

.,Fig; 7 éhows a reflection electron"diffraction pattern for yttrium
oxide deposited on poiished n-type silicon. The_ring diameters again'are in
the same ratioé as the brighteét rings in.Fig. 5, but the size of the overall
péttern‘is reduced because of the proiimity of the specimen and the photo-
gfaphic»plate in the réflectioﬁ methdd'--“ o

Finally, Fig. 8 shows the transm1351on diffraction pattern for.a

thin gold film that was used to determine the camera constant of the electron
microscope for the particular contrql.settlngs USed. The value of the

' camera constant varies with the lens settings, and so the same settings must



be used in the specimen diffraction as for the calibration diffraction. The
accuracy of the final results depends on the accuracy with which the

camera constant is determined. A gold film was used because the crystal

structure of gold and its lattice constant are well known.

4."Analzsi§
The camera éonstént of the electron microscdpe was determined with
"equation (4) to be
| LA = 5.82 + 0.02,
using the value of 4.087 X for the lattice constant of gold.(3)
Table 1 shows an analysis of the diffraction pattern of yttrium
o#ide based on Fig. 5. The-ring diametef ratios were foiind to be consistent

with a simple cubic structure. The ring intensities were compared to

- existing data for polycrystalline Y203 powder and were found to be in excellent

. agreement. A few faint rings (consistent with the crystal structure) were

observed in the electron diffraction but not in the X-ray pattern.
; v

Fig. 9 shows a plot of /;2 + k2 + 1
is a straight line péssing tﬁrough the origin, indicating a good fit of the
data to the simple cubic étructure. From‘Fig._9, the lattice cbnstant was
determined to be v o :

| a_ = 10.58 + 0.05 £,
which is iﬁ e#cellent_agréement.with the value 10.605 + 0.001 obtaihed by
X~ray diffractioﬁ:<4) | | |

The first:four ringsvof Fig. 3 and Figgv7_aré,analyzed in Tables
2 énd 3. The ring diameters were found to~be.in the'éame’ratiqs and héve
the same reiétiVe inténsitieé as the bright Yéo3>diffféétion rings of‘Fig. 5;

. within experimental error.

vs. ring diameter. The}result‘

12
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TABLE 1

ELECTRON DIFFRACTION RESULTS

X-Ray

Ring Ratio
Diaxzi;;:r D R=TI.)—1-O Rj" h +k2+1 hkl .Intensity* Intensity(s)

1.55 1.41  1.99 2 110 £ -
2.20 2.00 4.00 4 200 m -
2.69 2.45  6.00 6 211 b 14

312 2.84 8.08 8 1220 vE -
3.48 3.16  9.96 10 310 vE -
3.80 3.46 12.0 12 222 vb11 100
4.12 3.74 14.0 14 321 £ -
4,40 4.00 16.00 16 400 vb 31
4,66 4,24 - 18.0 18 411 m 7
4.9 '4.48 20.2. 20 420 £ 2
5.17 4.70 22.1 22 332 m 9
5.40 491 24.1 2% 422 £ 2
vs.éo 5.10  26.0 %6 P b 14
6.02 5.47 20,8 30 521 m 5
6.24 5.66 32,0 ‘ 32» 440 vb 61
6.43 5.84 . 34.1 34 e £ 3

6.00  36.0 36 600 vE 2

" 6.60 .

442

14



TABLE 1 (Continued)

D(cm) R 2 n2a212 ma 1 1
6.78  6.17  38.0 38 g;; m 8
6.95 6.33  40.1 40 620  vf 2
7.13  6.48  42.1 42 541 m 8
7.30 6.64  44.1 44 622 b 43
7.46 6.78  46.0 46 631 m 11
©7.62  6.93  48.0 48 444 m 10
| 550
7.78 7.08  50.1 50 710 £ 4
, 543
7.93 7.2 52.0 52 640 vE 3
E o A 633
8.08 ~  7.36  54.2 54 , 552 m 6
, 721
8.23 7.46 55,8" 56 642 f 4
* vf  very faint
f» ‘faint
m  medium
b bright
vb §ery bright

15
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TABLE 2
XQQs on NaCl, Unrecrystallized

D ) 2 2,22 ,
(cm) 'R?57767 R v h™+k™+L Blane Iqten51ty
2.46 3.46 12 12 222 Vb
2.84 4,03 16.2 16 400 vb
4.02 5.64  31.7 2 440 b
4.73 6.67 4t .4 4 622 vb
+0,05

TABLE 3
Y20 On Silicon

D D 2 2.2, 2

cm) R= 07468 . R™ h™+k"+2 . Plane Intensity
1.62 3.46 12.0 12 222 b
1.90 3.96 . 15.7 16 400 b
2.66  5.66  32.0 32 440 b

3.12 6.65 - 44.2 4o 622 M

16
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5. Discussion:

Freshly.érepared yttriuﬁ oxide filﬁs'onlsodium chloride:and silicon
wére found to have the same structure.. The films were polycrystalline, with
a crystal_siée of the order of 100 A°. - Thus, it can be concluded that'the
crystal structure of the substrate material has'littie effect on the structure
of the yttrium oxide films.

The films were fdund to have a simple cubic structure Qith a lattice
constant-of 10.58 + 0.05 X, Whiéh'is in good aéreemént with the existing data
for bulk Y203.> |

Thus, it is evident that the metastable reduced oxide YO is preéent
iq/only small quantities or not at‘éll in the films.

The results found are in essential agreement with those of Hass,

(5)

Ramsey and Thun ~’, who examined the structure of La,0, in the course of their

273
‘work oﬁaoptical coatings. However, their films Were.somewhat more amocrphous
than those studieh here, possibly because they did not evaporate in ah:okygen
émbient.' Also, they evaporated from~tﬁngsten boats, a 10warﬁtemperatﬁre
process than electron gun evéporation.r.As a-result,vtheir structure
determination of La203.showéd a_he#agonél 1éttiée with a c/a ratio of 1.63
finsteaa of ﬁhe value of 1.56 accepted qu'the,bﬁlk.material.°uNo such diStor—
tionsjof the.crystal 1atticeIWére observed in thié work. 7 |

The unit cell df the Y,0 stfuctureléontéins 32 ytfrium and 48

273
6 T ; I . >Io< ] s ) . . .
( ). The structure consists of subunits containing one cation

oxygen ions
.centered within a cube of eight anion sites, of which only six are occupied.
Half the cations are in subunits which have the unoccupied anion sites on the

‘fféce diagoﬁgl,vthé other half have undcéupied site$ 6n.a bodyvdiagdnal.' The



subunits fit fogether so that the ﬁnoccﬁpied anion sites form nonintersecting
strings along the <111> directions ' of the cfystal. These strings‘prpvide
pathways along which the diffusibn of oxygen ions would meet with relatively
little resistance. Fully one-fourth of the anion sites in the sublattice

are unoccupied, so that a high solubility of O2 in Y20 would be expected.

3
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IV. CONDUCTION IN THIN'YZ'OS FILMS

1. Introduction

’

In thin insulating films, a variety of mechanisms can be responsible
for carrier transport. For wide bandgap materials (Eg > 3eV), conduction is
ofien due to the trapping and detrapping of carriers. This is particularly

true for films more than a few hundred angstroms thick.

Semiconductor theory gives the following expression for the electron-

current density in an intrinsic insulator:

J = 0E = nepE = euVﬁch E exp(-Eg/2kT). DI

electric field

_ where- E
J = current density
o = conductivity

carrier concentration

=
1

=
h

carrier mobility

E ='2(E - Ec) = bandgap

19

N ,N_ = insulator effective den31ty of states in conductlon and valence

bands

T = absolute temperature

For faVOurable room-temperature values of Vﬁ =3 x 1019 cm_3,

Eg = 3eV, ¢y = 100 cem /V sec, and E = 106 V/cm, the current<den51ty is only

about 10 -18 / m2‘<7>

, which is much‘less than the mégnitude of the
currents normally observed iﬁ thin film insulators. Furthermofe, the observed
activation energies for conduction ére usually much smaller than_Eg/Z;-éo
thét'intrinéic'condﬁction cannot be the transport méchaﬂism,

| The conductivity of vacuum deposité& thin films can-be attributed
>td thé unique'natprevof such'fiimsﬁ' Compounds are difficﬁlt tp évéﬁd:afe

'Stoichiometriéally because of the-differiﬁg evaporétion rates of the gdnétif



tuent atoms. Often, in the case of oxides, the films are reduced somewhat. .

During the evaporation of Y,0,, films deposited rapidly showed a brown dis-

2737
coloration that researchers on bulk Y_ 0, have attributed to color centers
associated with oxygen vacancies and trapped electrons(g). Contamination

with c¢Trucible material could also be a source of film defects. Evaporation
of the crucible material many orders of magnitude glowirufhan w the evaporant
can produce significant defect densities in dielectric films, since these
materials have such a small intrinsic carrier concentration. Finally, the

- amorphous or near-amorphous nature of thin evaporated insﬁlating films makes
it likely that a high trap density will exist. In vacuum evaporéted Cds, |
trapping densities as high as 1021/cm3 have been reported(g).

Thus, it is likely that evaporated insulating films will have a-
high density of traps and - acceptor or donor centers, and hence the conduction
properties of these films mustbbe studied with this defect structure in mind.

A nuﬁber of conduction mechanisms have been pfoposed for insulating
films between metal counterelectrodes.

The tunnel effect (from metal to metal) is a possible mechanism
_only for inéulators less than 100 X thick, and will not be considered here.

The Schottky effect is field enhanced thérmionic emission over
the barrier at a metal-insulator interface. If the barrier at the interface

is assumed to be Coulombic, then the image force barrier lowering for an

electron»has been shown to be

‘e3 )
B, =V Tre » _ (2)
and the conduction characteristic is
: ed. —R VE : ' '
J = AT? exp|{ B s } . : (3)

kT
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constant

where A

n

¢B barrier height
It is unlikely that this mechanism can account for conduction in films with a
high défect density, unless the films are quige thin, since trapping.and
space charge effects would be expected to,dominate the conduction process in
thick films.

The Poole-Frenkel effect, or field-assisted thermal emission of
. carriers over the Coulombic barrier of a donor center, was first applied by
- Frenkel to semiconductors(lo).‘ |

In Fig. 1, the potential well associated with a trap of depth Et is

illustrated.

Fig. 1

‘The next diagram shows how the potential is modified by the presence of a
uniform electric field E. The barrier is lowered‘in enérgy by A¢, which can
be determined by finding the distance from the center .of the potential

- distribution to the maximum in the energy function.

The Coulomb barrier has the potential
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Fig. 2

In the presence of the field E, ﬁhis becomes

2

_-e -
En.— imem eEx | ; (4)

" The dielectric constant e is the high ffequency value, since the

electron motion is too rapid for the lattice ions to follow. At_xo,v

' 2
.dEn .o e 5 - eE = 0, or
Tax . U %% hqex
o
x_ = g . ()
o 4neE _ ) ,
Thus, A¢ is-
3E _ . -
A¢ = B, VE . : (6)

TE PF
»Frenkel assumed (as dlscussed later in this chapter) that the 1onlzatlon
potent1a1 Eg of the solld was reduced by the amount Ad, yieldlng the con—

duction law-

2°5

Jg = neuE>f euN E eXp;{[(Eg—BPfJE)]/sz} - o .
. 3 /—
= J‘ exp (—r= PE
ZkT
Mead (l962)(ll), in his work on Ta .0 thin'films,'used.the equation

‘J G E exp{[(BPFVfLV)]/kT} t - (_f, L :(8)‘ o
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to expiain his results.. He assumed thé conduction mechanism to be field-
enhancéd thermal emissionﬁnm-traps of depth V in the insulator forbiddep
bandgap. He derived (8) by assuming that the exponential dependence of J -on
E was similar to that of the Schottky effect, except that the barrier lowering
was fwice as large (as can be seen by comparing (2) and (6)). His equatipn
is similar to Frenkel's, except that the coefficient of VE is BPF/ kT*. Mead's
data gave a fit of 21 and 27 for the dielectric constant. These values are
too large for the high-frequency dielectric constant of TaZOS'

Other workeré who used (8) to explain their results have typically
found that values of e about four times too large were necessary to fit their .

(12)

~ data. Hartman et al concluded that (8) did not adequately fit the data

on Ta205

Although the Schottky conduction equation gave a much better fit for €, it

and Si0 films because of the difficulty with the permittivity.

could not explain the variation of current with film thickness that was
observed.

(13)

Simmons has suggested é theory of Poole-Frenkel emission to
resolve the difficulty. 1In this theory, Simmons considered an insulator
model with deep donor centers and shallow neutral traps, as iilustrated
below.

If we assume that the number of electrons in the conduction band
is negligibly small compared to the number of trapped electrons, then We‘can

equate the number of electrons missing from donor centers to the number of

v

*If eq. (8) is correct, it would be possible to differentiate between Schottky
emission (eq. (3)) and Poole-Frenkel emission by the difference in slope of
_the log T vs. VE plots. The Poole-Frenkel slope would be twice the Schottky

slope. ;
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Fig. 3
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occupied traps, for EF ED > kT and ET EF kT:
ND. exp{—(EF -ED)/kT} = N exp{—(ET—EF)/kT} (9)
‘where ND = effective donor density of states
NT = effective trap density of states.
_ Solution of (9) for the Fermi energy gives -
E. = L(E4E) + L kT In(N /N_) ' ' (iO)‘
F 2YD°T 2 T _

Thus, at zero field, the number of free electrons is

i

n=N, exp—{ [EC—EF]/kT}-

N, AN /N exp-{[2E _~(E_+E_)]/2kT} a1

and the zero field conductivity is 60 ney

IeuNc/N D/NT exp{ LZEC—(ET+ED) ] /'gkﬂ(lz_) :

When an electric field is applied, the donor energy barrief EC—ED is lowered

by the Poole-Frenkel value. Becausé'the.traps are assumed to be neutral, their

energy barrier is not affected, so that the number of free electrons in the

conduction band is

n = N RN expl[(E -E+(E B )-8, /) 1/2kT} a3
Hence, 4
o =0, exp(BPF¢ﬁ72kT), o _ - o B | (14)

We see that the conductivity varies with the field in a manner
normally associated with the Schottky effect at a neutral barrier. The '

current is

24



J = oE = o E exp{8, /E/2kT} @)

(14) (15)

Stuart ™~ and Hill ét al
equation (15). The fit for e was found to be good in the high—field region
of_conductivity.

"There are sevefal difficulties with Simﬂons' theory.
First,the<éalcu1ation of the electron>concentration using the

Fermi level requires that the insulator be in equilibrium. ?oole—Frenkel
emission, however, is a non-equilibrium effect, and so the methods used to
derive (15) are somewhat contradictory.

It is also unrealistic to assume that the trap energy barrier
will remain unaffected by:the presence of an électrié field.

The bar:ief height for emissioh from traps 1is smaller than that
forkemission from donors in Simmons'model,;and.the trap barrier 1owering
~should glve the largest contribution to the conduction éurrent.

| The major difficulty with equatlon (12) concerns the activation

energy of the conduction process. 1In commonly used insulators such as
SiOz,fSiOland AL,0,, as well as Y,0,, the enérgy‘difference between the
Fermi level and the insulator conductibn band is 3eV or more (the bandgap
is 6-8eV). The Poole—Frenkel.barrier-lowering for E = 106V/cm (near break-
dOWn); and'erb= 3 is‘only 0.44 eV; This émount of barrier lowering is not

_nearly large enough to allow a significant_number of donors below the Fermi

energy to be ionized at room temperature. The activation energies usually -

observed-for Poole—Frenkel currents are about O. 5 eV; Stuart found 0.4 eV

fitted the results for Si0, and 0.6 eV was found for Y203 films.

Thus, Simmons' theory suggests higher actlvatlon energies than

‘are found in practise.

have_explained their conduction data on Si0 with
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An equation that gives better results can be found by considering
the methods of Frenkel's original paper. Consider an insulator with shallow

donors that are normally filled with electrons at room temperature. If ND

is the total number of donors and g the number of occupied donors we can

define an occupancy factor by

=}

gld

(16)
The rate of release of electrons from donors in the presence of a

field (assuming Poole-Frenkel barrier lowering) will be
R = £ Ny vexp-{[(E_~E})-8,.VE]/kT} _ (17)

where v = vibration frequency of trapped electrons.

The rate of capture of electrons will be

¢ = (1 - £)N, Js/e, where - (18)
J = current density
S = capture cross-section -of empty donors. For shallow donors,

" we would expect the occupancy factor f to be field—dependent.
In equilibrium, - the rates of electron'capture and release are
equal, so that

1-f
f

If we assume that the number of electrons released from donors by the field

is small, then f~ 1, and the current is given by

J = neyk = (1-£)N euE

Solving for the current gives:

N E o
J=e ~;l:;-— exp-{[(EceED)~BPFJEIIQkT}  o . (21)

== ev exp-{[(E_-E) - 6,,/E]}/Js a9
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This equation is similar to Simmons', and it gives the same slope
on a Iog J vs. VE plot as the Séhdttky conduction law. The pre-exponential
variation with the field is VE rather than E. This is unimportant at high

fields, where the exponential term dominates.

2. Experimental Procedures

The D.C. conduction chafacteristics’Were measured with a Keithley
417 high—speed picoammeter in series with a variable voltage supply.
Shielded cables were used to minimize transients. For the high temperature
measurements, the.sample was placed in a Statham SD6 oven. An ifon—constantan
‘thermocouﬁle-was'installed near the sample and was used to measure the
temperature.

The conduction characteristics were found to drift over a period

of time, probably bécause of step reSponse'effects in the dielectric material.

It was found necessary to wait for anywﬁere between a few minutes to an
hour (depending on the applied voltage) for the conduction to approach its
limiting value to within a few percent. Space charge effects or ionic

- currents are also a possible explanation of the observed drift,

3, Expérimental Reésults -

'ihe thih’Y203,filmS'Were found to hsVe'bulkslimited conduction
characteristics roughly similar to thossvfouhd’for Si0 fiims by‘Sﬁuart. In
Fig.f4, log T is plotted agaiﬁst i for‘three differeﬁt thicknesses of film.
Ths plots are linear‘in the high-field region where the yoltsge»is éréatef )
vthanwgbout 15 volts. The films had aluminum countegelectrodes,'

In Fig. 5; the variation . of.;he sdnductios sﬁaragteristics witﬁ

~ temperature is plotted. .HigherAcurrenEs weré observed at:higher temperatures.
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Fig. 6 shows a plot of C%)/(Z.BOB kT) vs. %-derived_from Fig. 5. A fit for

B in the equation

BN
2kT

I = exp e S (22)
was made with Fig. 6, aﬁd the relative permittivity of the film was found
using
p=/ = (23)
The film thickness was measured to be 4680 + 200 X on the gloan
M100O Angstrometer. The dielectric constant was found to be |

e = 3.2%0.2 (24)

The refractive index of a Y203 film on silicon was determined by
, (16) o
ellipsometry at a wavelength of 6328 A" to be
n=1.75 + 0.01 (25)
This result was found by solving the ellipsometry .equation on the U.B.C.

~ IBM 360 computer with iterative methods.

This gives the permittivity

which is in good agreement with the value of the permittivity found from the
conduction measurements. The effect ofbpolarity reversal on the conduction
measurements is illustrated in Fig. 7 for a film with gold and indium 
counterelectrodes., These metals weré selected becaqse of their lafge work
function différence. The forward and reverse conduction characteristics
were found to be virtually iden;ical.' Thﬁs, the conductivity of Y203
bulk-limited rather than emission limited. The very slight asymmetry in

conductivity. observed is'prgbably due to an internal field in the oxide, as

‘would be expected for contacts with different work functions.
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The activation eﬁe:gy of the conduction process was found to be
independent of £empérature, as can be seen from the straight line plot of
log I vs. %-shown-in Fig. 8. The activation energy was found to be 0.58 +
0.05eV. | |

The low pressure D.C. conduction characteristics are piotted for
different/temperatures in Fig. 9. The pressure was about 50 uHg. The film-
‘thickness was measured to be 3240 + 100 X with a Talysurf. |

The current was observed to decrease by several orders of magnitude
over a period of a few hours after the pressure was reduced. Fig. 10 shows a
plot of (B/2)/(2.303kT) based on the slopes of Fig. 9. The value of the
relative permittivity that was found.to fit the conduction characteristics
was € = li.2 + 0.7, or roﬁghly fdur times the high—pfessure value. The
actiVaﬁion energy was fpund from Fig. lL,fo be 0.63 + 0.0SeV; almost the same

. as the”high—pressufe value.

Fig. 12 gives the D.C. conduction of three different counterelectrodes

.on the same Y203 film. The reprdducibility-is seen to be fairly good. The

variation observed can be attributed to thickness variations in the thin film.

4, 'Discussion

The conduction characteristics of thin ¥,04

0, films were found to fit
equation (21) quite well. The non-linearity observed at low fields is similar

to that reported by Hartman et al<6) (1966) and Stuarf(s) (1967) for Si0 films.

The coﬁductiyity in this fegion iS'belieVed to be partly bulk—limited and

' partly ohmic. - This view is suppbrted by the'fact:that the current fpr‘ali 
three thicknesses begins to approach the same limiting value at low aﬁplied
. vdltages;.'Inithe'highlfield régioﬁ where E

‘ .5 A .
applieq * 107 volts/cm, the .
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Poole~Frenkel emission process dominates.
The possibility of ionic,conduction was considered. However, the

movemenﬁ of different ions through Y Q3 would be e#pected‘to give different
currents at the same potential. Fig. 7 showed that the electrode metal had
little effect on the conduction process, so ionic coﬁduction is unlikely.

Fig. 7 also eliminates Schottky'emission‘as a possible conduction
mechanism, since the different barrier heights at the two mefal-insulator
interfaces would give different currents for Schottky conduction, and this
was not observed.

The most likely mechanism is Poole-Frenkel emission of electrons

into the valence band from donor centers 0.6eV below the insulator conduction

band. A fairly high concentration of oxygen vacancles or yttrium interstitials

is possible, even though the films were evaporated in an oxygen ambient.
Baking the films reduced the dielectric losses, probably by the filling of
| 5) .

vacancies by diffusion of oxygen through the films. Hass et al found, in
the course of their work on optical properties of rare earth films, that
only films deposited on a heated substrate did not change properties on sub-

sequent baking. They attributed this to reduction of the oxide during evapora-

tion onto cold substrates (as were used in this work). They found that baking -

reduced the optical absorption coefficient, but not to the value obtainéd for
films deposited on heated substrates. Thus, both yttriﬁm interstitials
(unaffected by-bakiﬁg) and okygen‘vécanciesr(éartiy filled by baking) are
probably present in the partialiy-reduced’éodksubstraté films.. The slow
drift in the filﬁ properties with_fime observed for_eléétrdﬂ beam evaporated

.2. 3

atoms. .

Y 0, films can also be explained by the slow.fillingLof,Vacénqies with oxygen
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Contamination by cruicible maferial is an unlikely source of donors.
The boron nitride crucible was held in a water-cooled block and hence was
unable to reach the very high temperatures necessary for eyaporation.“
Substantial contamination with substrate materiai is also unlikely, since
these were Corning 7059 aluminosilicafe glass, which has a low concentration
of mobile alkali ions.

Thg pressure dependence of the Y, 0, conduction characteristics is

273

not easily understood.

(6)

Berard et al , in their work on okygen diffusion in single crystal

rare earth sesquioxides found that Y203 has a high oxygen diffusivity

(6.06 x 10—6 cmz/sec) and a low activation energy (0.85eV)? They explained
these results by a migration mgchanism based on the inherently defective
nature of the anion sublattice of these materials.‘ As discussed in Chapter II,
pééhways exist in the Y 03 crystal structure along which oxygen ions can
migrate readily. The unusually open anion sublattice provides ample sites
for the solution of interstitial oxygen. In determining the diffusion
constant of oxygen in Y203, Berard assumed fuil solubility of oxygen in the
crystal lattice, since no data were available on thg solubility of oxygen in
Y203 The diffusion constant cogld be sevéral orders of magnitude higher,
and in polycrstalline evaporated films, the porosit? would make diffusion

even easier. Assuming Berard's worst-case values gives the following results

for diffusion for 1000 seconds at room temperafure:
exp (- A
D ;D°>exp( T
A/lO

x = /bt~ VGO 19 ¢ 10% e

= 1A

* Measured at a temperéture of 1200°¢.




However, if Berard's diffusion constant is too low by two orders
of magnitude (as he indicated to be possible) and the average activation
energy in the thin films is 0.6eV rather than 0.85eV, the diffusion distance

becomes

X nr/é X 10_16 x103'cm
o
= 7700 A,
or more than the film thickness. Thus, oxygen diffusion cannot be eliminated

as a possible cause of the reduced conductivity at lower pressures. Tallan
(17)

and Vest , in their high temperature (1400-1800°C) measurement of the
conductivity of bulk polycrystalline Y203 found that the material was an
amphoteric semicbnductor. The region of predominant hole conduction had
the conductivity
_ w3, 3/16
c=1.3x%x10 P02

They explained their results by assuming the presence of fully ionized Y

exp(fl.94/kT) (26)

. vacancies. In the films studied here, the trap density for holes is probably
too great for hole conduction to occur. Also, ytﬁrium interstitials are
more likely to be present than yttrium vacancies. They did observe a
strong dependence of ¢ on the oxygen partial pressure, as.observed in this
work. } |
The donor centers from which Poole-Frenkel emission oécurs are
probably intefstitial yttrium atoms. - The cénduction process is likély
deﬁermined by the interaction of yttrium interstitials, oxyéen vacancies
. énd dissolved:okygen atoms. .Reéucihg the oxygen partial pressure would
reduce the number of oxygen atoms in solﬁtion and increase the number 6f
oxygen vacancies, and this may be the cause of the conductivity chéngevwith'

pressure. The présence of more oxygen vacancies, which act as deep electron
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traps, would reduce the number of electrons in the donor levels available
" for Poole-Frenkel emission. If oxygen vacancies and yttrium interstitials
are closely associated as neutral defect pairs, the presence of NT.deep traps

(oxygen vacancies) would reduce the number of donors available for emission

from ND to
ny = ND - NT (27)’
Then equation (21 would be modified to
PN S T e | (28)
S P 2kT

The empty donors produced by NT vacancies Qould not aét‘as'trapping centers
because of their close association wifh”éiygeh vacanciés} so that the
arguments leading to equation (21) afe sfill valid.

Equation (28) does predict a lowér conductivity at reduced oxygen
partial pressures, assuming sufficiently rapid oxygen diffusion._

However, (28) does notvexplain the high value of the permittivity
found at low pressures from the conduction data (11.7 vs. 3.2 at atﬁospheric
pressure). It is likely fhat the reduced concentration of oxygen afoms and
the increased oxygen vacancy concentration at léw pressure caused some change
in the refractive index of the oxide, but a change of the magnitude obsgrved
seems doubtful.

The Y203 films were found to have conduction characteristics

(14,15).

quite similar to those of Si0 thin films" Both have bulk-limited

conduction characteristics that fit the equation

W46¢V3
2kT

L = Io ekp;C

A comparison is made in the following table:
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TABLE 1
~Activation ; Tat £ =
MATERIAL Energy n 3%10° V/em
w ' ) .
si0 A 0.4ev 3.6 1070 amps.
Y0 0.6eV 3.05  107° amps.

273

Y203 has much smaller conduction currents at the same electric field.

The higher activation emergy .and different doping levels are likely the

cause of this difference.
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V. STEP RESPONSE AND LOSS FACTOR IN Y,0,

1. Introduetion

The transient currents produced by the response of a dielectric
material between conducting electrodes often yields useful information about low
frequency losses in the materlal and the nature of the processes responsible for
.those 1osses. If ¢(t) is the.relaXation function of a material after application

 of a step in the potential across it, the real and imaginary parts of the complex

permittivity can be ekpressed by(lg)
e (w) = Ca {é ¢(t)coswt dt + Co} | (1)
1 _l © . _1 ) ‘ :
e (w) = C, {é ¢(t)sinwt dt + Gw 1, _ - (2)

[H]

where Ca capacitance with vacuum between the capacitor plates,

(e}
1

" capacitance at high frequencies,
G = steady-state D.C. Conductivity,

angular frequency.

5

These equations are general, except for the reasonable assumptien that

linear superposition holds for the observed currents in the material.

It has been found that a relaxation function of the form ¢(t) =.ACat_m

(19

holds for many materials at a flxed temperature Use of this expression in

(2) ylelds, after a contour 1ntegrat10n convergent for 2 > m > 0,

Sn(w) = [wm—lAf(l—m)cos(mn/Z)] + G/wCa, | (3)

For materials with a Cole-Cole distribution of relaxation energies,

(20)

*The Gole-Cole distribution function has the form

1l - sin arm
2T cosh (1-a)s-cos am

F(s)ds = ds,

where a and (iare constants. The distribution is 31m11ar to the Gaussian distrlbution,
but it is less peaked Many materials have a Cole-Cole distribution of relaxation
‘times. . T S ’ : ‘ L : :



45

the permittivity has been determined to be
e = E.""jé": - €ao+‘ {(,E,O_Sw)/'[l-}-(jw-ro).n-]} ) (_4)

..C

Here the high-frequency dielectric constant is g = EQ s €, is the static

oo

dielectric conmstant, T, is the most probable relaxation time and n = 1 - d,
where o is a factor determining the distribution width. Both n and & vary
between 0 and 1. ’

The reversible transient current $(t) flowing at a time t after a step
in voltage can be found by taking the inverse Fourier transform of (1) and
(2) giving |

$(t) - %' éwe(jw) e*p(jwt)dw (5)

On substitution of (4) into (5), expanding in a series and integrating,

two limiting cases arise:

H(t) = [(€O~em)/f0][l/T(ﬁ)](t/fo)—(l—n) _ @
for t<<f6; and ’
o(t) = [(,eo—'ew) /TO] [n/T(l-n) ] (%)—Cl.{-n) o )

o} : )

for t>>16,where Ty is a characteristic time. Hence, for a given material the
log ¢(t) vs. log (t/To) curve kas a slope of
s, = ~(1-n) = -« | ®

for times short compared to the most probable relaxation time ro,and a slope

of .
= —(1+n) = -(2-a) (9)

)
at times very long compared to v . At times near t_, the curve bends over.

This is the dispersion region where a peak in e'occurs.

The dielectric loss factor for a Cole-Cole distribution has been found
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- for the two limiting cases to be

e"(w) = (e = ) wr ) sinnr/2) . (10)
. .0 e o
for (wTo)<<l, and

W) = (e gme,) tur ) Tsin(ar/2) an

at high frequencies where wro>>i.

2. Experimental Procedures

Step response measurements were carried out with the same circuit
used for conduction measurements, ekcept for the addition of a switch. = Currents
were measured with the Keithley 417 high-speed picdammeter. ‘The time constant
of the picoammeter input circuit waé'small compared to the current decay
rates measured for the current ranges used. |

Capacitance and loss measurements were made with a General Radio
1615—A.Capacitance bridge in the three-terminal moae} Measufements were made

in the 100 Hz-100kHz frequency range.

3. Results .

3.1 'Stép Resporse

Typical results'for_charging and discharging currents.aré shomn in
the double log plots of Fig. 1 and 2 for an yttrlum oxide film 1250 + 50 A
thick. The counterelectrode metals were aluminum and 1nd1um. The tWo plots
are very similar for the same voltage step; ékcept’that the D.C. conduction
'current eventually dominates the charging characterlstlc.

In Flg. 3 a plot is made of log(I/I ) agalnst 1og(t/t ) for dlS-
charge currents after a voltage step of 3 yolts..'Io and toiare the currentv
and}time ét the point whemé Eﬁe.S vélt‘cmfve‘im Fié: > bends-overll.Frbm Fig. 3;

the SIOpes,&etérmined in the two regions are
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s, = =0.49 + 0.03 for t<<f
1 ‘ - o

and s, = -1.49 + 0.03 for t>>7 . Use of equations (8) and (9) gives an
- average value for n of 0.50 + 0.03. The charaéteristic time T, was 200 seconds.
Use of the folldwing parameters in equation (11) gives the variation

of the high-frequency dielectric loss with frequency:

N g, = 305 +0.02 “(optical-measurements)
€, = 12.4 + 1.0 (capacitance measurements)
n = 0.50 + 0.03
ener) = 0288 4 oy, | (12)
v £ - :

3.2 'Loss Factor
The dielectric loss factor for a Y203 film 1950 + 80 X thick with
indium and aluminum counterelectrodes is shown in Fig. 4. This result is

(1)

similar to that found by Campbell for Y,0, films, although the magnitude
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of his dissipation factor was somewhat smaller at low frequencies. -

4. Discussion

| The agreement between the loss factor calculated from step response
measurenments and that determined by bridge methods was only épproximate._ ﬁ
This suggests that two different‘IOSS mechaniéms arebéperative.

The mechanism responsible for the step response losses is likely
field—assisted thermal>hopping of oiygen atoms between ipterstitial sites in
thé Y203 lattice. The step résponse data fit a model that has a CoiefCole
distribution of relakation.enérgiés; An estimate of the mdst probable relaxation
energy can be madé using |

%o ;5vf1‘§ip(Ep/kT) ' . - - ‘(13)
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where T, most probable relaxation time

atomic vibration frequency

tr

\Y

’

E most probable relaxation energy.

p

i

A reasonable estimate for v from optical phbnon gspectra is 1013 Hz

at rooﬁ témperature;

This gives Ep :'0;91eV;

A comparison can be madé with ﬁhe diffusion results of Berard et al
(1968) who found an éctivation énergy of O:SS‘QV For the diffusion of oxygen
- atoms in Y203; Considering the nature of the approiimations made, the agreé—
ment between the two aczivation energies is quite good. Thus, the loss peak
. may be due to the relaxation of okygen atoms dissolved in the Y203 lattice.

Campbell (1970) found a strong dependence of dieleqtric losses on
temperature in his YéO3 filmé. He felt that this dependence was inditativg
“of an é¢tiVati6n energy pr0cess; but for the temperatures considered (between
20 and 75 °Cy, the steep freQUenpy depéndence of ¢" precluded a flat distribu-
tion of activation energies; The proposed loss mechanism is in agreement
~with these éénélusions. |

At higher frequencies, the iossés Wefe independent of frequency,
indicating tﬂat a different loss mechaniém is dominanﬁ. This view ié supported
by the‘poor»agréement betweeﬁ the heasured values of ¢" and the calculated -
values predicted by the theory in thé intréducfioﬁ at_high frequencies.

The slightly highér high frequency losses found in this work (0.058
compared'ﬁg 0;038 found by Campbell) may be caused by the use of &ifferent

kxsubstrates or some small difference in-evaporation technique.
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"VI. BARRIER HEIGHT DETERMINATION BY INTERNAL PHOTOEMLSSION

i; Intfodﬁction

Internal photoemiésioh is the emissioh éf phbtoe%citéd carriers over
the energy barrier at the interface between a metél (or sémiconductor) and an
insulator. From photocurrent measurements as a function of the wavelength
6f incident 1ight;_the energy barrier height may be determined.

Fowler<2l> has given an appro%imate classical‘treatment of the photo-
electric effect (emission of electrons from a metal into wvacuum). The_ekactv
. quantum mechanicél theory is given by Mitchellczz). F§f the purposes of this
work; the two treatments give e3seﬁtia11y identical results, so fhe simpler
theory of ?owler will be referred to.

Consider the'simplifiéd energy band structure of a metal —insulator-

mefal diode shown in Fig. 1.

Metal

insulator 2

Fig.l
Theieffective'work fﬁnction ¢ is the difference in energy-between :
the Fermi level and the insulator.conduction band. 'EleCtrode 2 is very thin
and hence semi—transbérent: For an elecﬁron to be'ekcited.from metal 1 inté
the insulator conduction band by én incideﬁt photon of energy hv, the conditioh
- h\)+E>¢‘. - - @

‘must be met, E is the initial kinetic emergy of»the‘eiectron;' The lowest
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- photon enefgy for emission is given by _
- hy, - ¢; . | | (2)
which defines the phétoeleétric threshold.
For electron emission, the'energy:gé of thefelgctrOn_motioﬁ perpendi-
cular to the emitting surface should eiceed ¢. In a first approkimation, the

other velocity components may be negléected. The condition for emission may

then be eipressed as
L2 ' _ ,
i% + hy > ¢ | _ (3)

The photoelectric field is e%pected to be_propoftional to the
incident light intensity; the number of electrons meeting condition (2), the
chance that the quantum hv.will be absorbed by the electron velocity component
nérmal to the'metal‘surface; and the probability.that the electron will be
transmitted through Ehe barrier at the metal insulator boundary . FoWler,uéing
these assumptions, found’that the pﬁotoresponsa R (electrons per incident

~ photon) was given by

R=4mEL (X pe_ W
h 2 3 : :
~ for # =.Chﬁ%il)”s 0, and
: 2.2 2 2 -2x  -3x , - .
R = 4'nmk3T '{16— + x2 (e * - e2 + _e__i__)_ b (5)

h™ - 2 -3
for x = 0. ' ‘
For large values of x (say x >.8, a value easily met in practise),
R S ‘ 2 : : : )
the only significant term in the expansion is §5  in (5). Thus, the photo-

current expected is.

= clhy - ¢)2 o ERRCE
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~ where C is a‘contant. A plot of'the square root of thé current against
thevphoton energy hv will give é stréight line for 1argé values of k."
In the presence of ah electrie fiéld; thé barrier height will be
lowered by

p=/ = - 2

because of the Schottky effect.

2, Experimeritdl Procédures

The phototurrents were measured with the circuit shown below.

,,‘//—motor chﬁpp%r specimen
i whee ‘

,___T Drive | ' Chart

’ .. hv !i . o recorder

Monochromat ox : Lock-in

L ‘ 417 Amplifier
picoammeter . EXT
1
Photodiode

Lightlfrom the Bausch and Lomb precision grating monochromator was
cthped at a frequency of 2 2/3 Hz; This low frequency was used because‘§f
the long time constant of the picoammeter input in its most sensitive range.
The currents developed.in_the specimen were defgcted{b& the Keithley 417:
picocamﬁeter; amplified in the Princeton HR-8 lock-~in amplifier and plétted
on a Moseley chart recordér; The lock-in amplifier was used in fhe selectivé
external mode; with the_e#terpa}msigqa;fﬁéigg aér%féam? o |

~from the output of a photodiode iﬁ the path of.the:chobped light. This .
methéd of detection was found superior to the D.C. method because errors due
.to slow transient currents in the dielectric filmi&ere eiiminated,:aé ﬁere'. -

some of the noise problems associated with measuring currents of less than



>10f10 amperes. The setup was capable of detecting currents ‘as small as

2 x 10"14 amperes, but the smallest currents capable of being measured in.Y203 _

were ébout 5 k 10-12 ampéfes becau;e of pdisé limitatiohé:

The monochromator had a choice of two light sourées>and thrée
gratings capable of covering the entire wavelength spectrum froﬁ 200 milli-
‘microns to 3;6 ﬁicréns; |

‘A calibration of the source intensity was made by illuminating an
Eppley*'silver—bismuth thermopile with iight from the mohochromatbr
Chopplng the light was found to reduce the average 1nten81ty by a factor of
2. Photoemission measurements were made W1th the specimen in the same p031t10n
as the thermopile. The thermopile voltages were measured with a Keithley 150 A
-microvoltmeter and recorde& with a Moseley chart recorder. A synchronous 1
‘RPH motor was u;ed to drive the monothomator diffraction grating. A typical.kb
TUn took*ﬁS‘minutes; "Thé;slowrécan'rate giiminated slow trapsient effects from
the data:' | | |

-The .monochromator entrance and exit éiits were set at 2;78 and 1.56
vmm;'wiéth;- This permitted a band of wavelengths 10 millimicrons wide to péssu
“through the monochromator. Narrower Seﬁtings_gave better'spectral'purity, but

~the light intensity W& too low.

3. “Experimental Results -

“The -sensitivity éf fhe therméﬁile used to hake ligﬁt intensity
measurements was 19;OuW/ﬁV.

Fig. 2 shows thé specfral vafiation of the mdnochromatof in the
ultraviolet regiona‘ The deuterlum light source was used. A similar célibfétion
in the- V151b1e ‘range is glven in Fig. 3. The" tungsten halogen lamp was the

1ightnsour¢e.g The calibratlon ¢urVe for_the spectral regiqn of;;nterest for

"% Made by Eppley Laboratorieé, Newport R.I., U.S.A.
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flux.

Y 0 phofoemission is shown in Fig. 4; which shows the incident photon
Fig. '8 shows the photoresponse of an aluminum-yttrium oxide-
aluminum MIM structure. The insulating film was measured to be SSOiiOOX

with the Sloan M-100 Angstrometer. . The aluminum counterelectrode was

' o
about 100 A thick and had a transmission coefficient of 0.04 for white light.

The response was observed to first go negative, then positive
with increasing v. Since no potential was applied across the insulating
' film, the photoresponse must be due to two photocurrents, one from each

(23)

electrode. Schuermeyer has suggested that the photoresponse can be
expressed as the sum of two currents of the Fowler type, giving

R = cz(hv-¢>2) - ¢ (hv-6,)? | S ®
whefe the constants cy and‘c2 ere‘different because the light inteesities
are different in the two metal films. < If ¢2 > ¢1, then for hv < ¢2,
éz =Vd; similarly, for hv < ¢,:ci =0 also. For ¢l < hy < ¢2,

R = Vet . »f' ®

The firetepoints'in the negative portion bf‘Fig.vS were;Piotted

in Fig. 6 to giﬁe VEI: . The barrier.height wasjfound<to be o

1

The positive current

- | [J;; Ve, (hv-4,) e -oan

-was found using equation (8) and the result plotted in‘Fig, (6). The

work'function-¢2.was found to be -

b, = 3.7240.07 eV, - - an

¢ '= 3.14 +0.06eV. a | (10)
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The electric field in the insulator is

bt

E = W

(6.7 +2.2) x 104 volts/cm.
The Schottky barrier lowering is
A¢ = 0.0056 + 0.00015 eV,

which is much smaller than the errors in ¢1 and ¢2, so it may be neglected,

4. Discussion
The barrier determined for Y203 was found to have the following

shape: Ly ————

$,=3.14 eV ¢y = 3.72 eV
W hv
Eg 1 2

Fig. 7
A simple explanation of the observed currents can be given.

For ¢l <hv < ¢2, only J. flows in the insulator. Because the ihtensity

1

of light in metal (1) is low, and because J, is -attenuated by the electric

1
field in the insulator, the current observed is small, When hv . > ¢2,

both Jl and J, flow, but J, rapidly becomes dominant because it ié.aséisted

2 2
by the intrinsic field and the intensity of iight in metal (2) is large.

In the fegion hv aw¢l or hva¢2,; a curvature is observed in the Fowler
plot. This is dﬁe to the spread in the occupation probability of electron

energy states near the Fermi level because the temperature is greater

than absolute zero.
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A more exact model would take other factors into account. When

hv > ¢, the electrons will be injected into the oxide with the energy

P2

E = o + hv - ¢, where

P2

o Was the initial electron kinetic energy Qith a momentum ﬁormal to the
ﬁetal surface. The other components of momentum havg been neglected, as
was done in.Eowlér's.derivation. " When hv ;¢iis sufficiently large, the
electrons injected will be hot electrons, which have different transport
properties than thermal electrons. The interference of light between
the mefal electrodes must be taken into account, as it affects the intenéity
of light in the metal films. The absorption of light by the metal
films must also be considered. The effects of scattering just inside
the insulator may also be significant  Some of the injected electrons
will simply be scattered back into the metal.

Some of these factors have been considered by a number of

(25,26,27,28)

researchers » but no comprehensive model has yet been developed.

(26,27)

The most promising results have been obtained with Monte Carlo

calculations of internal phqtoemission yields, which gave a good fit to.
experimentgl data‘on Al—AléOé—Al.

The data obtained for Y203 appear to fit tﬁe simple_modél well,
but the fairly lafge experiﬁental errors would mask any second order effects.
The barriér heights found are comparable to those found for éther wide
bandgaﬁ insulators. The difference in work functions at the twd-barriers:
is due to the‘préparafion'method. The first aiuminum film was exposed
for a short time to air and likely had ébout:SOZ of A1,0, on thé-éurface. -
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The other film was evaporated directly onto the Y 03 film, so a different

_ 2
effective barrier height could result,



VII. CONCLUSIONS

The thin Y203 films invgstigated weré found to havermaﬁy of
the properties essential for device fabricatioﬁ. |

-The insulating properties of the films were exceilent, and the
evaporétion of Y203 was a reasonably simple, non-critical process.

The ionic mobility was found to be quite high in the films,
1eading to 1ow—f;equency losses, and hysteresis in the MOS capacitaﬁce
curves. It may be possible to improve the performance of the films by
depositing on a heated substrate in order to prevent reduction of the
evaporant. |

A number of other experiments can be suggested. It would be
desirable to know more about the pressure dependence of the conduction
process in'Y203, in order t9 check the mechanism proposed. Also, step
response data taken at different temperatures would be useful. A plot
of.the‘most probable relaxation frequency against reciprocal temperature
would then give a more accurate estimate of the mean activation enefgy
of the loss mechanism,

Further investigation of the properties of Y.0_, in MOS stfuctures

2°3
would be desireable. In view of the ease of deposition, Y203 may be a
useful ‘material for double-dielectric device fabrication.
Further work on modelling the internal photoeffect is necessary,

with particular emphasis on the hot nature of photoelectrons -at light

energies well above the photoelectric threshold.
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APPENDIX.

Preliminary investigation of thc MOS capacitance curves of
'Au—Y203—Si devices showed hysteresis in the 1 MHz differential C-V
curves. Figs. 1-3 were generaced on an X—valottef by the application
of a volcage of triangular waveform and Jow frequency across the specimcn
while measuring the MOS capacitance with a Boonton model 71A capacitance-
inductance meter. The specimen had a Y203 film 1500 + 200A° thick on
n~type silicon of 0.4 +.05Q -cm resistivity. |

The hysteresis observed was more pronounced ac lower scan
frequencies. Comparison with the ideal MOS capacitance, as calculated
using the MOS depletion approximation modelgzg), indicated a surface
state denéity of about 3 x lOl}cmz._ This is surprisingly low, considering
the high energies involved in the electron bcam evaporation (i.é., x4rayc)
thaclwould be expected to give higher dcfect densities and hence higher
surface state decsities. Tﬁus, Y203 acpéars to be a useful.material for
MOS devices from’sqrface state density considerations.

The hyéteresis observed may. be caused by the slow movement of
eitber electronic.or ionic charges neér che Y203—Si interface. If ionic
- motion is the cause (as seeﬁs likely, considering the structure of the

oxide films and the A-C losses observed),_the'motion of oxygen ions is

probably the mechanism.
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