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Presented here are the results concerning a hydrogen sensor based on anovel bi/ayer 
s/ructure in a Surface Acous/ic Wave dual-delay /ine system. The sensor materiał 
consists oj two layers produced in two different vapour deposition processes. The first 
one is a 230 nm nickeI phthalocyanine (NiPc) layer, whereas the second is a 20 nm thin 
palladium (Pd)film. This s/ruc/ure wasjonned in one ofthe dual delay line systems on 
a LiNb03 Y-cut Z-propaga/ion substrate, while the o/her serves as a rejerence, 
permitting an easy detec/ion oj the arising differential jrequency 4f. This jrequency, 
depending on the operating jrequency modes, is in the range oj 20 to 30 kHz.. whereas 
the oscillator jrequencies are in the range oj 43,6MHz. The wavelength is 80f.l1Tl. 
/n such a bi/ayer structure detec/ion oj hydrogen in a medium concentration range 
(tram 1% to 4 % in nitrogen) is possible, even at room temperature. For the 
inves/iga/ed s/ruc/ure /he interac/ion response depends on tempera/ure, and decreases 
witJr the increase oj the interaction temperature. For the structure an interes/ing 
"in/eTac/ion jump" has been observed, which is connected with the phase tmnsi/ion in 
the palladium film. At higJrer temperatures this inreraction jump shifts in the direction oj 
higher hydrogen c:oncelllrations. 
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I. INTROOUCfION 

SA W gas sensOJs are especially allractive because of their remarkable sensilivity due to 

changes of the baundary conditions of the propagating wave, inlroduced by the inleraction of 

an active thin film with specific gas molecules [1-4]. This unusual sensitivity results from the 

simple facl that most of Ihe wave energy is concentrated near the erysIal suńace within one or 

Iwo wavelenglhs. Cansequenlły,lhe surface wave is in ilS first approximation highly sensitive 

to any changes af the physical or chemical properties of the thin active layer previously 

placed on the erystal surface. As long as Ihe Ihickness of the sensor film, h, is substantially 

less than the wavelength of the suńace wave, we can speak of a perturbation of Ihe Rayleigh 

wave (in our case h -230 nm and A - 80Jlm). Otherwise, we have to take Inlo accounl other 

types of waves, such as Love waves, which can propagate in layered struclures [5]. 
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Hydrogen gas is used as a reducing agent and as a camer gas in the process or 
manufacturing or semiconductors. and it has been increasingly recognized as a elean SOUTce 

oC energy or as a ruel gas. Any leak oC hydrogen in large quantities should be avoided 

becausc. if mixed wilh air in aralia or 4,65 - 93.9 vol. %. hydrogen is explosive. Thus. the 

fas! and precise delection oC hydrogen near and especially before the explosive concentration 

at mom or ncar room temperature is highly needed (6-81. 

As has been mcnlioned above, any change of the physical or chemical properties oC a thin 

active Jayer placed on a piezoelectric surface, can arCee! SA W propagation. Howcver, rrom 

the practical point of view, only the folJowing two effects are potentially significant, namely, 

a ehange in lhe mass oC Ihe layer and a change oC ils electrieal eonduelivity eause a 

signifieanl change oC the veJocily and aUenuation of SAWo These two effeets (often ealled 

mass and electrie ones) occur si mullaneously in Ihe interaction time of an aetive film with 

speeific gas concentrations and their contribution in lhe enti re sensor response depends 

mainły on the kind of sensor materiał and also on the physical propenies of the substrate and 

active layer. For instance. in polymer films onły the mass efCeet exists, whereas in thin 

phlhalocyanine films as organie semieonduetors both do eltist, but the eleclric effect is much 

greateT (several times, depending on the gas eoncentrations) 19]. The electrie effect has one 

very interesting fealure, name1y il causes signifieant changes in propagation the velocily of 

SA W onły in some particular range oC suńace conductiv ity of the sensor film. Thus, in order 

10 take fuli advanlage oC the high sensitivilY offered by Ihe SA W sensor with an 

acoustoelectric cf{eet, the resultant conductivity of a thin film must be in this panicular range, 

which depends onły on the propenies oC the piezoelectric substrate. When only a metal łayer 

is used (for instanee palladium as a well-known material for hydrogen detection) on a 

piezoelectric substrate (which was LiNb03 y -Z), the metal layer shonens the electric field 

associated with the suńace wave. Consequently, the sensor ean detect onły the mass loading, 

whieh is rathcr very smali in thin films (-20 nm of Pd). The acoustoelectrie effecl is nOI 

effeclive in the case of a simple metal film (Pd) because in spile oC substantial changes of the 

conduclivity it does nol eause any significant changes in the wave velocity - il is the "Pd" 

region in Fig. l . We have ałmost the same situation in the ease of simple 

metallophthalocyanine compounds; the "work point" is this time rather at the beginning of the 

characteristics - the "MPc" region in Fig.l. It seems thal the bilayer structure should have its 

resuHant e1ectrical conductivity much better fined 10 the high sensitivity range - the 

··M Pe+Pd" region in Fig. l . 
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Fig.l. Theoretical depcndence of relative changes or the SA W velocity and auenuation versus 

the normalized surface conductivilY a,of a Ihin film on a LiNbO) Y -z substrale; Vo is 
unpenurbed SA W velocity. C~ is the sum ofthe piezoelectric subslrate and environmenl 

permittivities 

The central metal atom in a phthalocyanine macromolecule has a greal influence on the 

physical and chemical properties of the compou nd. Besides {he electrical propenies. i.e. 

eleclrical conductivity is also influenced. In Tablei !he conductivity of the Ihree various 

phthalocyanine compounds for single crystals in vacuum at room lemperalure are showed 

[IOJ. 

Table I 

Cooduclivit.r _for sln,de crvstal in vacuurn a t room ternpera ture in (Om] · I 

Frce phlhalocyanine H2Pc: 3x10-9 to 3x1O- 14 

Nickei phlhalocyanine NiPc: Ix1O-S lo4x1O- 11 

Copper phlhalocyanine CuPc: IxlO-S 106x1O-11 

In one of the previous papcr (II] lhe idea of a new two-layered slruclure (20nm 

palladium thin film on cooper phlhalocyanine 720 nm as a buffer layer) for hydrogen 

deleclion in a SA W system was introduced. The results wert really very promising and in this 

paper the measuremcms are pcrformcd with olhcr phtalocyaninc as buffcr laycrs, i.e. 230 nm 

nickei phlhalocyanine (NiPc), and the same 20 nm thiek palladium film. The thickness or the 

buffer layer was chosen arbitrarily. 

The Slructure was produced in Iwo differem vapour deposition processes. In this papcr, 

the temperature measurements of Ihis novel bilayer slructure are showed and discussed from 
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the point ar view or hydrogen detection in a medium concentration range (from I % to 

4% in nitrogen). 

2. EXPERIMENT AL 

The experimental set-up is based on frequency changes in 8 suńace acoustic wave dual 

<klay lioe system, which is nowadays well known [12.13]. On a piezoeleclric LiNbO) 

subSlrate, two identical acouslic paths are fonned , using interdigital transducers. Next, a 

bilayer activc struclUre is fonned in the measuring tine in two different vacuum deposition 

processes. The second path serves as a reference and can compcnsate smali variations or 
temperature and pressure. Both delay lines are placed in the feedback loop or oscillator 

circuits and the response lo the particular gas or the aelive bilayer is delecled as a change or 
the djfferenlial frequency M. i.e. Ihe difference belween Ihe two oscillator frequencies f and 

fo. The differenlial frequency for lhe investigated bilayer structure (NiPc + Pd) was ralher 

low -20 lo 30 kHz whal was very advantages from !he praclical point of view. An interesting 

fealure of the set-up was Ihe fact that for this same frequency mode and amplifier gain 

coefficient the frequency M was decreasing as the interaction lemperature increased. 

The investigated nickei phthalocyanine layer with Ihickness ot aboul 230 nm, was 

made by means ot the vacuum-sublimation melhod. using a special aluminium masko The 

source temperature was about 600 oC and the Ihickness was measured by the inteńerence 

method. Before the specific process of sublimation. Ihe NiPc powder (Aldrich) was initially 

out-gassed at 200 "C for 15 lo 20 min in vacuum ( 10" Tort). The NiPc vapour source 

COnsisted of a crucible placed in a properly formed tungsten spiral A copper-constantan 

thennocouple was used lo control the temperature. The thin (- 20nm) palladium layer was 

made separately by means of vapour deposition in high vacuum and after the deposition of a 

phthalocyanine film in a new process [14-16) . 

The total now rale of IOOOmVmin wąs used during allthe measurements. The volume 

of the measuring chamber was abouł 3Ocm3
• The sensor was tested in a computer-controlled 

system. Gases of99.999% pure hydrogen and 99.998% pure nitrogen were mixed using mass 

now controllers (Bronkhorsl Hi -Tech). The temperature was measured using a thennocouple 

adjacent to the bilayer structure. 
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3. RESULTS 

In all the measurements, depending on the hydrogen concentration, a repeatable 

decrease and increase of the frequency M is to be observed . In the case of the novel bilayer 

structure (NiPc+Pd) the obtained preliminary results were very promising, although in the 

first interaction cycle some problems in stabililY oC Ihe response have betn observed and the 

response was veT)' weak - Fig.2. 
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Fig.2. Interaction of lhe bilayer structure at the beginnig oC lhe measuremcnts at 26oC 

in the firsl cycle of interaetion. Changes of the M frequeney are -0.2 kHz in max.imum. 

After many eycles of interaelion Ihe response was however stabilized and the steady _ 

slate effeet for 2, 3 and 4% of hydrogen in nitrogen is eas)' observed also at 26°C and 40°C. 

as shown in Fig.3a and b. The saturation level, i.e. the equilibrium between adsorption and 

desorption. is reached very quiekly. especiaJly at lower hydrogen eoneentralions. 1t is also 

interesting 10 nOle a great ehange in the inleraelion between J% and 2% of hydrogen in 

nitrogen. This inleresting interaetion "jump" is eompletely reversible and is probably 

eonnected with phase transitions in the palladium hydride film (PdH~). whieh has two solid 

phases Cl and 13 , depending on the Pd/H eomposilion. The reversible a phase is found al a low 

hydrogen coneentration. As the hydrogen eoneentration increases, Pd is transformed to the 13· 
phase [7] . The hydrogen coneenttatlon at which the phase transition takes place depends on 

the film thiekness and temperature, whieh ean be observed as the inleraelion ·jump~ in Fig.3. 
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At higher temperatures the interaction Hjump" shifts in the direction of higher hydrogen 

concentrations - Fig.4 a and b. 
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Fig.3a and b. Changes or (he frequency M versus time in bilayer structure 230 nm NiPc 

and 20 nm Pd at 26°C (a) and 40°C (b) at rour concentrations or hydrogen in nitrogen afteT 

many cycles or interaction. 
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FigAa,b. Changes of the differential frequency at two different temperatures 43°C (a) 

and 48 Oc (b) and this same hydrogen concentration (from l % to 4% in nitrogen). 

We can approximate the steady·state value for 6f changes and read the absolute changes 

conceming al1 hydrogen concentrations. These absolute changes 0(6t), defined as 

L\f(ni lrogen) minus L\f(hydrogen) in Ihe invesligaled bil ayer structure as a funclion or a 
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medium hydrogen concentration, are shown in Fig.5. An increase in the changes or 5(óf) as a 

(unction or hydrogen concentration is to be observed at 26°C afler some interaction cyclcs and 

al 4SoC, whereas at 70°C - a decrease is observable in the negative range. At 26°C after mony 

inlerdction cycles a steady-state level is 10 be observed. 
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Fig.5. Changes or 5(6f) -<lefinited in the lex!- in the 230nrn NiPc and 20nm Pd structure as a 

function ofhydrogen concentration at five different interaction temperatures. For the 

increasing or the interaction temperature one can obsen'e the decreasing of the differential 

frequency ó.f depicted as "mode" on the figure. 
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4. CONCLUSIONS 

The bilayer structure 230 nm NiPc and 20 nm Pd has been investigated from the point 

of view of hydrogen detcetion. The best results were achieved after many cycles of interaction 

and at lower 26°C temperalures although saturalion effcet is easy visible for 3% and 4% of 

hydrogen in nitrogen . The bigger response -o,36kHz has been found for the concentration 

4%. The interaction response depends on temperature, and decn::ases with !he increase of the 

interaction temperature. Al higher lemperatures (especially for 4SoC and 70°C) the change of 

interaclion characler can be observed - negative values of 5(6.f) on Fig.5 . For the structure an 

interesting "interaction jump" has been observed as for the former structure (CuPc+Pd) [II J 

which is conneclcd with phase transition in the palladium film . At higher lemperatures this 

interaction jump shifts in Ihe direclion of higher hydrogen concenlrations. This interesting 

phenomenon will be investigated in future n::search. 
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