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AHHOTALLIA

AHAJII3 MEXAHI3MIB CTAPIHHA MIH CEHCOPIB
3 Pd (Cu Pd) 3ATBOPOM

B. I'. JIutoBuenko, O. O. €ppemona

B 3aranpHOMY BU/II BUKJIAJIeHa MaKPOCKOIIYHA TEOPisi Ta30BOr0 CEHCOPA 3 KATaIITUUHUM
3aTBOPOM, SIKa 3aCTOCOBAHA [IJIs MOSICHEHHS IMPOILIECIB CTAPIHHS Ta MEXaHI3MIB cTabimizalii
napameTpiB ceHcopa. [laHa kimacudikailis MIKpo MeXaHI3MIB JIOMIHYIOUUX MPOIIECIB CTAPIHHS.
PesynpTaTi po3paxyHKiB Ta KOMIT IOTEPHOTO MOJIETIOBAHHS CIIBCTABJICHI 3 €KCIIEPUMEHTAITb-
HUMU JAHUMU, 110 JO3BOJISE 1IEHTU(IKYBATH MIPUPOAY CTApiHHS B KOHKPETHUX BUIAJKAX 1
JTO3BOJISIE PEKOMEH/TYBATH METOAM CTPUMYBAHHS YU TaJIbMyBaHHS TpolieciB crapinus MJIH
ra3oBux AaTYuKiB. OJHUM 3 HaHOLIbII e()eKTUBHUX METO/IIB € JIeTyBaHHs nmoBepxHi Pd emekT-
poxy atromamu Miai Cu, IO CYIMPOBOKYETHCS CTBOPEHHSIM IMEBHUX CTPYKTYPHUX KOHQITY-
paiiif Cu-Pd. 3okpema, HaliO1TbIIT €peKTUBHOIO BUSIBUJIACH KOH(ITYypallis 3 po3aiabHUM (par-
MEHTapHHUM “OCTPIBIEBUM JIETYBAHHSM (Ha IPOTUBATY PIBHOMIPHO-CTOXACTUUYHOTO PO3MO/Ii-
ay atomiB Cu o mMoBepXHi KATaJITUIHOTO JIEKTPOIY).

Introduction

The ageing of MIS gas sensors (being a result of a long time interaction of the sensitive electrode
layer with the environment) is manifested itself in partial or total loss of the sensitivity, selectivity,
increase of the response time, and in deterioration of other parameters of the devices. Because of both
functioning and storage of sensors occur under real atmospheric conditions the surface of a sensitive
Pd (Pt) layer is transformed due to ageing and became “ill-defined” from physical and chemical points
of view. Therefore, in spite of the practical importance, the study of the physical mechanisms of
ageing and the processes on the aged surface encounters with a lot of difficulties.

From a practical point of view it would be nice to develop the methods of the preventing or/and
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slowing down of the ageing, by means of the stabilizing of the initial state of a sensitive layer. So, the
theoretical understanding of the detail mechanisms of ageing itself from both chemical and structural
points of view is necessary. On the other hand; the problem of good long time sensor operation may be
solved by the method of quick “promoted initial ageing”, which results in the subsequent stabiliza-
tion of sensor’s characteristics at the acceptable level. For this reason it is desirable to create the
physical model of operating of the “aged” sensors. In particular, one should describe the chemical
reactions between molecules on the “real” aged surface in multicomponent ambient. As a rule, the
problems mentioned may be treated only qualitatively, or in the framework of some phenomenologi-
cal approach.

We used here the approach based on a computer simulation of chemical interactions between mul-
ticomponent gas ambient and metal electrode in MIS structure. As a result we have calculated the
output response of the sensor on the gas pulse input and other related properties of the device depend-
ing on different types of physical and chemical transformations of the layer. The comparison with the
experiment allows us to select the respective macroscopic processes, which take place in real struc-
tures.

After this we considered and discussed some possible microscopic mechanisms of these degrada-
tion processes of sensitive layers namely (i) the reorientation or reattachment of surface chemical
bonds, (ii) electronic transfer between the substrate atom and the impurity one, (iii) dissolution of the
surface by the foreign atoms (decrease of number of active centres), (iv) modification of transport
properties of the layer and some others. The last allowed us to propose both micro- and macroscopic
physical models of operating of the “aged” sensors, describe the surface chemical reactions under
multi component gas mixture action, propose the qualitative model of the aging and consider some
approaches for ageing preventing.

In the present paper we consider one of such approaches, namely alloying the surface of Pd layer
with copper.

Therefore the theoretical study of main difference between MIS structure with Pd/Cu electrode and
MIS sensors only with Pd one was also carried out.

1. General macroscopic theory of MIS gas sensor operation

In order to describe the processes in the aged MIS gas sensors let us describe in brief the principles
of their operation. As a starting point we shall consider an extended variant of the classical model,
proposed by Lundstom [1-4].

Let the multi component gas mixture in the ambient interacts with a sensitive metal layer of a MIS
structure and the gas ambient contains N _ types of molecules with partial pressures P_(t) (m=1, 2,...,
N ) as a functions of time. The time dependences correspond to shape of gas pulses supplying into the
working chamber. The primary process that determines the gas sensitivity is the catalytic dissociation
of the detected molecules (e.g. H,) at the active adsorption centers on the external surface. According
to Lundstrom we shall denote the surface concentrations of adsorption centers at the external surface
and at the Ml inferface as N_and N, correspondingly (Fig.1, a).

Other background molecules (e.g. H,0, O,) can be also adsorbed on the external surface with or
without dissociation. As a result the external surface will be covered both with molecules and with
various products of their dissociation (H, OH, H,0O, O etc.) as shown in Fig.1. We shall number all this
particles with the index k. Some of these particles can move through the active layer and recaptured at
the Ml interface (Fig. 1, a,b). Therefore the non-zero forward and the reverse transport coefficients K
and S, for each such component are introduced. For MIS sensors with a ”dense” gate film only atomic
hydrogen H_is assumed to be able for such movement (Fig.1, a). It should be noted, however, that for
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other types of the sensitive film more “large” atoms or molecules can also participate in a transport
processes (Fig.1, i,j). In some cases the capture of atoms in the bulk of a film are also to be considered
in the model (Fig.1, b,c). Therefore, the effective surface concentration N, of these bulk centers should
be taken into account.

Fig. 1. Different scenarios for H,, O, and H,O behavior in the Pd/Dielectric layered system.

(a) Classical Lundstrom’s model for dense Pd films

(b) The same model with atomic hydrogen capture in the bulk of the film

(c) The model with additional H_ trapping at the external surface and slowing down atomic transport through the film
(d)-(f) The scheme of the air induced reset of the sensor due to quick remove of H, via pure surface reactions with O, and OH_
(g) Direct recombination of H, with O, and OH, captured on the center

(h)-(i) H,O interaction with the aged Pd surface: (h)-(i) Two-step adsorption / dissociation of water (i) direct dissociative
adsorption of H,O. Due to a sponge like substucture of the film (Fig 2, ¢) here the transport of both H and OH_ is
possible. (j) Middle temperature scenario for hydrogen in sponge-like film.

It is suitable to consider separately the direct and indirect interactions between the ambient and the
layer. The direct one consists in adsorption and desorption and is determined by a set of adsorption/
desorption coefficients ¢, and d, for molecules and by the order of adsorption reaction [ (multi
centered dissociative, or mono-centered). These parameters are functions of the temperature of a sub-
strate. The indirect interaction takes place at the external surface between the products of dissociation
of the molecules. The rates of these surface reactions are described by non linear functions R (n, , n,,

.0, ...) according to the theory of absolute chemical reaction rates. The right view of these functions
for each type of particle is the key for understanding of MIS gas sensor operation in multi component
ambient. It should be noted also that we neglect here all possible chemical reactions between atomic
particles at the M1 interface.
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Taking into account all mentioned above the general view of a system of equations for surface (n, )
and interface (n,,) concentrations for Np particles in the model is follows (k = 1,2,... Np):

dn /dt=R (n ,n ~)+c¢ P N *—dn *—dn/dt
dn/dt—KnN SnN (1)

kki™ ef

Here power U is equal to 2 for dissociative (two-center) adsorption (associative desorption) of a
molecule containing the atom of k-th type. N..and N _ are the numbers of centers available for adsorp-
tion, i.e. free from adsorbed particles:

N, =N -Xvn_;N.=N-Xvn_; 2)

k" k ke’ k" k ki’

Additional parameter v, is a number of centers occupied (or blocked) by one captured particle.

The relation (2) means there is only one sort of centers of adsorption exists on the surface and it is
the same for all molecules and particles. This is one of the most important simplifying assumption in
the Lumstrom’s model. On the other hand for aged layers quite another situation may be realized,
when different types of particles adsorbs preferentially on its own type of active centers.

The initial condition for the system (1) is usually zero value for all concentrations of the components at
t=0. The solution of the system at appropriate time dependences for P_(t) gives us, in particular, respective
time dependences for surface concentrations at the Ml interface: n, = n_(t). Different components captured
by the centers at the MI interface will give, generally speaking, different shares into interface polarization
and the shift of flat band voltage. The main hypothesis about the MIS sensor operation is the assumption
about the proportionality between interface concentration(s) and measured signal V(t):

V(©) =2 v,n, (1) 3)

where v, =p /e (voltage*cm?) is a constant share (positive or negative) of the k-th particle captured at
the MI interface into the total measured signal; p, is a permanent or induced dipole moment of k-th
particle captured at the interface. The maximum (or steady state) value of response of the sensor under
action of only one type of gas at fixed temperature may be presented as:

V0=V NOP)I, @)
0.(P)= apPl”Z/(1+ apPl”z) (3)
Here 6,(P)I |, is the coverage for the interface at the given temperature and partial pressure

(isotherm). a= (KI/SI)(CI/dl)”2 is a characteristic constant related to heat of adsorption (see below);
(c/d )”2 = 1/P *, where P * is a characteristic pressure for external surface: 8 (P *) = 1/2.

So an experlmental transient response of the sensor measured under pulse-like gas inlet and iso-
therms may be compared with the theory using (3), (3') and (37°).

For the case of hydrogen pulse supplying upon Pd —gate MIS sensor followed by oxygen pulse we
have the theoretically calculated response kinetics based on model Fig.1 (d, e, f, g) shown in Fig.2. We
calculated numerically also the dependences of main macroscopic parameters of the sensors on rate
constants ¢, d,, etc. of respective chemical reactions and then on microscopic parameters of elemen-
tary processes such as energy barrier heights and potential well depth.

These calculations show (Fig. 3) that the maximum response at the given partial pressure P, de-
pends on

(1) N ; (i1) (¢ /d,) (Fig. 3, d) and (K /S,) ratios and on (iii) partial pressures of other active compo-
nents in the gas mixture.
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Fig. 2 Theoretical calculation of concentrations at the external metal surface (H , O, OH,) and at the metal-insulator
interface (H,) of the MIS gas sensors under the action of the consequence of H, and air pulses:1 H; 3H,4 O_; 5OH ; 3 is
a concentration of hydrogen dissolved in the bulk of the layer.

For ¢ /d, ratio such estimation is possible [5,6]:
c/d, =[L_s /(mQKT)"*]lexp(Q /KT) = 1/P** 4)

where L is a width of a potential well for adsorbed particle, s is a cross-section for adsorption and Q,
is the heat of adsorption for given molecule. According to [1,2] B = (K /S ) ratio differs from unit only
when the centers at the interface have another value of heat of adsorption. According to Lundstrom:

(c/d, )= (c/d, ) ~A_exp(Q /KT) (5)

where ¢,.,d . ,and Q . are the respective parameters for the interface centers. Here, however, we could
not estimate the absolute values of koefficients K, and S, separately. They are important for transient
responses of a sensor.

The time of the response (Fig. 3, a, b, ¢) of the sensor is determined by (i) the adsorption coefficient
¢, ~ exp(-E /kT), where E_is the barrier for adsorption; (ii) concentration of centers N ; (iii) transport
coefficients K and S..

The time of the recovery of the sensor depends on both transport coefficient S, and (in pure hydro-
gen) on desorption coefficient d ~exp(-E /kT). Here E, = E +Q_ is an energy of desorption. When
hydrogen pulse is followed by oxygen pulse the recovery is accelerated significantly as one can see
from Fig. 2, and 4 because of oxygen related reactions with hydrogen and water molecule desorption
proceed much faster than associative hydrogen desorption.

The next most important factor, which influences on parameters of a sensor (shape of response signal
and view of isotherm ), is the so-called surface reaction scenario. (Fig.1) It depends both on the function
R and on the coefficient i, which determines the number of centers, which are necessary for adsorption.
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Fig. 3 Calculated dependences of response time and the maximum response of a MIS sensor on macroscopic parameters
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Fig. 4. Transient response of the sensor under combined influence of hydrogen and water molecules.
1 is experiment, 2 is the calculation according to (1)-(3) in the model Fig. 1, a, h, i. Two consequent pulses of hydrogen
are superposed onto one long pulse of moisture. The first quick positive pulse corresponds to hydrogen released during
water molecules dissociation. Slow negative component of signal is (ascribed according to simulations) to hydroxyls
transport through nano-channels formed in aged active layer.
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2. Explanation of experimentally observed peculiarities of aged MIS gas sensors in the framework
of the macromodel [5,6,11].

We briefly present below some experimental data concerning the behavior of sensors naturally
aged during about of two years.

(i) The maximum response to hydrogen proved to be about 10 times smaller (50 mV) in compari-
son with initial values. According to (3) -(3"’) it may be caused both by decrease of N, and v, and a.

(i) Time of response increases up to one order of magnitude. There are three reasons for this:
increase of barrier for adsorption, decrease of N_and decrease both of S, and K.

(ii1) At T= 150°C the shape of isotherm changed: instead of (3’”) was described by a quasi-linear
relation

0.P)=a’P/(1+a P +a’P) (3)

Such isotherm describes a situation when in average only one H_ atom from each adsorbing H,
molecule can reach the interface.

(iv) The heat of adsorption Q, decrease from 1.1 eV to 0.64 eV per molecule.

(v) The sensitivity to humidly was observed. It manifested itself in the appearance of the negative
(slowly-developed) response caused by transport of hydroxyls (Fig.5) through the metal layer.

+10

+
n
N R I N NS T N N |

Voltage, mV
O
[

S

1
4|

T T T N T T N |
[

—10 T T T T | T T T T T T
0 50 100
t, s

T T T

T T T T T T
150 200 250

Fig. 5. Transient response of the sensor under combined influence of hydrogen and water molecules.
1 is experiment, 2 is the calculation according to (1)-(3).

(vi) The top part of Pd layer proved to be oxidized according to AES data. The composition of this

subsurface layer corresponds to Pd, O, .

3. Comparison with the microscopic theory

Hence one can derive such possible macroscopic mechanisms of sensors degradations due to age-
ing: (i) decrease of number of active centers both on external surface and at the interface; (ii) Change
of dipole moment p, in the dipole layer leading to decrease of v, in (3); (iii) the change of the param-
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eters of adsorption centers (E_and Q,); (iv) decrease of the value of transport coefficients within the
active layer; (v) change of the scenario of the surface reaction of the detected molecule, when one of
hydrogen atoms per molecule is captured by some trap immediately at the surface; (vi) such change of
the properties of the layer, when not only atomic particles but also some molecules (H,, OH) can
penetrate to the interface Let us consider each of points separately and discuss their microscopic
reasons.

3.1. Decrease of a number of active centers.

The active centers at the interface are vanished mainly due to penetration of foreign atoms. It was
shown by Lundstrém that introduction of conductive non-catalytic layer (Au) at the interface results in
the total deactivation of a sensor. The oxidation of the interface should also be important in aging.
However, it does not act directly on N, but changes other parameters. The role of oxide phase formed
the external surface is more obvious. The atoms adsorbed on the surface of the oxide spots proved to
be captured and could not participate in transport through the film. This factor acts mainly on response
time of a sensor.

3.2. Change of the effective dipole moment in the dipole layer

Possible influence of oxide phase formation at the interface on the sensitivity is not quite clear up to now.
Apparently, detected atoms captured within this oxide or hydroxide phase could not form a dipole layer
with the same orientation of dipoles. For this reason such important parameter as v, in (3) decreases.

3.3 Change of the parameters adsorption center.

The reconstruction of the layer at the surface and near the interface, which accompanied by a
rotation of small crystallites and, as a result, a roughness is generated. Microcrystallites with planes
(111) and (100) are formed. On these planes d-orbials are pulled to the surface (the angle between the
orbital and the surface is varied from 30° to 45° instead of the normal orientation) and barrier for
adsorption increases. The presence of isolated electronegative impurities (such as oxygen) on the
surface on the metal suppresses the molecular dissociative adsorption increasing the potential barrier
E, due to partial re-attachment of d-orbitals of the metal to the surface and hampered transfer of d-
electrons to an anti-bonding orbital of a molecule.

3.4. Co-existence of atomic and molecular transport through metal film.

If we summarize the results of AES, SEM, transient responses and isotherms measurements, we can
deduce some peculiarities of the Pd layers macrostructure. Freshly prepared films are practically pure,
uniform, and “dense” (in Lundstrom’s sense) but contain some quantity of holes (about 20% of surface
area). These holes are permeable for H,O molecules and they demonstrate rather high mobility in such
channels. The intensive trapping/detapping of H, may be caused by a small microcrystalline substructure
of the films. So only H_is able to move trough the bulk of the film. In the naturally aged films the holes
are vanished. But instead of them atomic size channels, permeable for hydroxyls and H, molecules,
appear due to some aggregation of small crystallites. The results observed here are similar to those for
polycrystalline NiO (d= 200 nm) were the transport of H, molecules (without dissociation, trapping and
detrapping) through micropores between NiO grains has been revealed [12]. Just such behavior is deter-
mined not only by the geometry and configuration of micropores but also by electronic structure of the
inner surface of grains. In our case those part of hydrogen which is transferred though the bulk of Pd
grains should be moved in atomic form. Another dominating group of molecules moves along the sur-
face of channels similar to those in NiO or graphite films in [12] with sufficiently less velocities.
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3.5. Decrease of the value of transport coefficients.

Sufficient increase of response times is caused by decrease of transport coefficient (both K and S).
Therefore, some additional traps for atomic hydrogen appear in the bulk of the film. These traps could
not be caused by oxide phase because according to AES the main part of the layer is not oxidized. The
most probable reason is structural changes of the film.

3.6. Change of the sceinario.

Retrapping of atomic hydrogen at the aged external surface takes place due to some inactive pure
surface centers. These centers are situated not in local atomic vicinity of the catalytic active centers.
Indeed the microscopic parameters of the active centers (E and Q) are not influenced by the presence
of the traps.

4. Application of Cu(l_x)de surface alloy as a protective and sensitivity enhancing remedy for Pd gate

Introducing of some foreign atoms at the surface is a classical way to change the surface scenario and
obtain the response with quite unusual kinetics, enhanced stability against aging, and higher sensitivity.

The doping with copper is widely used in catalysis [7-9]. It was established also that dissociative
adsorption of hydrogen on Pt atoms takes place at the surface of Cu, Pt alloy [10]. It is possible to
expect the similar behavior of hydrogen for Cu-Pd alloys, too. On the other hand we expected that Cu
being more active in regard to oxygen than Pd will protect active centers against aging. These consid-
erations were the arguments for the Pd/Cu composite layer choose as a sensitive element in MIS
sensors. There are two additional reasons, supporting the use of PdCu surface alloy. (i) Copper being
slightly more electropositive than palladium proves to be a promoter of catalysis (according to well-
known empirical rule [7, 8]). (i1) Some additional electron density from Cu-neighbors is transferred to
d-states of Pd. This results in an additional compensation of nuclear charge and increase of the depth
of potential well at Pd atom [13].

In Fig.6 the typical experimental kinetic dependences of responses (on H, pulse, followed by air
pulse) for MIS gas sensor with CuPd/Pd gate electrode (500 A, room temperature) are shown in compar-
ison with similar Pd-gate structures. Depth distribution of components, along the structure obtained by
AES is shown in Fig. 7. It indicates, in particular, that copper dominate over palladium at the surface.

700 T T T T T T T T T T T T
1 mﬂﬁwﬂ.wa.x..mi,/ dry air inlet _

v T T T v T T T T
0 50 100 150 200 250 300
Time, s

Fig. 6. Transient responses (room temperatures) of Pd-Si,N,-SiO,-Si sensor with freshly prepared Pd layer.
1 is the response on the H, pulse supplying. 2 is a slow recover or reset of the sensor under pumping out. 3 more rapid
reset due to air inlet; 4 quick reset under subsequent pumping out.
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Auger depth profile of the Si-SiOz-Si3N4-Pd-Cu
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Fig.7. AES depth profiles for freshly prepared Cu, Pd/Pd/Si,N,-SiO,-Si MIS structures: 1 Si, 2 C,3 Pd, 4 N, 5 O, 6-Cu

The main features of the response of the structures with copper-doped active layer are (i) noticeably
higher absolute value of response; (ii) specific quasi-linear initial part of the response with a pro-
nounced flat forepart; (iii) quicker reset of sensor with subsequent air pulse. To understand the nature
of these peculiarities the following simulations was done.

4.1.Surface atomic arrangement

As it was shown in [14] Cu, Pd surface alloys, adsorbed Cu/Pd and Pd/Cu monolayers have some
specific features namely:

—Even if Pd atoms are deposited onto Cu substrate there is a strong tendency for copper atoms to go
over to overlayer;

— If copper atoms are deposited onto Pd substrate they prefer to form 2D islands attached to palla-
dium surface steps

— When copper is presented in a noticeable excess (which corresponds to the method magnetron
sputtering of copper onto Pd gate) more or less large pure copper parts of the surface (or an atomic
plane in the bulk) are formed. They alternate by the similar parts of the surface with Cu, Pd, compo-
sition (Fig. 8 a, b).

— Atoms, which formed an alloy, are disposed in the form of parallel Cu and Pd alternating rows or
chains as is shown in Fig. 8.

— The average composition depends on relation between Cu and Pd parts areas.

Starting from the results of Bazzolo et al [14] let us assume the model for atomic arrangement on
the surface of CuPd surface alloy as shown in Fig. 8

In the model the following processes are important.

e Adsorption/desorption on palladium chains (Pd-Pd pairs consisting of neighbor atoms)

¢ Quick exchange of hydrogen adatoms between Cu- u Pd-chains.

e Quasi one-dimensional hydrogen diffusion along Cu- u Pd-rows toward the large copper

parts (islands).

e Spreading and accumulation of hydrogen on copper parts.

e Transfer of H from external surface to the bulk of the Pd layer and backward.

e Transfer of H from the bulk to the internal surface of the Pd layer and backward.
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Fig. 8. Atomic configuration of 3 neighbor atomic planes in Cu,,Pd  (a) and in Cu_/Pd,, (b) alloy cluster (BFS calcula-
tions [14]). Insertions: both side cross-section of 3 atomic layers and plan-view of individual atomic plane; d is the
compositionally dependent lattice spacing. Black circles are Pd and white are copper.

The main parameters of the process
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coefficient of dissociative H, —adsorption on Pd-Pd pair

coefficient of associative desorption from occupied Pd-Pd pair

rate constants for hydrogen exchange between Cu and Pd chains

hydrogen partial pressure

rate constant for hydrogen forward transfer from external surface to bulk

rate constant for hydrogen backward transfer from bulk to external surface

rate constants for hydrogen forward transfer from bulk to internal surface of the layer.
rate constants for hydrogen backward transfer from internal surface of the layer to bulk

=nL*/D,, an effective diffusion time for atom migration along chains, L is a length of a chain and

D, is a respective diffusitivity.

The main parameters of the active layer
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a coverage of palladium chains with hydrogen;

a coverage of internal surface of the layer with hydrogen;
an occupation degree of bulk centers with hydrogen;

a coverage of copper chains with hydrogen;

a coverage of copper areas with hydrogen;
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a surface concentration of adsorption centers at the internal surface of the layer;

a number of bulk absorption centers recalculated per unit area of the surface;

a number of Pd (Cu) atoms belonging to Pd (Cu) chains per unit area of the external surface;
a number of Cu atoms located at copper islands per unit area of the layer.

(¢

ZZZZ

o

Kinetic equations for hydrogen coverage

(1) Hydrogen at Pd atoms

do/dt =c PN_(1-6)°—d N 6> — //adsorption-desorption

k. N O(1-E) + k , N E(1-0) /lexchange between Pd and Cu chains
- ON (1-®)/1 /I diffusion along Pd chains

-k ON, (1-6,) +k, 6 (1-O)N, /lexchange between external and bulk

(1) Hydrogen at Cu atoms in CuPd subsystem

dE/dt = +k, ON_(1-E) -k, E(1-8) N //exchange between Cu and Pd chains
- N E(1-D)/1, /I diffusion along Cu-chains
-k NZ(1-6,) +k NZE(1-0) /lexchange between external and bulk

(111) Hydrogen trapped by copper atoms at Cu areas

d®/dt = N 6(1-®@)/t + / diffusion along Pd chains
N.= (1-®)/t, /I diffusion along Cu chains
-k N ®(1-6,) +k N6 (1-O) /lexchange between external and bulk

(iv) Hydrogen trapped in the bulk of active layer

de /dt =
-k,;0,(1-6) N. + k. 0.(1-6,) N, /lexchange between bulk and internal //centers

(v) Hydrogen trapped at internal surface of the active layer

doe/dt =
+k,.0,(1-6)N,_ —k_ 0.(1-6, )N, /lexchange between bulk and internal

In Fig. 9 the results of simulations of sensor response at different average copper content according
to equation above are presented. One can see that the presence of copper suppresses sufficiently hy-
drogen associative desorption backward to gas ambient, results in strong accumulation of atomic
hydrogen in the layer and in particularly at the internal surface, increasing the useful signal. However,
the times of response and especially of reset increase and the forced reset by air inlet is quite neces-
sary. It is interesting that the value of response increases practically linearly with average copper
content at the external surface, however, the time of the response increase respectively and some
optimum may be chosen. These results are in a good accordance with the recent experimental study of
thermo-desorption of hydrogen from ultra-thin Pd layers covered by mono- (submono-) layer of cop-
per [15]. The presence of copper results in intensive transfer of atomic hydrogen from external surface
of the considered system Cu /Pd /W (n=1...4, m = 0.5...1.5) to the bulk as well as to the Pd/W
interface. Besides intensive reaction between atomic hydrogen and oxygen in the presence of copper
overlayer was confirmed by in situ AES data.
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Fig. 9. Results of theoretical simulations of Cu, Pd/Pd -MIS sensor response for different average compositions at the
surface for the surface atomic arrangement given in [14]. Hydrogen pulse is applied and then, after short delay, the
oxygen pulse come. Thick lines correspond to atomic hydrogen accumulated at the internal surface of the layer (useful
signal) and thin lines are atomic hydrogen trapped by Pd chains at the external surface.

Conclusion

The simulation shows that the aged MIS sensors have (i) another energetic parameters of adsorp-
tion centers; (i1) something another scenario of adsorption and surface reactions on the external sur-
face of the layer; (iii) additionally the atomic transport through the sensitive layer becomes much
slower. (iv) For some types of films and under special conditions molecular transport together with
atomic one may be realized (v) The main processes responsible for aging are, probably, the interaction
of the surface and interface with oxygen and water and the recrystallization of the bulk of the metal
layer.

From the considerations above four ways for preventing of aging of MIS sensors may be proposed:

Chemical modification of the external surface via surface alloy formation such as PdCu or PdCu,.
(Fig. 8). It was shown that Cu do not hamper of dissociative adsorption of hydrogen on. On the other
hand Cu atoms will stabilize the local atomic environment of each Pd atom fixing Pd- bonds orienta-
tion. Also they may serve as interceptors of oxygen.

The periodical short-time hydrogen treatments should be used for reduction of the surface from
oxide phase.

Initial artificial aging of metal film by means of heat treatments in neutral ambient should be used
to accelerate the structure relaxation in the bulk of the layer.

For the same aim it is perspective to replace the pure Pd layer on Cu Pd one, where the content of
copper x is varied over the depth of the electrode layer.

On the other hand aged structures have some interesting features, which allow using them in spe-
cial applications.

Acknowledgments

This work was performed in the framework of INTAS project 2001-0009

17



Sensor Electronics and Microsystem Technologies. 1/2004

Reference

1. I. Lundstrom, Sensors and Actuators, 1 (1981) 403 425.

2. 1. Lundstrém, D. Soderberg, Sensors and Actuators, 2 (1981/82) 105 138.

3. 1. Lundstrom, M. Armgarth, A. Spetz et al, Sensors and Actuators, 10 (1986) 399 421.

4. A. Arbab, A. Spetz, I. Lundstrom, Sensors and Actuators, 15/16 (1993) 19 23.

5. V.G. Litovchenko, I.P. Lisovskii, A.A. Efremov, T.I. Gorbanyuk, D. Schipanski, Z.Gergincheyv,

10.

1.

12.
13.

14.

15.

18

and P.Kornezky, Poverkhnost’.(Russ), 11 (1995) 5 16

V.G. Litovchenko, A.A. Efremov, T.I. Gorbanyuk, D. Schipanski, Z.Gerginchev, and P.Kornezky,
Phys. Low-Dim. Struct., 12 (1995) 193-202.

A.Zangwill, Physics of Surfaces, Cambridge Univ.Press, 1988.

F.C. Tompkins, in T.S. Jayadevaiah and R. Vanselow (ed.), Surface Science: Recent Progress and
Perspectives, CRC Press Inc., Cleveland, 1974, Ch.8, pp. 235 284.

V. F. Kiselev, O.V. Krylov, Adsorption and Catalysis on Transition Metals and Their Oxides,
Springer Verlag, Berlin -Heidelberg, 1989, pp.214 260.

R. Linke, U. Schneider, H. Busse, C. Becker, U. Schroder, G.R. Castro, K. Wandelt, Interac tion
of hydrogen with Cu Pt (111): dissociation via isolated platinum atoms, Surf. Sci., (1994) 307
309, 407 411.

V.G. Litovchenko, A.A. Efremov, T.I. Gorbanyuk, D. Schipanski, Z.Gerginchev, and P.Kornezky,
Optoelectronics and semiconductor technics, 1997, 32, pp. 138-149.

LLE. Gabis, Fisika i Technika Poluprovodnikov, v31, N2, (1997), 145-151.

W. A. Harrison. Electronic structure and the Properties of Solids. Physics of chemical bonds San-
Francisco, W.H. Freeman and Co 1980

G. Bozzolo, J. E. Garcees R. D. Noebe, P. Abel, H.O. Mosca . Progress in Surface Science 73
(2003) 79-116

V. G. Litovchenko, T.I. Gorbanyuk, O.O. Efremov , A.A. Evtukh, Yu. G. Ptushinskyy, V.A.
Ishuk, O.V. Kanash. Ukr. Phys. Journal. (2003), v 48, N6, p 565-575.



