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rosensors in electrolyte solutions. is hampered by insufficient barrier propertxes
f sxvatxon layers used to protect the underlylng conductmg tracks and
b tec‘tmty of varlous types of companble passlvatxon layers (organic
, duplex and tr;plex layers bas d on PECVD siliconl’ oxide and
tride) mvest1gated and imp mxcroe}ectrode arrays exposed t6'l M NaCl (pH 2'to IO) at 25°C
ex SIOZ/S13N4 and oxide/nitride/oxide (ONO) triplex layers with optimised nitride PECVD process’ ]
£ amer properhes Burying the conducti ks in the therma] silicon ox1de layer 1mproves the
ntly Failurés ‘of the passwatlon layers, detec d by leak current :
quent SEM investigation, résult from cracking ‘due to intrinsic and €3 trinsic (less 1mportant) mechamcal
defects (pmholes particle mclus;ons) from’ chemical, physxcochemlcal and electroéhermcal tedctions (external,
rnal, sublayer corrosion) and from ‘the combined action of mechamca] ‘stress and chemxcal mteraction (s ess
on cracking)."© 1999 Elsev1er Sc1ence Ltd All rights reserved ) S

i

ds: Corrosion; PECVD 5102; PECVD 8i;N,: Passivation layer; Mlcroe]ectrode array; 'Sénéor'chips

ecent years' the microsystem technology has
ained ‘increasing 1mportance due - to*'exciting’ and
rdinary developments’in the field of sensors,
nators and micromechanical tools. Miniplants have
1 des1gned and prepared ‘aiming at miniaturising
yduction plants into’“the liter, milliliter and even

/'needs, however ‘a great vanety of dlﬂ‘erent mlma-
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nicroliter: scale {1]. A powerful ‘microsystem’ technol-’

t:unsed sensors to cope w1th the reqm me!
mtegrated analytxcal momtormg and process contm1
systems.
Miniaturisation ‘of sensors down o the m rometel
scale is easily achieved using the well estabhshed
methods in silicon planar technology [2]. Microsensors
exhibit a wide application potential 3] ranging from
medical ~diagnosis, biotechnology:: -and:::biological
research, over food control to euvxronmental momtor-
ing [4]. :
However, the application of these silicon based sen-
. sors is severely hampered by the-fact:that the sensors
gengerally fail too -fast (within minutes ot:only a few
hou‘rvs)» When;USed in liquid media, specifically in elec-

All nghts reserved. .
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Fig. 1. Chemical structures of organic passivation films.

trolyte solutlons ThlS 1s due to the _poor bamer effi-

quurd meclra was 5,,not :nt nd

degradation, e.g. by moisture and/or electrolytes. .
To open the potentxal multltude of appheauons to

silicon based microsensors, it is, therefore, a precondi-

tion to increase the barrier performance of passivation

layers considerably. Thus, in a multldrsmplmary,
hors mvesngated and optimised the "
protective properties of different’ types of passivation
layers usmg a versatrle mrcroeleetrode array as an m#

approa :

vestlgatxon too .

T e

2. Passivation layers: .« o crimh ol

- 2.1. Chemical nature

-Passivation' layers can’ be’organic:and inorganic in

nature. Qrganic passivation layers can consist of polyi-.
mides as well-as photoresist laquers.. While polyimides

are formed by polycondensation reactions of (generally
aromatic) polycarboxylic acids (e.g. pyromellitic anhy-
dride) and (generally aromatic) polyamines (e.g. p-phe-

at they were

rVve as dlelec— . (Ssz) silicon, mtnde (8i3Ny),

11 3% 10 . (81,0, NL,) and. srlrcon carb1de (SIC) They are applied.,
i and’or antlclpated On L
the contrary, m1creelectronxc chrps are very often her-
metically encapsulated to protect from environmental

nylene diamine) (Fig. 1), the photoresist films are quite -
often novolack based and formed by polycondénsation :

o of phenollc compounds (e. g. phenol, brsphenol A) wit
‘ formaldehyde and subsequent r
‘rated epoxr esters of the acryhe type (Flg ). The or

ctton wrth unsaty

ganic passwatlon layers are, generally apphed by Spl
coatmg processes ; .

lnorgamc passrvanon layers include srhcon dioxide -
srlrcon oxinitrid

as:mono_layers, duplex layers (e.g. SrOz/Sr3Na) or tri-.

;;‘,plexvlaye\r‘s (e.g; oxide/nitride/oxide (ONO) layers in

the sequence Si0,/Si;N4/Si0,).
-~ These - layers -are;:generally . prepared - by plasma
enhanced chemical vapour deposition (PECVD) via de-
composition of appropriate gas mixtures. Gases intro-
ducing silicon include silane (SiH,), chiorosilanes (e.g.
SiH,Cl,, SiCly) and low molecular weight. siloxanes.
(e.g. SI(OC,Hs)4). Oxides are formed in the presence of
oxygen and/or dinitrogen oxide (N20). The nitrogen in
the: nitrides can stern, from additions of, for example,.
ammoma (NH3); nitrogen. . (Nz) N0 or mtrogen'
tnﬂorlde (NFa):.s - :
Due 1o, the specific, deposmon method whlch uses.
glow: dl‘s‘chdrge_ to form reactive species like ions,
excited  molecules- and radicals from the gas. com
ponents,.the. PECVD layers -are composed of stoichio-
metric compounds like SiO,, SisNg4 or SiC only in the
ideal case. Real PECVD films consist of non-stoichio-.
metric - compounds containing varying. amounts of
other .elements. (hydrogen, chlorine or fluorine) depend-
mg on the specific deposition conditions [5], e.g. the
nature and concentration of reactive gases in the gas
mixture, the temperature, thé total pressure, the gas




Si

ius, PECVD silicon nitride layers can contain Si=
nd N-H bonds as schematically shown in- Fig:~2
Under glow discharge conditions active species

electron impact of relatively stable molecules,
ting in a very complex reaction system, which at
d yields the ‘plasma silicon nitride layer. )

e most important intermediates in the gas phase
iHs/NH3-Ny mixtures are the SiH, and NH rad-
[5] Eqs. (1) and (2) show primary reaction steps
these radicals.

+SiHy—-SbHs o))

4+ NHoSINH, ™

ical chain reactions finally form silazane chains
2). Cross- lmkmg occurs by hydrogen elimination.
tiis reaction is temperature-dependent, the hydro-
content” of plasma“SiN deposits c¢an vary between

SI/N 2 1:4) almost all hydrogen is bonded to sili-
t Si/N ratios below 0.75, most of the hydrogen

described as polysilazane (SiH, N) ie asan
sanic polymer [7].

Post-treatment of PECVD layers with reactive gases
F,, HCF;, oxygen plasma, etc.) can change the
mical nature and composition in near-surface zones
to depths of several tenth of nanometers.

nd the plasma (glow dlscharge) condmons (RF f

as ions, excited molecules and radicals are formed |

nd 40 at% [6,7]. At high'Si/N ratios (Si rich layers”
bonded to nitrogen’ [5]. Plasma SiN layers could be

asma SiO, may contain 5 to 10 at% hydrogen all“
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" Fig. 2. Growth reaction (1= 2) and cross%linking reaction (2= 3) diiring depositior of plasma Si-N [5].

2.2: Physical properties

The nonsstoichiometry of“the layer composition ih-
fluences the density, the mechanical * propérties
(Yourig's modulus, “ultimate tensile stress, microhard-
ness, intrinsic growth stress, fracture  stress, fractiire
strain); the electrical propcmes [6] (elect: 1""resmtam‘e,
pertnittivity) and the growth structur ]l_of thé‘ pas&~
vation'layers. . ' ,

In - the* following; ~the: mechamca propertxes and
growth structurés of ‘inorganic passnvatxon layers shall
be discussed in miore détail, as® they directly” infitience
their performance ‘under ‘corrosive environmental:con-
ditions. Thus, films i tension teénd to* develop cracks
whereas those with high compresswe ‘stress - tend’ to
delammate ‘and peel off. The stress tate of the di
tric 'can ‘also affect the metal it 1solates ftis
known that mtnnsxc stresses in plasma SIN passw on"

minium runners in double " leve! metal mtegl‘at'"
cuits [9]. Lowering the resxdual stress of the’ ﬁlm s als
desirable - to prevem the undcrlymg alurmm
from notching [9]. o

Depeniding on the deposmon condxtxons the mechan-’
ical  properties of plasma passxvatlon layers can vary
within broad- lifnits. This' has been widely mvesugated
durmg recent years

2.2.1. Silicon dioxide

Plasma SiO, layers are generally produced with com-
pressive stiesses in the range from 0.5 to 5-10% Pa [10-
12]. Reports on tensile stress in such films are scarce
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Fig. 3. Dehydroxylation of silica to produce (a) snhcate rmgs
or (b) edgeshared tetrahedra [56].

:[13]. The compressive stress in plasma 3i0, layers is

due to the mismatch of ‘the thermal expansion coeffi-
cients of the film and the silicon substrate [10].. The
compressive stress ‘decreases with increasing OH con-
centration in the layer [10,11.. However, .with increas-
ing OH concentration the porosity of the film increases
which :is.not. desirable in view of .its. function.as a cor-
rosion. barrler layer..

Stress in-plasma- SiQs ﬁlms can: be mﬂuenced by lhe
deposxtlon parameters. {14,15, 16 17, If plasma Si0,
films, absorb moisture. they can become more compres--
ive vth,n storage time {18, 19].. ngh 8i-0-8i. bond

' strain and mcorporated impurities are respons;ble for
the mstablhty of ﬁ]m stress dunng post-deposnmn

formatlon the ﬁlm expands or. Swglis é.nd g1ves rxse to.

increased compressxve stress. . .

_The stress can _be influenced by post-deposxtxon
anneahng [21—27] Subsequent annealing of these films
-t temperatures above. 250°C. causes . near- nelghbour
sﬂanol groups t eact Release of swater produces.a

| ‘8i-0 bonds. is .much less. than the
straxn of the ongmal Si~0.bonds. Thus, anneahng can
consxderably improve the film quality. The largest
improvement can be achieved by anneahng in the pre-
sence.of steam. However, ‘depending on the annealing
conditions, the, ﬁlms can_ also assunie a high _tensile
stress which can cause, among other thmgs void. for-
mation in Al interconnects. Annealing at temperatures
below the densification temperature can make SiO,
films more porous [27]. *
2.2.2. Silicon nitride

Plasma Si-N layers can exhibit comprcsswe stresses
up to —12 x 10° Pa and tensile stresses up to 6 x 10°

4+ HO

» torted short- -range. order of the Si-N-structure 51 &
“model which correlates film stress to that contributed

" bondings, (2) ion bombardment, (3) thermal mismaich

Ref. [9].

" functionally related to its density. p,, intrinsic stress g

reconst:ructed Si-0 etvyork [26] (Fig. 3). The strain in

Pa [5] depending-on the deposition conditions. Teng;
stress is created by hydrogen desorption and formatig
of additional atomic bonds between Si and “mmoe
(cross-linking) at deposition temperature (Fig. 2) whic
causes shrinkage of the film.' For low Si-NH; Iatiog
cross-linking can. ‘otiginate from NH; evolution by
chemical condénsation . reaction  of Si(NH»); g1
Compressive stress is due to ion bombardment (aft
deposition of silicon- or nitrogen-containing radicy] sy
on the growing Si-N. layer at dep051t10n temperature,
This causes an expansion of the Iayer due to lmﬁlqihgu
atoms and broken .Si-N bonds which leads to a dis.

by (1) lattlce distortion induced by Si-H and N-g

between plasma Si-N films and the silicon substrate
and (4) intrinsic stress introduced during formation of,
covalent Si~N bonding is ‘proposed and emmmed in

The cracking resistance (CR) of thick (approxi
mately 1 um) Si-N films at a given temperature T is

thermal mismatch A, with the silicon substrate and de-»
position  temperature . Ty . through - the . fol iowing:
equation [8,29]: .

R .
R=L %o, - _ij AdT
Po o d=vig :
where oy is the ultimate tensile stress §f the structurally
‘perfect’” CVD-Si3Ny film, with the. density py and £
and v are the Young’s modulus and Poisson’s ratio fo
the film. This equation correctly predicts that CR wil
be improved if p is increased, o; and A, are mad
small and 7 is made high relative to the test tempera-
ture. A quantitative application of the above equatior
including thermal stress measurements, for variou
plasma Si-N films are described in. Ref. [30
Experimental results relating the composition, density,
and mechanical stress of plasma Si=N layers are give

in Refs 5, 9, 10 31, 32 33,34.35].

Intrmsm ‘stress in_as- deposned plasma Sl—N film,
can be changed by follow-on. processing,.e.g. by ion.
1mp1antanon and. anneahng [18,36,37,38.39].

Depending on the deposition process. parameters the.
physical properties of ‘plasma. Si-N will range within
some limits [40], e.g. the Young’s modulus E: 85-210,
GPa [41,42], the density p: 2.3-3.1 g/cm® [5,18 4‘&] the:
refractive index n: 1.8-2.6 [18 A43-45], the resistivity
10*~10®° Q cm at 2 x 10° V/em, dependmg on the
Si/N ratio [8,43,46), the dielectric constant & 6-8 at L.
MHz [8,42,43,]), the breakdown strength: 1-5 x 10° V

[36 45]. The Poisson ratio v was found to be .25
[42] and the expansmn coefficient o« was given to be
1.5x 107 °C™[47). B
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ible 1
ilure modes of passivation layers

Group  Failure Mode - Schematic Sketch

1 _ Faolures dua to mechanicai stmss and ﬂ{m defects
1.1 Cracks due to !ensuie stress | o] [T

WV i o 77/ o’

a) without delamination  b) with delamination’

1.2 Cracks due to compressive i .
sross. = R
121 | intrinsic stress "‘,'7///////7 o // // /§|‘“’
1.2.2 exirinsic stress-.... - - | a)yspaling ¢ . - b) buckling. - ‘
1.3 Cracks due to infrinsic ‘
stress o
1.3.1 | induced by surface
topography v/ /S : A
1.2 | induced by swelling a) without delamination  b) with defamnination

1.4 Pinholes

77/

Failures due to chemical, physicochemical

1.6 Particle inclusion

2 E . and electrochemical reactions
21 Adsorption/Desorption H, O'ﬂ tH0 - :
/ processes : ‘ , ‘ o
22 external corrosion H0. 0, .L‘f Si0, - ag, NH, |

221 | hydrolysis

222 | oxidaton / //

23 Absorption, Swelling © HO ‘_ -
. T e . ‘
o
24 Diffusion processes oy H,o,, cOA
, 4

{continued on next page)
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Table 1 (continyed)

25 ‘Internal corrosion

O,, H,0 products

251 hydrolysis
2.56.2 | oxidation

//////’

26 Sublayer corrosion

26.1 | without delamination
262 | with delamination

2.7 Sublayer corrosion due}tox )
easier swelhng and
hydrolysis of p!asma Sl O B

3 Failures due to combmed action of mechamcal stress and’
. chemical interaction

3.1 Stress corrosion crackmg‘

(Adsorption induced ftress

corrosion crackmg)

2.3. Structure and morphology

TEM (transmission electron microscope) investi-
gations revealed that PECVD passivation films are

amorphous. Detailed mvesugdtlons on-the crystalhmty

of plasma Si—N films are described in Ref. [8].

On properly cleaned device wafers a smooth”
layered growth structure is encountered. Nodular .
growth (formation of hillocks) generally indicates con-
taminated areas (e.g. sites with baked-on residues- of

photoresist ~ and/or pdrtlculate matter) on dev;

wafers, on conducting tracks and dielectric areas, re--

spectively. The presence of such contaminations trig-
gers a vapour—liquid—solid growth [48] "and/or gas

phase reactions [49] in the vicinity of the contami-,

nated area. Such reactions in response to surface con-
tamination were found to- be more likely to occur

under conditions of higher temperatures and larger =

gas flows during deposition which also leads to more
crack-resistant  layers [8]. Surface-activated film
growth allows excellent step coverage, thus conform-
ing well the underlying topology even where walls are
vertical or have a slight negative slope [8]. The micro-
structure of the film can be corrc]ated to its mechan-
ical properties [9].

~2.4. Failure mechanisms

The failure mechanisms of organic and inorganic

“passxvatxon layers-can be divided into three groups
- (Table 1): : .

Group 1: Failures due to mechanical stress and film
defects.

‘Group 2: Failures due to chemical, physxcochemlcai
_and electrochemical reactions.

_Group 3: Failures due to the combmed actlon of
mechamcal stress and chemical mtgractxons L
Wifhin group | cracking of passivation layers due to

stresses, either extrinsic:(externally applied) or intfinsic

~due to film growth, is a very important and common

failure mode of inorganic. and organic passwatmg
iayers

Stress produces strain in the passwatlon layers
which'can lead to delamination, the iritensity of which
depends on the kind of stress and the adhesion of the
film to the substrate. For a given layer there exisis
always a. thickness-dependent critical strain, above
which the layer cracks and may spall depending on the
adhesion to the substrate and the ductility of the sub-
strate. A general failure mode diagram for critical




In thc case of tensile stress only cracking of the film

dhesmn is good and.the substrate exhlblts ‘a higher
than the : . (Table 1, group 1.la).
elamination and spalling will, however, occur if the
Im adhesion is poor, independent of the ductility
atio between film and substrate (Table 1, group 1.1b),
n case of compressive stress the film will spall if its
dhesion to the substrate is good (Tdble 1, group
.2a), .or will buckle if ifs adhesion is poor (Table 1,
roup 1.2b).

- Stresses (generally intrinsic stresses) in pa.sswatmg
yyers can be induced by the substrate topography, e.g.
at edges of conducting tracks or other _step structures,
where the growth, morphology of the” film*is more irre-
-gular and nodular growth is more likely to occur than
.on plain surfaces (Table 1, group 1.3).

While extrinsic tensile or compressive stresses can be

«can be influenced by the deposition parameters [5,9]. It
is possible to obtain stress-free silicon nitride films by
-a proper choice of process parameters under given
boundary conditions. Boundary

femperature range, RF frequency range, gas supply,

film properties. Process compatibility can bé an issue
vﬂxe‘n high temperature processes follow the low tem-
perature PECVD deposition of silicon nitride which
can drastically. change in rnorpho]ogy .and - intrinsic
stress - due to cross-linking processes (hydrogen de-
sorption and formation of additional atomic bonds by
s-linking, between Si and N (Fig. 2). '
1 of pmho]es (Table 1,

e ¢
lasma 81 N the pmh‘

tures below 300°C [36]:

. cessing. This’ ‘includes not “only cleanliness in the rooms
“where the ‘wafers are handled, but also in the PECVD
chafiber where ‘particles of previous” deposmon pro-
cesses could”become attached to the’chamber “walls
and fall'onto!a fiew wafer during the next passivation
“run; In:thisccase the particle will be mcorpordted in the
““growing passivation film.

Group 2 failures include chemical, physxcochemlcal
and electrochemical reaction proeesses in their mechan-

train eqrig VEIrsus layer thickness / is’ ngcn m Flg 4

ith no delamination or spalling will occur, if the film -

‘avoided in passivating layers by appropriate design of
the system in which a chip is mtegrated it is much-.; -
more complicated, to. ‘avoid intrinsic. stresses. It has»i
‘been shown that in PECVD processes intrinsic. stressés”™

uondltmns are
mposed, e.g. by the reactor which is available, i.e. the

etc., furthermore by the process compatlblhty and the .

. group 1 4) ,isk

ailures of passwatlon films due to pamcle mc]uqon o
(Table 1, group 1.5) is generally a matter of clean’ pro-"
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isms. Adsorptlon of water via hydrogen bridging at
hydrogen bonds at the surface of the film. e. g. Si-H,
Si—O-H, Si—-N—H, or at oxygen or nitrogen bonds, e.g.
Si—-O-8i or Si~N-Si, is an important first Step for

__further chemical degradation of SiO, or Si-N films,

e.g. by hydrolysis or by etching in hydrofluoric acid.
External corrasion of PECVD films, ie. degrading
the passivation layer from the surface, can be achieved
by hydrolysis at different pH values. Acid hydrolysis is
the degradation mechanism during etching. The etch

‘rate, e.g. of plasma Si-N in 49% HF at 23°C is 150-

300 nm/min [40]. The etch rate of plasma Si-N in buf-
fered HF depends .on the hydrogen content of the film
[7] and. thus, on the deposition parameters [28] and
ranges in the order 5-150 nrrf/min. The resistance of
plasma SiN films against alkaline ‘media is much
higher. Thus, it was observed [44] that the etch rate in
30% KOH at 70°C is only 41 nm/h.

Oxidation of Si-N films in most environments
(moist air, water vapour in the PECVD chamber) can

~occur by absorption of water with subsequent hydroly-

sis of Si~H bonds, thus introducing oxygen into the
film (as Si~O-H groups) [37].

Absorption of.small molecules (e.g. water molecules)
in the film will cause swelling. This phenomenon cun
be observed both at organic and inorganic films. While
swelling due to absorption processes is well known and
has been extensively studied for organic films, there is
dawareness that also inorganic films can absorb and
swell. Thus, plasma PECVYD SiO, films can absorb

L Oxide
~ Yield

Brittle Spalling

Compression

Elastic

gy
(44

Log (Scale Thackness)

Log (Strain)
g :

Substrat L
Yleid """
__________ + Oxide
s Cracking |

Tehsion

 Spalling

Fig.-4. Failure mode map for ‘tensile and-compressive strain
[50].
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Fig. 5. Schematic diagrams of (a) MF

water which may hydrolyse 8i-O-Si bonds to form
silanol groups. These silanol groups, due to their’ high
polarity, can bind water molecules and cause swelling
of the film-increasing the intrinsic compressive stress.

An important precondition for internal and sub-
layer'corrosion is the diffusion of water, oxygen and/or
ions through the film. It'is well known that all organic
- coatings, ‘specifically those with low thicknesses”(e.g.
less than 1:pm), exhibit only a limited barrier against
diffusion of water, The diflusion constant of water in
polymers (acceptable - as passivation layers) is in the
range of 1077 to 107 cm? s™', which means that it
takes from 1 s to 2 h to reach 90% saturation at the
substrate surface through a 25.um thick film [51,52].
Polymers are also diffusible for- oxygen and smaller
ions, e.g. sodium or chloride ions.

For inorganic thin films such as SiO, and Si H,N.

the diffusion constant is several orders of magnitude

less, reaching down to 107" ecm® s~! [51,52]. However,

amorphous silic_a model and (b) the MB amorphous silica fracture model [55:56,57}:

as mentioned’ above, e. g. plasma’ SiO, films can
become more diﬂ’usxble with' increasing concentranon
of silanol groups, as these groups can bind water mol-
ecules and form domams with hlgher local water con-
centratxons whxch allow diffusion’ of more water ‘and
ions. Thus, SiO, passivation films have only a Im‘uted,
barrier function for diffusion of sodlum ions. In con-
trast to plasma SiO, films plasma Si—-N laycr,gprowde ‘
some resxstance to sodmm ions . and mmsture per-
meation [53,54], 4

Absorption of . water can.. lead to mternal corrosmn
by hydrolysis-and oxzdatzon. ‘Water reacts. w1th strained
Si-0 or Si-N bonds and forms silanol-groups; Further
hydrolysis- reactions eliminate Si and- N-atoms from
the network, e.g. in the form-of Si{OH); ‘and: NH;
which are dissolved in the aqueous medium.. Internal
and external corrosion can proceed by the same mech-
amsms i ;

If water, oxygen dnd ions can diffuse through the




tiom layer and reach metal sublayers (e.g. con-
stracks) corrosion: of -the: metallic sublayer can
Depending on. the .adhesion strenghts between
or systems this: sublayer corrosion proceeds with
out delamination of the, passivation layer.

3 .corrosion faxlures are related to, the com-

Thls type of oor sion mechamsm has been
3 ly studied in recent years at silica glass and
us sﬂxca The model today most wmely

jon sequence for water attax:k at stramed 8i-0-St
: ,xxstmg either ‘at the plain surface or at a crack
g.-5). In step 1 a.water molecule is adsorbed: at
-Si.bond.. ThlS occurs vig interaction

red by silanol groups.
ould be shown that all molecules which (1) have
ast one lone (nonbonding) electron. pair (Lewis
ses), (ii) possess a labile proton (Bronsted acid) and
} contain a distance betweern acid: and base  sites-
ich conforms. with the Si~O bond- dxstance [55 56].

cive snes but will not directly result in bond clea-
ge, instead it will block dissocia f’ ely adsorbing

ssibility for inhibition of stress corrosxon crackmg at
ssivating amorphous films. :

A good understandmg,of water-mduced stress cor-
sion cracking of amorphous silica was obtained by a

olecular orbital calculations [57] considering a cluster
t.hree- four— five-" an

, four-, five- a,nd 'sxx

gs (Flg 6).. The concentr ‘ i of the rmgs was 8,

0 keal mol™", the barriér:to ftacture four-, five- ‘and
six-membered rings i the presence of water miolecules
as found to never exceed the + 18 kcal mol™" for a
r-membered ring. The hydrolysis-induced fracture
"'a three-membered ring turned out to-occur spon-

ecies from reaction [56]. This seems to open the-

g size distribution’analysis’ in “amorphous silica via -

membered sxlxca rings.The

. 25 and 50%, respectively. The calculations showed
dt _ring opening through hydrolysis is the lowest- -
ergv pathway for water-enhanced fracture. While the .
eoretical strength of the Si-Ql bonds is greater than
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Y

< 18.6 A

oxygen () Hydrogen

Fig."6. Motecular mechanics“structure of amorphous silica

. with BeﬂéDean‘ distrib‘ution of ﬁqgé '[57]4

taneously af -3 6 “Kcat ‘mol™% Crack propargaﬂon
occurs by movement of a crack tip, i.c. a strained Si-C
bond, through the amorphots silica structure. As the
crack tip moves it will encounter all sorts- of rings,’
mainly five- and- six-membered- fings and only very
rarely a three-membered ring. In this manner the crack
will be stopped or accelerated as it encounters different
ring structures of different size [57]. i
The stress corrosion mechanism proposed for amor-
phous Si0; should " be analogously ‘transferable on
amorphous Si-N' material. The mechanxsm underlines
the importance of infrinsic stress in passivation layers
and explains the fact that the thermal history and the
proeessing greatly affects the cracking susceptxbmty of

. amorphous passxvatxon layers.

3. Experimental
3.k eroelecirode array

In order to study the long term stabxhty of passiva-
tion: Idyers on sensor chips a versatile micro electrode

) ~array withi different electrode shapes and sizes was

developed (Fig, 7a). The design was intended to allow

_ the mvestxgatlon of the effect of various electrode geo-

metries.as- well' as dlﬂ’erent passivation materials on the
kinetics of environmental degradation. On each sensor
chip 14 rectangular eféctrodes with different sizes (10 x

.10 to. 200 % 200 ym?) and two triangular electrodes (1.5
% 3.0 mm) were arranged.



| electrode.
_conducting

* passivation layer

O

¢) Non-buried conducting
track .
T passivation layer

wafer (n Si <1OD>)

b) Cross section” . d) Buried condugcting track

Fig. 7. Design structures of microelectrode array.

.. The microelectrode: array was fabricated from low-

doped silicon wafers' (Fig. 7b) Thermally grown Si0,
(270 up to 500 nm).was. used asinsulating material, As
material for the electrodes and «conducting tracks Au,
Ag and Pt were deposited by vacuum evaporation with
layer thicknesses between 200 and 400 nm,. To improve
the ‘metallic adhesxon, mtermed]ate layers of Cr, Ni
and Ti, respectwe]y, were apphed .
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. The passivation layers tested included inorganic
-organic films, The inorganic layers-were deposite
-the 'PECVD ‘process -and included mono-layers (

and ' 8isN,, respectively; thickness: 800 nm), di;
layérs (400 nm SiO; capped with' 400 nm Si3Ny)
oxide-nitride-oxide (ONO) tnplex layers (130
Si0, + 540 nm Si3Ng+ 130 nm SiO,). The organ
)srvatlon Iayers were apphed by spin. coating’
‘included polyimide films (Selectilux HTR 3/M¢
thickness: "800 and 1000 nm, respectwely) and n
lack based photoresist. (AZ 5214/Hoechst thick:
: 1400 nmy) [58].
«+To investigate the barrier effect of t_he, passivatj
layers, the complete chip surface was coated with
passivation layer. Only the: bond pads were opened
allow electrical contdct to the conducting tracks an
'the electrodes underneath the’ passivation films.
“second” series of tests the electrode surfaces we;
opened to study the adhesion of the films and the
susceptxblhty to delammate durmg exposure in the co
rosion media.
The passivation layers were characterised by top
graphlt ‘measurements with a perthometer with
microscope, SEM and XPS. Details are- published.:
Ref. [59].

1
Pt counter M NaCi

electrode

iieads to

unit |

. leads to
measuring
’ aunit
e ﬂﬂow cell with

- chip

e) Leakage current measurement
wrth non bonded chips

- measuring

T encapsuleted
N\ Chlp «

' 1M NaCi ,
b) Resistance measurement with

Fig. 8. Corrosion testing of passivation layers.

- bonded and encapsulated chips _




Corrosion media

€..corrosion - experiments  were - performed by
posing the chip.in a flow cell or in an.unstirred bea-
er.at-ambient temperature in aerated 1 M NaCl sol-
on-at pH values of 2, 7 and~10. The .pH- was
usted either. by adding. dilute hydrochloric acid or
ium hydroxide solution.

Evaluation of experiments

Two kinds of éxperimental setup were used to evalu-
he barrier effect of passivation layers. In’ the first
eries of ‘experiments the chips were exposed in a flow
11 (Fig. 8a). The volume of the test chamber was
ox. 1 ml. The solution was slowly exchanged with
peristaltic' pump. The"flow cell was designed. such
at failed - chips  could" ‘be “exchanged * simply - and
1y'[58,60]. The electrical contact to the conducting
ks underneath the passwatmn layers ‘was achieved
pressing rubber Strips 1am1na;ed with conductive
1yers onto the bond pads. The conducting layers were
ntacted  with wires to measure each cbnducting track
arately. Between the passivated ‘conducting tracks
nd the eléctro’des) ‘and @ ‘platinumcounter electrode
the corrosion’ medium a 'de voltage of “1. 'V was
1stalled. Failing of the passivation layer on d conduct-
g track (with' electrode) wds fionitored by’ theasuring
the level of the leakage current beétween the conducting
ack and the counter electrode. When the leakage cur-
nt ‘increased higher than+500°8A, the current signal
dicated the tifme 'to failure to'a PC. :

‘In - the ~second ' test  series all’ microelectrodes were
ntacted via bond padsito aprinted circuit-board and
encapsulated at the edges Wlth a conventmnal epoxi

_ 20umix 20um iy
ZOOpm x 200um
tnangular ,

P RO FEER P
 triangular ~

200pm x 200pum

ZoumXZOum\_‘» : (@

03 06 09 12 15 18
’ USHE(V) k

ode (b). Measur‘i’hg conditions: I'N H,504, dU/dr— 50 mV/s.
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resin (Fig. 8b). The surface of the passivation layer
above the conducting tracks and the electrodes was left -
resin-free. The chip was dipped into the unstirred test
solution and the:timesrelated ‘increase of the conduc-
tivity of the passivation layer between the conducting
tracks and a platinum counter electrode was measured
with a conductivity meter at 4 kHz and an ac voltage
of 200 mV [61]. The increase of the conductivity indi-
cated a degradatien of ‘the ifisulating properties of the
passivation films. The time to-failure of the passivation
layer above a given conducting track (with electrode)
was-defined to be the time -at which the film resistance
decreased below 75 % of the initial resmtance at the
start-of the expenment
In order to identify the topography, the growth

- structure and the fajlure modes of passivation layers

investigations.were performed in the SEM.

4. Results and discussion
4.1: Fitness-for-purpose tests

The functionality: of the. microelectrode array was
electrochemically tested by measuring cyclic voltammo-
grams (CV) for.all- 16 opened gold electrodes in 0.5 M
sulfuric acid at ambient. temperature [58,62]. In Fig. 9a

.a set-of CV curves of the differently sized:gold micro-

electrodes are plotted.in comparison to the'CV of the
triangilar electrode. In. this experiment, -the: potential
range had to be limited to:Usyg < 1.9 V, since oxygen
evolution .attacks the passwamon layer at the e ectrode
edges. - .

The: curves exhibit a shght deviation ‘of the trans-
ferred charge in the anodic and the cathodic cycle

£ Vo

A s amCrem?
o (D)
3 gt —
0. 05 1 1.5

Usge (V)

Fig 9. Set of CV curves of dlﬂ"erent Au microe ectrodes (a) and galvanic Cu deposmon and dlsso]uu»on onal0x10 pm Au clec-
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‘Ph‘oiorésﬁstﬂ i
AjPolyimide - o0 o RS
[0t ‘| Polyimide {plasma treated) t

SN
s,

1810, (Bﬂﬂ*C afmeaied)

Duplex (400"6 annealed) ’

- :Duplex (optimized PECVD process)

. .ONO : }

; Dupiex (opt. BECVD process, buried coa‘aduct iracks)i

i Dupiex

0 200 400 600 800 10007_12'0;5"
i . Time to failure / h.

Fig. 10. Corrosion resistance of passivation” layersiin “1 M
NaCl at 25°C.

which can be explained by the. supérpositiof:of: the
oxygen generation during oxidation of the gold surface
[63]. With decreasing size -of - the microelectrodes’ an
increase of the current density was found. This is prob-

.ably .due to..deviations- of the: theoretical -from. the

actual electrode size.as well as-inereased-edge effects

‘and contributions=ofthe passivation:material, ‘which in

this.case was the duplex:layer Si0s/SizNy. &

It 'was further. proved! that the sensor array.can be-

modified  by''galvanic: depositing - different metals’ (e.g.

‘Cu; Ni;Pb) on top of the gold microelectrodes {591, ‘As

an example, Fig. 9b presénts a CViof a 10 % 10 pum*
:gold microelectrode in @ Cu containing electrolyte. The
CV depicts the Cu deposition in the cathodic cycle (0:1
Visug) and the Cu dissoluuon in the anodzc cycle (O 3

“VsHE).

4.2. Corrosion iesting -

Investigations on the barrier propertjes of passiva-
tion layers. against chip degradatxon on exposure to
electrolyte solutions screemng corromon tests were per-
formed with chips with unopened electlodeq in1M
NaCl 'solutxon dt pH 7 :

4.2.1. Organic passivazion layers
First tests made with polym’ude

:jd photoresx st &

passivation layers were not very encouraging. These :
commercial grade materials were developed as masking

materials for Si planar technology 10 . achieve short-

time stability- against acids, specially HF:In I M NaCl =

with pH "7 delamination of the organic layers was
observed at edges and steps and the protectivity lasted
only a few hours (Fl&, 10). However, by plasma sur-
face treatment it was possible to improve thé time to
failure up to 400 h.

“buried condiicting tracks

4.2.2. Inorganic passivation layers . ‘

In the as-deposited state the mono-layers of 8iQ,
and’ SisN, and “the duplex layer exhibited only poop
protection (Fig. 10): The lowest: time to failuré showeq:
the {105 film (a few: hours);#while  the plasma Si-n

‘layer " protected ‘only: for less'than ‘a day: Even the.,

duplex layer failed ‘aiready afterone day: - ;

As it is known that annealing cansimprove the bar
rier performance of PECVE: deposits, all types of pas. |
sivation layers were annealed for. 10 minutes . in an
nitrogen atmosphere. at tempemmrc of 400 to 800°C
The plasma Si-N layer spalled already. afier annealing
at. 400°C due to hlgh intrinsic. stresses. Annealing at
hxgher temperatures yleided an even, hlgher -spalling
intensity.

8i0, 1ayers could be annualed up to 800°C wuhow
spalling. The time to_failure of such films ‘Was. much
hxgher (31 h) than i i the as-deposited.state:(3 h) .

The hlghest effect was observed when duplex layers.
weresannealed, for 10 min at 400°C. In this case th

time:to, fdllure dmounted to 340 h.,.

Very successtul Were, dttempts o unyrove the barrier

4properues of the duplex layers. by modifying the

PECVD: depasmon «.ondltxons By decreasing the de-
position rate a better gmwth structure. with. less intrin-
sic stress . was, obtained. This increased the time to
Failure of the as—dep051ted layers to 210.h.

The. best results were obtained with the DNO triplex

'Iayer., Using ‘thevne'w modified conditions for the depo-

sition. of the intermediate plasma. $i-IN film; theproiec-
tion, of this.passivation layer lasted: nearly. 1000 h {Fig.
10). The better performance. of both dupxex and ONO

layers compared to monolayers of the same: thickness

is.obviously.due to. the balancing of the counteracting
intrinsic:stresses in.the SiO, and SizN, layers.

SEM investigations on the failure modes of the
tested chips revealed that surface steps, e.g. at non-bur-
ied conducting ‘tracks (Fig. 7c) with a height of 200
m, “ihduced 1rregu‘a11tles in the growth structure of
Jﬁlms (nodular growth) and: structurai mirmasc

filling thP gfooves with the dcposﬁ of the condurtmg'
track. In the ideal case this chlp producnon Process
can completely avoid the formation of steps and edges.
Exposire tests with a‘duple);'layer (plasma Si-N
film-produced with the impro) VD) process) on
yie ded times to failure up to
1250 h, i.e. more than 2 months, in the as-deposited
state. Fig. 1la compares the time-related development
of the relative resistance. Rrehlwe R/R(] (thh Ry being
the resistance at time zero and R the resistance at 2




" media (Fig. 11b). Typically, the performance is
est at pH 7 and the protection is better at pH 10
) than at pH 2 (300 h). This can be explained by
ermg the potential distribution across the inter-
ig. 12). The conditions are similar to those at

Metaliic |Passivation Electrolyte
| layer lgxer

‘ Si0, - - ion transfer reactlon
. @ §i3N4 @ l- f(A(pH) ¥
‘ % Kol % ion migration
N B i = f(AQ,../d) -
G o " ”
@ o

P/ nm-

. Potential’ gradient” at passivation layer affecting the
ration and jon transfer reactions:

1dcrable corrosion protecthty in mild basic and
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(5)

The potential drop in the passive layer AS,, is linear,
if there is no space chargg, Otherwise a space charge
layer has to be considered. Ion transfer reactions. e.g.
the dissolution reaction of the ‘oxide or mitride; will
depend on the pH. Protolytic reactions and transfer of
cations into the solution increase with decreasing: pH,
which is usually ‘observed for the dissolution: of oXides.
On the other hand comp]exatlon by OH’ ions

-burled ¢lectrode qurfaces It appeared that the pi
ance of the Optlmlsed duplex layers was low
these conditions due to delamination. However, using
buried’ electrodé surfaces delamination should be
reduced considerably. Thxs subject will be investigated
further.
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‘Borderline of delamination
over Au-electrode

i oFig 13, Swelling and-buckling of-po

4 3. SEM mvesnga[ton of fuilure modgs

The typical fallure mode ‘of\ o;gamc pdssxvanons

layers was- water -absorption with.subsequent swelling
and formation: of blisters. -Fig. 13 gives.an-example-of
a. polyimide ﬁlms which failed-after 12 days in neutral

that bhstenhg, buck]mg dl’ld delammauen of the polyl—
mide film started always on surface areas where .the

the - thermal silica
! imide films showed
the gold conductmg tracks,
:Stlgd 1ons proved that the de]'umnation

polyxmlde ﬁln" to hydrolysable centers on the a]hca sur-
face dnd formation of hydrated or dissolved sxhcx c.acid
at the mteri ' produces a water concentmuon gradi-
ent whxch is the driving force for enhanced water diffu-

lyimide (Pl) ﬁlm,y predominantly on thermal SiQs layer:

'sion. This explains wh;

Swelling and buckling
of Pl layer

the pblyixﬁgde film over th
metalhsed areas 1s deldmmated preferentxally from th
edg A

Vatlon I&yer i
wm plasni
10 min at 400° C The spallmg of the ﬁlm occurred pre
ferentially over the metallised surtace areas indicatin
that the adhesion to the chromxum int rlayer was ng
appropriate. Fig. 14 shows part of the tnanguiaa elec
trode. This type of plasmia Si-N could not b
1mproved in its fracture mechamcal ‘properties b
annealing.
On exposure to neutral 1 M NaCl at room tempera
ture plasma Si-N films’ expenence materials dissolutio
which starts with formation of a high density of smal
etching pits which grow together to yield general cor
rosion. Fig. 15 shows the state of etching pits in
duplex Taver which had been exposed for 1100 h in th
neutral glectrolyte solution,. Breaking the chip in liquid
m!rogen revealed the structure. and . thickness of the




{ plasma Si-N layer due to- intrinisic stress after annealing at 400°C:(10 min) (noseléctrolyte: exposure).

g 15. Duplex passivation after 1100 h in:b:M NaCli at 25°C. Delibera(e, fracture through chip for fracture surface studies.
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bonds and forma n of silicic acid and ammonium hy-
droxide (Fig. 16).

The surface appearance of a duplex ‘layer on a bur-
ied conducting trac after 2600 h in ‘eu’tra] l'M NaCl

slightly rough sur
face. The-

‘Fig:17. Duplex passivalionibn buried conducting tracks after 2600 h in I'M NaCl at 25°C. - ;
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ae

e, passivation layer and by optimising the deposition* con+
at ditions. Organic passivation layers like ‘photoresisi or
*h polyimide " suffer “from ' water “absorption “with ~sub-
p- nt corrosion, of sensor chips can, be.optimised. by the sequent swelling; delamination” and formation of blis-
in hip -design, the appropriate selection: of the type of in’ the ‘range ‘of a few
ot DR IR . PR S
o ; *

dxiplex paséivatioﬁ léyer on - non-buried conductiﬁg track and 5fzqﬁed Au electrode after 1350 hin 1 M

Fig. 19. Delamination of
aCl at 25°C {a, b and ¢). For comparison: opened electrode before exposure (d).
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arise from intrinsic stresses (specxﬁcallv topographically

1nduced stresses. at step structures), water uptake,
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