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Stable Layer Systems with Diffusion Barrier
Arrangements in Thin Film Technology

The physical and chemical interaction processes in thin film arrangements are
followed by different ageing phenomena which influence the stability of their
physical parameters. These determine the reliability of the electronic components
existing of thin films.

On the base of own cxperimental investigations on tantalum and its oxides.
beryllium oxide and tantalum-rhenium alloys technological aspects and the ap-
plication of new materials for lowering the ageing intensity are considered.

dusnyeckoe U XUMHYECKOE B3anMO/eiicTBHEe B TOHRUX INJIEHKaX IIPUBOJIUT R
Pa3IMYHBIM (beHOMelIaM CTapenusa, KOTOpble BIMAIOT HA CTA0OMJIBHOCTH UX (I\HE%H-
YECKUX IlapaMeTpoB. Jra cTabUILHOCTL 0603HAYAET HAAEKHOCTL AIERTPOHHBIX
HpﬂﬁOpOB, HOTODBI€ COCTOAT U3 ITHX TOHKHX IIJNEHOK.

Ha ocHoBe cBonx JRCIIEePUMEHTAJLHBIX UCCJIeI0BAHUII TaHTaAJa U ero ORHCJIOB,
ORrHcJIa 6epm1.rmn " CINIABOB TaHTaJda M peHUs, aBTOPbIe pacaMaTPUBAIOT MeXHO-
JIOTHYCCKHUE ACIIEKTHI U IPHUMCHeHue HOPBIX MaTepuaJioB AJA NOHWUMKEHUA HHTEH-
CHBHOCTH IIPOLIECCOB CTAPEHUA.

1. Introduection

Though the classic materials for passive components of the microelectronic
thin film technology, e.g. tantalum and its oxides, in many cases show the
wanted properties, it became necessary to search for new and other materials,
in order to guarantee a higher reliability and stability of such arrangements.

Therefore it was necessary intensively to investigate some important materials
systems, just also Ta and its oxides, and expecially BeO and Ta—Re-alloys
ones, ageing mechanisms as well as their application in thin film capacitors
and resistors LANGER (a), in order to find out how to stop or to diminish un-
wanted diffusion processes which negatively affect the stability and reliability
of microelectronic components and circuits.

Without giving experimental details epitaxial growth, alloying and stable
interlayers will be discussed in this connection since their application seems
to be appropriate to improve the stability of thin layer systems in micro-
electronics.

2. Stability considerations of tantalum films

Tantalum layers are of high interest as base elcctrodes in thin film capacitors
and as thin film resistors. The investigated Ta layers have been vacuum
deposited by high vacuum electron impact evaporation (LANGER (b)). It is
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typical for high melting metals, that their cohesive forces are higher than the
adhesive ones, if they are deposited at 7' <5 450 °C on fused quartz. It results
a high density of nucleus (Fromm, HOFER), because of high cluster forming
probability and a small number of atoms forming a nucleus of critical size
results.

Under different formation conditions different Ta phases could be detected :
bec tantalum with lattice constants of 3,35 up to 3,50 A (LANGER, MEvYER,
SCHNEIDER, LANGER (c)) tetragonal or f-Ta with a — 4,4 A. p-Ta is meta-
stable with respect to temperature and fec Ta with respect to layer thickness.
The transformation product always is bee Ta. The transformation points —
T = 755°-:775 °C for f-Ta and d = 300---500 A for fcc Ta — are very sensitive
to film forming conditions (see also CHOPRA).

At room temperature deposited Ta films are always fine-crystalline inde-
pendent on the bonding type and structure of the substrate. Figure 1 depicts
a typical example.

Such films have been prepared on platinum grids and heated for a certain
time (Atp) at stepwise elevated temperature in an clectron microscope. Figure 2
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Iig. 1. Electron micrograph of a Ta film (d 300 A), deposited on (100) — NaCl
at 7' 20 °C
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Fig. 3. Electron diffraction pattern of
textured bee tantalum condensed on (100)
— NaCl at 7' = 420 °C (8-Ta and B,-Ta.O,
also are present)

depicts the measured half-width of the respective electron diffraction rings.
The calculated (stresses etc. are not considered) grain diameter is also shown
in this figure. Thus the growth rate of this quantity is very small. With
respect to recrystallization the same or a similar situation exists for a film
undetached from and heated with the substrate. For producing more stable
films with larger grain diameters it seems better to use directly the epitaxial
condensation at a higher substrate temperature than to recrystallize a fine-
crystalline film at the same temperature. For this the following arguments
can be given:
(i) The recrystallization duration is long with respect to the evaporation
time. This causes a high quantity of impurities in the recrystallized films.
(ii) Near the recrystallization temperature of high melting metals the films
react with the substrate.
(iii) Foreign atoms built in during heating increase the recrystallization
temperature.

Because of a lack of careful experiments for the study of the film growth
of high melting metals and their alloys from the lowest to a high thickness
range the film forming mechanism is not yet completely understood. It seems
that secondary nucleation because of high chemical reactivity, for instance
similar to the situation of In films (Pécza), plays an important roll.

The growth of textured Ta films is possible on monocrystalline NaCl sub-
strates at relative low substrate temperatures as shown in Figure 3. The
possible intergrowth law for the bee film is:

{100} peera I {100} yaq -
A very typical texture shows -Ta even in fine-grained tantalum films (Fig. 4).
This phenomenon we could not interprete. The formation of completely
oriented monocrystalline films composed of bee and tetragonal tantalum could
be achieved on monocrystalline tungsten substrates (LANGER, MEYER, SCHNEI-
pEr). The epitaxial relations were studied by means of X-ray and electron
diffraction investigations. The relations are very simple:

l. (110) [110] poeqa || (110) [110]
2, (100) [100] 4pe 11 (110) [100] 4 .

But the Ta NaCl and alwo the "Ta- W wystem wre hoth only model systoms
and nob applicable to thin Gl microcloctronion. Fieat ivestigntions in the



h64 H.-D. LanNcir, H. G. SCHNEIDER

Fig. 4. Electron diffraction pattern of tex-
tured g-tantalum condensed on fused quartz
at I' = 400 °C

authors’ laboratory (LANGER (a); MEYER) of Ta films on insulating and semi-
conducting substrates such as monocrystalline sapphire and silicon revealed

the complexity of the problem, but also possible ways for the preparation of

monocrystalline films.

It is supposed that in future more attention should be devoted to investi-
gations combining structural, electrical, and other properties. This will be
a successful way to find out the basic thin film phenomena. Such experimental
procedures are for instance the study of structure and electrical resistance
in-situ during the evaporation process or the investigation of the structure
and temperature coefficient of electrical resistance during aging processes
inclusive recrystallization, corrosion (especially grain oxidation), interstitial
impurity solution, allotropic transformations, humidity effects etc.

In our laboratory such principles would be applied,:but an exact analysis
cannot be given here. Let us postulate here only a set of principal conclusions:

(i) Tantalum films are very adhesive, mechanically hard, and stable against
diffusion phenomena such like surface diffusion and electromigration.
This implies that it is difficult to anneal any imperfections frozen in during
deposition.

(ii) Fine-grained tantalum films have a high free energy and therefore react
very intensively with neighboured phases (substrate, other films, atmos-
phere),

(iii) a) In most cases oxygen is present, and tantalum pentoxide is the most
frequent aging product. But also other tantalum-oxygen phases (see
for example Ta,O (MirtLer), nitrides (Covnu, TAUBER), hydrides
(Burnincourr, Broken), silicides (JAnaa et al.), carbides (Fromm,
Guriaror, Roy) ete. could be observed. The reaction products are
found on the suarface and/or at the phase bhoundary substrate-deposit
and are grown in the grain boundaries. The lash process dominates
with respect to its influence on the electrical properties.

b)) Beeause of the defective lattice of the tantalum crystallites especially
prown, not fempered films more impuritios are interstitially

1
aeldod than in the bulle, The golubility for oxygen is very high (Lanca ok
(0)), but hydvogen, nitrogen and carbon prosent in ol diffusion pump
Vot wystoms wleo aee soluble (Roe, Voown Moregy, CAMPRgLL).

(V) Aw o oonmmequence ol renotion and solution processes the electeion! ronin
tnnoo rlwon (LANasr (0)), and this the more the thinner the W ETOW N
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tantalum films are (see Fig. 5). In this way it is possible to overlap con-
tinuously the resistivity range corresponding to good conductors up to
good insulators. At this point it must be stated‘t}}at- both the electrical
resistivity (see Fig. 6) and its temperature coefficient (LANGER (c¢)) are
dependent on the thickness.

It will be the subject of a further paper to discuss the reasons of these
phenomena in detail. Despite the first one these basic considerations show

g R 2
g gu— v
£e
0% 0’
550 b
A
07 <0
[
i 2
i 9 =
2 \\ 3
Va3 Ny 0
S
0F 0?
Wwoc
0%
K 4
de=ty Ed Tig. 5. Variation of eleclrical resistance (—}T 3
[ /X ) 100 (% ) and sheet resistance (Rp) of Ta foil as
2000 féﬂﬁ Mlﬁﬂ & a function of thickness (d) at different annealing
ad(A)—~ temperatures (Atg = 100 min in atmosphere)
v o Tounleiert 0772457 4807
7 o
o o K9 AR 05 5A 40T
<. i N
- ‘\ s N9 MIRF-GEAS Fy -0 20C
$
W B
R S e
S

an o o
d(4)
1M, 6 poectiio elocteie vortatiyvity (oo of o fhms and o BRoe fihmse of differont com
oo o et ion of Chikelon sitheteate temperature (740, nnd moenn evaporition
Pocbe a0 vesddund preessnre doebge ovapoeatbon 1O o for Paoaned 110 T

For "Pa T (nee AN (i)



566 "H.-D. Laneer, H. G, SOENEIDER

that fine-grained tantalum alone is not able to form stable thin film resistors.
It must be embedded by insulating overlayers and/or underlayers which protect
the metal against the atmosphere and chemically unstable adjacent phases.
Such layers have to be chemically very stable and to act as diffusion barrier
against any reactant or diffusant in thermal and/or electric fields (DavLrow,
DroBrck). But alloying and/or growth controlled machining of large-crystalline
Ta films are also possible ways.

In the next chapters the three general ways cited for the realization of more
stable tantalum base film structures will be considered.

3. Epitaxial growth

Because the total oxygen uptake ability (oxygen is atomic at interstitials and
chemically bounded at grain boundaries) decreases with increasing grain size,
i.e. decrasing free grain boundary energy, it would be necessary to prepare
epitaxial monocrystalline films. This is g difficult technical problem, as we
have already shown, but we think that the stability would be remarkably
increased if one applies films with grain diameters of 0,1—1,0 um instead of
20500 A, produced by epitaxial growth on polycrystalline or monocrystalline
substrates.

4. Alloying

Multicomponent materials often have the advantage of higher variability of
bheir properties. Thus alloying is also an extremely fine method to produce
stable films.

Two ways are possible:

(i) Heterogeneous alloying of the tantalum (or related transition metals like
Nb, Ti, Zr ete.) with noble metals like Au, Ag, Pd, and Pt filling up and
deactivating the grain boundaries: Ta—Au alloy films of this type have
an extremely high stability in atmosphere at temperatures up to 400 °C
(Maisser). The only, but deciding disadvantage of this technique are the
high material costs.

(i) Homogencous alloying with transition metals for lowering the interstitial
solubility of oxygen, hydrogen, and other atomic species: Based on the
caleulated band structure of various transition metals (MATTHEISS 1965,
1970), the validity of the rigid band model, and the prediction, that the
solved oxygen behaves metallically and donates an clectron to the free
olectron gas (Ciao, ANSELL), one of the authors (LaNamr (d)) recently
has predicted the composition ranges of binary transition metal alloys
with zero solubility for oxygen and hydrogen, These alloy compositions
are given in Table 1, lExperimental results on tantalum rhenium: alloys
have shown the oceurrence of this clectron-structure effect also in thin
filmu

The wecond method offers posgibilities to find out new materials with
new propertion, o.g, vory high or’low eleotrionl ronintivity, low temperature

coollicient of the eleotrionl remintivity or high hardness, The thicknoss
(mee g, 0) nt which the eleotrionl remintivity hecomen idependont on the
thiolnons, v rolutively low and independent on e nlloy conmponition

Thowe wve tmportant A ptions fov a high vepreoducibilify
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Table 1 ) .
Predicted composition of binary alloys.of the
group IV and group V metals and of binary alloys
of this metals with group VI, VIII, and VII.r.neta,ls
to obtain zero hydrogen and oxygen solubility

(Laxeer (d))

Binary allogf of group Compoﬂzion (ﬂt,%)

IV-—-VI 5:4:20

IV—-VIIL 37.--47 } IV-metal
IV—-VIII 52--'23

—VI 10..-
z—gII 55---70 } V-metal
V—VIIL 60---70

The Ta-Re system has advantages in co-evaporation becaust‘z foi‘ naelétig;;
houring melting temperatures and vallaqur pﬂessures.]O(’)I;}le(;tlsovax;lcl‘ld t(l)iem]ower
smergy of the oxides of the higher melting alloy com; a
illill"l"lrx-‘:nn mobility of the other ones are also favourable condﬁtlor‘ls f(;:‘ti?)lrllzg
lilms resistant to ageing in oxygen atmosphere. For many alloys me
in Table 1 this condition is satisfied.

5. Insulating diffusion barrier layers

idation. In micro-
A technologically simple case would be the thermal (zlx}dafﬁ(i):wa iy
clectronics the Si-Si0, system has been freql}ently reahzev H'lth tanta{r{lm
fore at first considerationis given to interaction of oxygen wi 2 jl; . co.ncem
Joth the authors have reported on the system tanta,r]um—oxslrge A et
trated paper three years ago (SCENEIDER, LANGER). There, the specia 2 gr
ance of tl . ili i anism
cance of the high oxygen solubility of tantalum as to reac‘zlo;l I?fciq charj
reaction kinetics, and phase equilibrium has been .acce‘ntlia (zld an’ é;(térna]
acteristic for the bulk material that there are an interna z: e
reaction zone. With increasing oxidation period and tempera ;Gujre Oformation;
as well as increasing oxygen partial pressure the following trans
take place in the phase boundary region (COWGILL):
i i — B-Ta,05
Ta—0 solid solution — Taz0O — Ta,0 — Ta,0 — f-Ta,0;
T 1340 + 20)° ¢
: - o-Ta,O; .
ificati ] b entoxide i 2 7 temper-
[1-Ta,0, is the stable modification of tantalum [)L-I}LOX:?}L in thl(‘ 10‘/: am(l,dcl
ature range. The structure of f-Ta,0y is orthorhombic. Figure 7 ¢ cpl}(, S - (),
' e 1 i o A i S [ L& 5
ol the atom arrangement in the elemental cell. Further polymorphs of Ta,0;
i i iterature (SCHNBIDER LANGER).
are cited in the literature (SCHNEIDER, ” » I
In the temperature range of 20 “Cup to 450 °C an «‘lvlll()l.l)ll()'ll.\ uxl(l(rm for lln "
on the surface of bulk tantalum. This amorphous oxide is !‘Il:li!‘l:(]”“‘((“l‘l
‘ 1 > o e (0 v ra 0
crystalline tantalum pentoxide under the influence of an electrie field o

. § ide layer

: ‘ ' A o range, Below the amorphous oxide la)
' i this temperature range, | ; ) o ;
longer annealing I 760 Torr and 7' = 800 °C (CowaILL;

Ta, O phases are formed at P, ) &
bl 160 °C, At it

. i
Vs y ), Ceysatalline /i T, O, can he observed from 7 ; o v
from 1 200 “C/n notioenble peception of oxypen i tantalum con be med
L} .

' ' | ] 'l“"|‘
Clcommran TGS and nonely ot Che sme tempernture the growth of the



568 H.-D. LAxGER, H. G. SCHNEIDER
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Fig. 7. Model of the $-Ta,0; structure (¢ = 6,20 i, b — 3,66 A, ¢ = 3,89 A (LuHOVEC
1964): White balls == oxygen, black balls = tantalum

T),\i(l(‘ layer essentially increases (GULBRANSEN, ANDREW). The oxygen migrates
in tantalum through octahedral interstices. The activation energy is 25,5 keal
mole ! at 7" = 400 °C (SCHNEIDER, LANGER).

The degassing of a Ta/O solid solution in high vacuum is effected by the
cvaporation of TaO and TaO, (Horz). In the vapour space of Ta/Ta,0, mixture
T',0; molecules cannot be found at high temperatures, but those of TaO and
’l‘:.li(l)uvl‘((q‘(il'()§(‘l(}NI\'())A Ta,0; is not stable under these conditions and reacts
with o

Ta(s.) - TayO4(s.) — 2 TaO(g.) + TaOy(g.) + 1/2 O,(9)
and/or disproportionates:

Ta,04(s.) — TaO(g.) - TaOy(g.) -+ Oy(g.) .

Therefore it is not possible to prepare stoichiometric Ta,0,-films by the aid
ol direet evaporation of Ta,0,, but in an Oy,atmosphere (P, 104101 torr
dependent on evaporation rate and rveactivity coelficient) corresponding to
(he latter equation, il the reverse reaction takes place on an appropriately
hented substrate, .

Not too much in known about the phasen Ta, O with » I, because it is
diffieult to proparve samples safficient in wige. Perhaps they are of a more
tntermetullio compound ehurvaeter vather than heteropolng The bost argument
for thin e the metallie chwraeter of the dnterstitinlly wolyed oxygen, 'T'he
wreentng model of Assnnn nnd Ciao (look Chapter ) holdie only for tho oano
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[ree of interaction. The interaction of oxygen atoms in the oversaturated
ranges may activate the ordering processes leading to the Ta,O formation.
Ifurther investigations are necessary to prove this model.

Bulk tantalum coexists with its oxides in an unlimited oxygen container
only in a dynamic equilibrium. The temperature, pressure and time dependent
reaction processes always lead to the final product §-Ta,04 at 7' < 1340 °C.
Iligure 8 depicts the temperature dependent oxidation rate (lincar rate law)
ol bulk tantalum at Pg, = 760 torr.

[t is not unreasonable to speak of the thin film state as a special state of
matter with properties often very different from the bulk. For thin fine-
grained films this is especially valid. The question is whether the free energy
ol this system is such that remarkable differences relative to the bulk tantalum
may be detected in thermal oxidation. We compared the thermal oxidation
of polycrystalline tantalum sheets and of tantalum films evaporated on fused
(uartz and on monocrystalline NaCl substrates.

[tlectronmicroscopic in-situ studies of thermal oxidation (short time oxidation
al step-by-step elevated temperature at different oxygen partial pressures)
hive been performed with tantalum films floated off from NaCl in aqua dest.
and prepared on heatable platinum grids. The occurring Ta—O phase detected
by clectron diffraction are cited in Figure 9. The related X-ray data are given
by Miriin for 3,-Ta,0;, LurovECc (1964) for §-Ta,05, KorsTap 1964 for x-Ta,0;,
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Fig. 9. The various phases in and on thin Ta films in different environments (dpg
= 300 A): Ta £ fec Ta (with overlapped (110) and (200) reflexes), z = amorphous
tantalum oxide, kfz-Ta._e_fcc Ta, krz-Ta = bec Ta, Py 2 residual pressure, P =
atmospheric pressure

ScuONBERG for TaO (cubic) and TaO, (tetragonal), Normax for Ta,0 (tetragonal),
STEEB, RENNER; Urasariev for Ta,O (cubic).

As an example Figure 10 shows a set of electron diffraction patterns of
a tantalum film annealed in air. The intensive diffraction ring in the patterns

s 10, Ileetron diffraction patterns of o Ta film annealed step by step in atmosphere
(g 400 A);

T 50 *C, 2, 180 °0, T, 400 °Q, 2,
Do *C, 2, 1100 . 2t 1860 °C, @ oo ¢!

160 °C, 1 080 *C, 24 760 *C, T,
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IYig. 11. Reflection electron diffraction pattern
ol amorphous thermal tantalum oxide prepared
al 7" = 200 °C in atmosphere (Atg = 3 h)

a) to d) is typical for fine-grained tantalum. In pattern d) at first the diffuse
ring of an amorphous oxide (phase y in Fig. 9) is clearly visible. The underlined
phases in Figure 9 fulfilled the X-ray data best. In the other cases some
rings were absent or the relative intensities differed strongly. The phases
therefore in question are furnished with a mark of interrogation. We have
performed long time oxidation experiments on Ta films (LANGER (a)) up to
a temperature of 500 °C. The thickness increase of the oxide film obeys a para-
bolic law.

The oxide films are completely amorphous as reveals the reflection electron
diffraction pattern in Figure 11. With increasing temperature and time the
diffuse ring reflexes become sharper as a consequence of progressive ordering
proceesses in the oxide layer. The applicability of such films as dielectrics
and diffusion barriers islimited by cracking. The blister-like beginning of this
process after annealing for four hours at 7' = 500 °C in air is depicted in
Figure 12. We deposited gold films on top of the oxide in order to investigate
their electronic properties in a capacitor structure with a Ta film as basic
clectrode and the Au film as counter electrode. The result was surprising.
limploying the well known plate capacitor formula we calculated an amount

1M, 12, Blister-like cracking of
(thevmal tantalom oxide revealed
by an clectronmieropcopicenl
Ot voplion
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Table 2
Lattice plane distance (dyy) and related millers indices (hkl) of various
tantalum oxides estimated by X-ray diffraction by different authors

| Ta0, (SCHON-

1
B,-Ta,0; | p1-Tay0y a-Ta,O; | TaO (Scnonsrre) EEES)
(Mrrkix) | (Lenovec 1964) [(KorsTap 1964)| (cubic, a = 4,43 A) | (tetragonal
| a= 4,709 A
; | ¢ = 3,065 A)
/A | dua/h | WK | dyah du/A | k| dyyd
62 | 387 | o001 ! 3,75 2,56 | 111 3,34
57 | 3,15 |110 ‘ 3,59 2,21 l 002 2,58
4,48 3,09 | 200 | 3,34 1,73 022 2,36
3,96 2,45 | 111 | 3,03 1,47 | 113 1,74
3,49 | 242 | 201 2,96 1,28 222 | 1,67
323 1,94 002 1 2,73 Sl | 004 1,53
3,05 1.83 o020 | 2,45 L1,02 133 | 1,49
2,95 1,79 | 310, 112] 2,33 0,99 | 024 | 1,39
2,81 | | 2,22 L 0,90 224 |
2,61 | 1,65 | 021, 202 2,10 |
2,45 ‘ 2,01 \ \
2,29 | 1,63 | 311 1,89 |
2,15 1,58 | 220 1,84
1,98 1,55 ’ 00 | 1,78 J l
1,87 1,46 | 221 | 1,69 | .
L77 | 1,44 | 101 1,65 ‘ ‘
1,66 | 132 |312 | 1,58 ‘ S ‘
1,62 1,22 | 322 1,55
1,71 1,33 ‘ 022 | 1,60 | 1 |
Table 2 (continued)
Ta,O
(tetragonal, @ = 6,680 A, i ] . =
¢ = 4,758 A) (cubic, @ = 6,68 A) (cubic, @ = 6,68 A)
(NORMAN) (STEEB, RENNER) (URASALIEV)
dga | hkl dg hd | d } hlkl
4,72 | 110 | 472 110 6,68 | 100
2,72 201 2,73 112 326 | 200
2,62 | 211 2,23 300 | 2,37 | 220
2,23 300, 102 2,12 310 4 2,01 311
2,11 | 310, 114, 221 | 2,02 311 1,41 332
201 | 301 ©L93 | 202 | 1,185 | 440
1,93 311, 202 1,58 | 330 0,885 642
1,57 330, 401, 312 146 | 421
‘ 1,43 332
( 1,31 510 }

of the relative dielectric constant & of 200 and more. This amount is by one
order of magnitude greater than the related amount of the bulk oxide (Pav-
Lovic) and of thin amorphous anodic oxide films (Youna). 1t will be the subject
of the further paper to discuss this phenomenon in detail under the point of
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view of polarization mechanisms. But in principle our consideration is baseQd
on an oxygen deficiency model of the amorphous tantalum oxide film. It. is
normal, also for anodic oxide films, that during the growth process point
defects are built in. In the case of thermal tantalum oxide these may be oxygen
vacancies and interstitials (KorsTap 1962). The oxygen interstitials may be
concetrated in a small zone at the oxide/oxygen boundary during oxidation.
But at the boundary tantalum/oxide we postulate a chemical reaction.

Ta -+ Ta,0; — Ta/m - O (sol. solution) + Ta,0;5
leading to a characteristic vacancy profile in the oxide. According to (SMYTH,

Siiv) and (LeEHOVEC 1968) there is an exponential decrease of the amount of
oxygen vacancies in annealed anodic oxide films adjacent to bulk tantalum

750t *Ca0
sa0 50
*6a,0, 1—-;02
ol
w0¢ Z: %b g
M, 0;
—\; o0 %Us
]
= oy %
_'/'V/‘ﬂ *Sbyl
501 0 o 250,
Cu,0
° /7‘,? 0

0 7 2 3 4 § 6 7 & 9 W

Llev)
Fig. 13. Dissociation energy per g-atom of oxygen (Ep) of some oxides as a function
of band gap (I,)

from the phase boundary to the oxide surface. The driving force may be the
remarkable difference in dissociation energy per oxygen atom of Ta,O; (see
Iz, 13) and the solution enthalpy of oxygen in tantalum (148 kecal per g-atom
for the bulk (STriNeER). The chemical interaction in our thin film systems
with fine-grained tantalum films was more typical than in the bulk tantalum
NG,
This chemical nonequilibrium situation excludes the practical applicab'ility
of thermal amorphous tantalum oxide as diffusion barrier on fine-grained
tantalum films. Concluding we have to reduce the oxygen deficiency of the
oxide. This may be achieved

(i) by doping the oxide with ions which effect the defect equilibrium.and/gr
diminish the diffusivity of the active species like phosphorus ions in
amorphous tantalum oxide films (Smyrm, TrrpP, SHIRN) or dyprosium
ions in glassy films (HacskayLo, SMiTH), or lowers the electronic conduc-
tivity

by employing crystalline oxide films prepared by other methods tha.n
thermal oxidation operating at relative low temperatures, e.g. anodic
oxidation (Montrr, Hirst; MANAswVI®, Forprs, CADOFR) and

(1i
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(iii) by lowering the reactivity of the underlaying tantalum film as discribed
in chapters 3 and 4.

Furthermore we have the possibility to use other insulating materials which
combine excellent protective properties with high chemical stability. But the
accepted film forming method must be compatible with modern vacuum
technology in the microelectronic technology. Evaporation and sputtering are
such methods in which the material is transported monomolecularly or as small
molecular clusters from the source to the substrate through the vapour room.
This requires a low dissociation ability as a further condition. Figure 13
depicts the dissociation energies per oxygen atom of some oxides in dependence
on the band gap. The most stable oxides which are appropriated for our
purposes are framed. Ordering and reaction processes in the layer on the
substrate for improving the stoichiometry were the more activated the higher
the free formation energy of the deposit is. Figure 14 depicts the temperature
dependence of the standard free formation energy of some compounds.

In general it is desirable to have low electrical and high thermal conductivity
and a high thermal expansion coefficient. Dependent on temperature these
values are given for some interesting bulk compounds in Figure 15 to Figure 17.
According to MAISSEL there are indications that dielectric losses of the most
oxides decrease with increasing band gap.

Indeed, the number of listed physical and chemical properties and cited
compounds is very limited but the detected trends allow us to choose some
compounds which from this point of view are well applicable, e.g. MgO, BeO,
Al,0Oy, 8i0,, HfO,. Beryllium oxide is an excellent representative of this group.
Little is known in the literature about structure, diffusion barrier, and electronic
properties of BeO films, though this material has wide applications in nuclear
technique, ceramic industry and classical electronic. Also in microelectronics
applications as substrate (MANAsEVIT) and as insulating intermediate layer in
integrated circuits are already known (Skro). The toxicity problem is well
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Fig. 15. Electric conductivity of some oxides (logarithmic plot) as a function of
temperature

voverned and the related operating conditions are compatible with the general
¢lean room ones in the microelectronic industry (Kr1vsky ; MONCH). Tl_lerefore
we have investigated the relations between structure, physical properties, and
ageing mechanisms of vacuum evaporated BeO films (LANGIER (a)). We have
not found any data for such films in the literature. Detailed experlmental
results are to be published in a next paper. In chapter 6 we only give a short
review.,
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Fig. 17. Thermal dilatation coefficient of some oxides as a function of temperature

6. Beryllium oxide

Because of the high bonding strength of beryllium oxide (see Fig. 13) the BeO
molecule is stable in the vapour space (HausNer), Therefore the compound-
evaporationis applicable (FRELLER). The temperature dependence of the vapour
and the dissociation pressures on BeO are depicted in Figur 18. To attain a depo-
sition rate of, for instance, 100 A s~1it is necessary to evaporate at the melting
temperature 7'y = (2540 4 10) °C or at higher temperatures.

Our evaporating source was a tungsten boat carefully shielded to minimize
the hot tungsten surface optically visible at the substrate. But other techniques
are available, for instance laser beam, xenon light, and electron beam evapora-
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tion. ion beam, Rf-, and reactive sputtering, anodic or thermal oxidation,
pyrolysis and chemical transport reactions.

In order to prove the existence of the valence vibration band as a proof for
(he chemical BeO bond vapour deposited layers and the powdered vapour
wouree material were investigated by infrared spectroscopy. The layers were
deposited at 7' = 20 °C, at an evaporation rate of 100 A -1, and at a residual
vapour pressure of 5 - 10-% torr on monocrystalline NaCl substrates. The thick-
ness was 3000 A, The powdered crystalline material shows splitted spectra
hecause of the wurtzite crystal symmetry with absorption maxima at &

880 em~' and 760 em~'. The only absorption maximum of the film lies
cxnctly in the middle at £ = 810 em~! indicating the amorphous state and the
presence of the BeO valence bond. The layer spectra do not show the satellite
minima, which are visible in the powder spectra indicating their higher purity.

Well textured BeO layers could be deposited upon monocrystalline tantalum

lices. The intergrowth law is
(01.0) [00.1] a—peo |] (110) [T11] mq e
and it may be possible to prepare complete monocrystalline layers. The lattice
constants of the Wurtzite typeax-BeO are a = 2,698 A and ¢ = 4,378 A (AUSTER-
MANN).

It could be proved that thin amorphous BeO layers deposited upon fine-
srained tantalum resistors are excellent barriers against thermal and field drift
ol tantalum oxygen.

Agcing processes in high vacuum up to temperatures of 500 °C show the low
phase boundary reactivity between both layers. Also the electronic and dielectric
properties measured in thin film capacitor arrangements show remarkable
relations to the structural properties indicating the high interest which has to
he dedicated to beryllium oxide in microelectronics.

7. Conclusions

Our discussion was related to the improvement of the stability of tantalum
huse components. However the results deduced are of general importance,
heonuse the real structure is characteristic for most metal film arrangements
nnd the interstitial impurity uptake and oxidizing ability are typical for many
fransition metals and alloys, the application of which in microelectronics is
very |)I‘ll.!';l'(‘;\';\'|v(‘.

bned on our own experimental results we pointed out such modern aspects
anepttaxial deposition or alloying of metal layers, doping of dielectric and insu-
lating materials, and use of chemically stable thin film diffusion barriers.
Iigher stability could be reached by a combination of the different methods.

Tantalum-rhenium alloys and beryllium oxide are potential representatives
of the introduced new film materials with applicable electronic propertics.

3eO has many properties which allow us to conclude that this material
dhould be able partially to remove such well known etychable diffusion barrier
materials as SiO,, SigN,, and AlO;. Multivalent applications as dielectric in
(hin film capacitors, as insulating material at conductor crossing paths, and as
precoresistive material are conceivable.

This paper was sponsored by the VEB Keramische Werke Hermsdorf. Their
continued support has contributed considerably to the results achieved. The
sithors wish gratelully to thanlk for this support,
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