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inviJed paptr 

In the group {lf new sensory materiais, phthalocyanineas posses very attractive physical and 
chemical properties. For some years. phthalocyanineas are invcstigated for applying in acoustic as 
we!! as in optic gas sensors. 

This work analyzes the possibility a r using the surface plasmon resonance systems for lead 
phthalocyanineas investigations (or N02 sensor applications. 
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l. INTROOUcrION. 

Technical progress in air monitoring appliances aims at the dcvelopment or such systems that 

eould be widely applied in industrial and environmental surveying. The application is detennined 

by the neeessi ty 10 control the concenlralion of heavi ly loxie subslances . Nilrogen compounds 

produeed during Ihe buming process can be mentioned among them. (II. Their loxicity and 

quantity among gas poisans ( mainly No.: ) trigger orf lhe necd to look (or new technical solulions 

for the produclion a r nitric oxide sensors ( I . 2J . Among several oew measunnent Icchniques for 

toxie gases (21 in Ihe group or oplical melhods particular attention should be paid al Ihe suńace 

p[asman resonancc melhod. 

The idea implemented in a plasmon sensor makes use or the ehanges in oplical parameters a r 

the phthalocyanine layer caused by the change in the concentrat ion of N02. The changes are 

recorded by means of plasmon resonance phenomenon (S PR) [3 .4}. The phenomenon of plasmon 

suńace resonance is conneeted with lhe presence or suńaee plasmon wave related 10 the oseillation 

af charge density in a metallayer. Such a wave can occur and stay on the liurface af the distribution 
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of two subSlances: metal-dielectric, when the incidence of electromagnetic wave takes place on the 

surface. The idea of a plasmon sensor peńormance means Ihat the propagation constants SPW 

(!3spw) and the propagation canslanl af oplical elcctromagnetic wave are equalized (~e.m) 15]. To 

achieve Ihat, exciting eleclromagnetic wave is dirccted at the border or these two media distribution 

through materiał of a bigger refractivc iodex (e.g. glass. plastic) at a proper angle EI,(wll 

charactcristic for a gil/en frequency (light wavc length) . Such matching of wave vectors guarantees 

the resonance transfer or electromagnetic energy (rom the incident wave to the suńace plasmon 

wavc. Surface plasmon resonance occurs as resonance absorption of oplical energy of the incidcnt 

wave. As a result, Ihe changes in the optical parameters of a medium tested can be detecled by !he 

ana!ysis of a mulual inleraction belween the SPW wave and optical one hy means or the 

measurement of oplical wave cOllcenlration. 

The larget hereill is 10 examine the reactiOIl of phthalocyanine layers of a various composilion 

placed on a gold film to the influence of nitrogen dioxide in order 10 define sensitivity 

characteristics. The rcscarch on the regeneration process of layer structures with phthalocyanines, 

once they had stayed in the atmosphere of NO;; for a long time has betn carried out as well. The 

leSls were conducted for the concenlralions of 100 ppm of N02 in nitrogen for twa various 

struclures of \cad phthalocyanine. 

2. EXPERIMENTS 

2.!. METER CIRCUIT. 

In aur investigations the oplical experimcntal set-up. prescnled in [6J was used. Tested samp\es, 

in the form of thin layered StruclUrc, (Fig.l) on the goniometrie table as beeo placed. The sampic. 

from the one side with prism and from the second one with the chamber was coupled. To the 

chamber, the tesled gases with known concenlration were Ilumpcd. In OUT set-up the source of 

white light was used. From the source, Ihe light went by optical fiber and by polarizer, to the prism . 

Nest. the light was reflecling from sensing surface and il was hitting to the oplical detectors and 

simultaneous 10 (he spcctrometer. In computer, the signal was regislcred. 

In this way, the polarized light (p-polarization) by shining ar the layered structure (Fig. l ) has been 

generating the surface plasmon wave in it. The electric field of the plasmon wave has beeo 

peoetrating !he region. where the particles of tested gas were adhered. 
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The spectrometer has been rc:gistering the changes or light intensi ty for various wavelength as a 

function of gas concentrations. By applying the goniometer labie in the experimemal set-up there 

were possibilily of simultaneous lighl intensily measuremenL<l as a function of light wave lengths 

and a function of angle changes of lested sample and Iight direction. 

Thc r,lIe of gas now during Ihe measuremcnls might be changed in wide range but in aur 

experiments il was conSIani and equaJ 111min. for all fests . The set-up is fu lly automaled and ali 

measurement processes by adequ81e numerical programs werc: conlrolled. 

2.2. REACTION OF A SENSOR FILM WITH PHTHAlOCYANINE ON THE BASIS OF GOlD 
AFrER EXPOSURE TO NITROGEN D10XIDE. 

In (he experimcnl sensor structures made or agiass base (sodium and cakium glass) wilh a 

deposited gold film and phthalocyanine film wen: used. The films or gold and phthalocyanine were 

laid by means of vacuum evaporation technique. The layer or gold was 45 nm thick while that of 

phlhalocyanine was in the range of from 15 10 100 nm. l.ead phthalocyanine was lesled in the 

experiment. Fig. l presents examined film structure. 

A measuring stand that enables the mcasurement or a signal from a detcclor in the whole 

spectral range or visiblc lighl was uscd. The stand enabled si multaneous measurements both in the 

function or a wave lcngth and in the function of sample position angle in one measurement series. 

The e\aborated numerical program aHows to present the obtained results in lhe form of three­

dirnensional diagrams for dependences of signal size in a detector on the length or wave and sample 

position angle. Thc measuremenls wen: conducted for variou5 film structures in the presence of 

nitrogen as carrier gas and next, nitrogen dioxide or a concentration of 1000pm. 

Fig. l . Film struClure composition with a sensor film of phlhalocyanine. 
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Fig. 2 presents the results or signal measuremCnlS in a detector for a multi-layer structure with 

phthalocyanine about 50nm thick in the presence of nitrogen dioxide. Fig. 3 shows spatial 

ilIustration of sensitivity function of tha! structure. As a measure for the slructure intensity 

sensitivity to {he influence ofN02 the following fonnula was aS5umed: 

S = /1R _ R2 - RI 

RI Rl 
(I) 

where RI - signal from a detcctor during the presence of a sensor film in niU"Ogen. Rz- signal from 

a detector during the presence of a sensor film in the mixture of nitrogcn and nitrogen dioxide of a 

tested concentration. 
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Fig.2. Dependence of signal in a detector in {he function of light wave length and incidence angle 

of detector light. The tesls were carried out for the structures: s()(iium and calcium glass, Au 45 nm, 

lead phthalocyanine 50 nm, in the prcsence or air, 

Theoretical analyses show that the characteristics or plasmon structure reaction in the function or 

wave length is of a resonance character [3· 5 J. 

For the light incidence angle, when the detector records the minimum Dr a signal. the biggest 

resonance energy absorption or eleclromagnetic wave occurring in the structure for the benefit of 

surface plasmon wavc [3-5] lakcs place in a given sensor layer, The ellperimenls show Ihat the 
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angle al whieh the resonance absorption of electromagnelie wave in a slruclure occurs changes 115 

value logether wilh Ihe ehangc of phtalocyanine film in a sensor film SlruCIUTe. 

Fig. 3 presents signals in a dctector with visible plasmon minima for various thickness ar Icad 

phthalocyanine in film slruelures cllamined in the presence or nhrogen and the millture of nitrogen 

and 100 ppm of nitrogen dioxide. 
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Fig. 3. Sensitivity or a multi-layer structure (sodium and calcium glass + 45 nm Au + 50 nm 

PbPc) to the ellposurc or NO! or a concenlration of 100 ppm . 

The charactcristics presenled show Ihat therc is a strong influence of phtalocyanine film 

thieknes! on thc s ize and position or plasmon minimum. The charaeteristies are shirted as a result 

or the cllposure of a layer system to N02. The thicker phlhalocyanine, the shallower minima of the 

characteristic$ - Fig.4. Their changes show that slructures with a film of lead phtalocyanioe are 

sensitive 10 the influence of nilmgen dioxide. For thinner films big intensity sensitivilY can be 

observed . while for thicker films sensi tivity resulting fonn the transfer or plasmon minimum to the 

hi gher value or light incidcnce angle. That offers opponunily 10 detecl sensitivity or a sensor layer 

NOJ in IWO ways . : by the measurement of the changes in signal size and by the measurement or 

the transfer angle of plasmon minimum. FigA shows Ihat with decreasi ng thickness of 

phthalocyanines the minima or recorded signal are ohserved for the decreasing value or the angle 

up tO a cenai n ooundary value. Further decrease in phthalocyanines thickncss results in return 
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transfer or signaL minima. Thc chapter bclow describes and analyses sensitivity for some thickness 

or lead pthalocyaninines. 
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Fig.4. Signals in a detector in the function of dctection angle with visiblc plasmon minima 

for lcad phthalocyaninc of a thickness of a) 15 11m; b) 30 11m; e) 50 11m; dl 100 11m, 

cxamined ion nitrogen and the mixture of nitrogen and 100 ppm of N02 . 

2.3. SENSITIVITY TO NOt OF SENSOR PHTHALOCYANINE FILMS ON THE BASIS OF 

GOLO rIT.M. 

Litcrature [6-12] informs that molccular crystals inc1uding metalophthalocyanines, show high 

sensitivity to oxidizing and reducing gases, induding N02 . Sensitivity of phtalocyanine lilms also 

depcnds on (he morphological slructure of ils suńace and the type of the central atom present in the 

macro-ring [61. Sensitivity of metal-phthalocyanines 10 the influence of gases depends on the 

thickness or a film and mUlual proportion of metal-phthalocyaninne mo1ecules to gas molecules. 

Fig.5 presenls sensitivity characlerislics of 1ead phlha10cyanine films in the function of wave 

!ength for some chosen thickness. The measurements were taken in the atmosphere or N2. As 

shown in Fig. 6, spectra! range of sensitivity or phthalocyanine layers for panicular thickness or 

them is the widest for the film about 30 nm thick. That is the optima1 thickness of a film 

considering both recorded high sensitivity or a signa1 and a wide spectral range , where sensitivity 

is high. 
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li ean be alsa observed that decreasing thiekncss ar ph.htalocyaninc reslllts in the shift ar 

max ima towards the longer waves, That dependenee is observed up to thiekncss ar a PbPe film ar 

about 30 nm. For films of smaller thiekness the shirt ar eharactenstics takes place towards shorter 

waves. 
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Fig.5. Spectra.! charaeteristics of sensitivity of sensor films in the funetion of wave length for the 

PbPe films ofthe following thickncss: a) 100 nrn; b) 50 nrn; e) 30 nm; d) 20 nrn ', e) 15 nm . 

1lIc diagrams were .nade for the light incidence angles, for which sensitivity is maximum. 

As Fig. 5 shows, max;mum sensitivity ar films with phthalocyanine 30 nm Ihiek, takes place in 

the range of red light. The dependence ar the rnaximum value of scnsilivily in the funclion of the 

thiekness of phthalocyanine film;5 shown in Fig.6, 

The experiments on layers or different phthalocyanine thickness show Ihal lhe films are vel')' 

sensitive to the change ar lighl incidence angle, Fig. 7 shows spectral shi ft ar sensilivily 

charactcristics reslllting from {he change in incidcnee angle for IwO thiekness of phlhalocyanine: 50 

nm and 40 nm . The thinner film shows bigger changes or sensitivity value resulti ng from the 

ehange ar lighl incidence angle in a struclllre, The thinner the layer the more visible the effcel. 

Table I sums up research results for sensitivity characteristics of phthalocyanines ar various 

thiekness. lt presents the review of sensor layers made on the basis of gold and lead phlhalocyanine. 
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Table 1 presents a few kinds of sensor layers , their sensitivity and mnges of wave length for 

thelr max imum sensilivily. In lhe laSI colurnn of lhe: labie. Ihe wave lenglh mnge for which layer 

sensitivilY is equal alleast 50 % a r maximum sensilivity was enlisted. Thc lcnglh ar wave for which 

sensitivity gainl> iu maximum is given in brackets. 

On the basis of conducted research the optimal thickness of phthalocyanine film , when 

sensit ivity is maltimum can be dellned (Fig.6). For lead phthalocyanine the value equals ll00ut 

30nm. 

Table I . Sensitivity ar sensor laycrs on the basis of gold and Icad phthalocyanine dClermined during 

the exposure ar 100 ppm N02 for abeul 0,5 h. 

Sensor film thickncss of max. scnsith'i ty Angle'" range ar 
phlhalocyanine 

film [~m) ''''' [deg] wavelength [nm) 

Le,d 
phthalocyjaninc 

L Au+PbPc 100 15,5 41,25 528·560 
(549) 

2. Au+PbPc 50 22 37,75 558-62 1 
(594) 

3. Au+PbPc 40 35,5 37,25 610-660 
(621) 

4. Au+PbPc lO 68 31,25 615·731 
(68 1) 

5. Au+PbPc 20 43,5 37 618·666 
(648l 

6. Au+ PbPc 15 16 37,25 600-642 
(627) 

Gold O 2.5 37 590-620 
(600l 

• Angle for whJch senwr laycr scnSlllvlty lS maXlmum . 

2.4. RESEARCH ON THE REGENERATlON OF PHTHALOCYANINE FlLMS AFTER TI-I E 

EXPOSURE TO NITROGEN DIOXlDE. 

Thorough research on Ihin laycrs of Icad phthalocyaninc from lhe poinl of vicw of Iheir ability 

10 rcEenerate was canied OUI. Experiments were conducled on sensor films of phlhalocyanine 

thickness of 50 and 30 nm. Once phlhalocyanine had been vacuously placed on a gold film , Ihe 

sampies wcre hcated in vacuurn for I hour al a Icmperalurc ar about lOO"C to punfy 

phthalocyannine film before the exposure 10 gas. 

The IIrst sampic 50 nm Ihick had been for half an OOur 10 100 ppm or nilrogcn dioxidc and lhen. 

the suucturc was placed for aboul I OOur in the atmospherc of nitrogen. The slruclure did not show 

any signal changes afler one - hour stay in (he air. Thc resu!ts werc identical to those obtained in 
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Ihe mixture or 100 pprn or N02 with nitrogen (Fig.8) . Therefore. further restarch on Ihe influence 

of cxtemal faeton 011 a given structure was taken up. During further research Ihe film was heated 

for half an hour at a temperature or 373 K (lOO°C) and Ihen. ance again exposed to 100 ppm or 
N02. 
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Fig. 9 prescnts signal in a detector after $ubsequent processes Ihe sensor layet underwent. 

Arler one-haur film recovery in nilrogen at a room temperalure , lhe signal measured does 001 

change its position in praclice (Fig.S). The changes are observed arler regeneralion at a temperalUre 

of IOOcC. The shift or resonance minimum indicated partial recovery of Ihe layer. Anothcr half an 

haur exposurc 10 100 ppm of NOl causes thal Ihe recorded signal is idenlical 10 the one regislered 

during Ihe first exposure lO NOz (Fig.9). 

Fig. 10 shows the changes in sensitivity of the same sen$Or łayer Ihat underwent the proces! of 

exposure and regeneralion described above al a lemperature of 10000C and its anolher exposure lo 

nilrogen dioxide. 
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Fig. 10. Sensilivily of sensor łayer with 50nm lead phthalocyanine exposed 10 100 ppm of NOt:. 

regeneralion al a temperalure or l OO"C and one more exposure 10 NOt:. 

As shown in Fig. lO, sensor Jaycr or phlhalocyanine after heat ing at a lemperalure or 100°C 

shows panial (50 % ) detoxication . However, afler anolher exposure to 100 ppm of N02. the łayer 

shows Ihe same value of sensitivity as for the first exposure. II can be stated that the sample after 

healing tends 10 reoover and is sli ll sensitive 10 nitrogen diox ide. II can be expetled lhal higher 

temperalUre or rather longer heating time can result in enlire regeneration of an examined film. 
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Dunng another experimcnt a sensor laycr ef phthalocyanine of a thickncss equal 30 nm was 

cltamined. The sampJe had been '1acuously placed on a film of gold and then, heated for two hours 

al a lcmpcralurc of abOlII 100°C in order 10 punfy phthalocyanine film before ils exposure 10 gas. 

Fig. II presents the reaction of sensor layer exposed to 100 ppm of N02• regeneration in 

nitrogcn, !he second cxposure to N02 and hcating in vacuum for l hour at a tcmperature of 80°C. 

The plasmon minima shown in the figure change their position bUl afteT having becn exposed to 

N02• the curve does not regain lIS initial position cycn after heating in vacuurn for I hour. 

, 
-" .. 
o 
~ • 

120 

100 
t"\ 

OJ 

60 

" 
20 

o 

" 

-~\ 
'\ 

J6 

-nN> 
- after O,5h i1 N:)2 

- - -aI'I:er2G'1 i'1 N2 

-- -(fIer ro(tjłlJ ------- ..-' --- --;6-,\ -:;.;- - -- ----- .... __ .-.- .. _. -.-

'\ ~ft 
'S7 
37 39 40 41 " " a~1e [degJ 

Fig. 1 !. Reaclion of sensor !ayer wilh 30 nm of 1ead phlhalocyanine exposed lo 100 ppm of N02 , 

regeneration to nitrogen and heating. 

Fig. 12 shows layer sensil;v;ty at particular slages of the experiment. As observed in Fig. II 

and 12, the sensor layer examined exposed to NO. for the fint lime does not recover al a room 

temperalure. The layer left for 20 hours in the almosphere or nitrogen changes the piclure or signal 

in a detector, which is dearly visible in; both figures. Next, the layer heated in vacuum shows 

partial regeneralion. That reeovery does nOI. however, take place to such a degree as il was in the 

case or Ihe layer presentcd in Fig.9 and II. It tS probably eased by long-Ienn stay or N02 

molecules on the surface of phlhalocyanine, where the molecules or nitrogen dioxide had been 

absorbed 10 phlhalocyanine volume in Ihe process or diffusion [8]. Thus, the struclure of 

phthalocyanine was changed [8,9J and heating in vacuum only purified the surface of 

phthalocyanine film from Ihe N02 molecules. As a result , after the second exposure 10 nitrogen 
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dioxide, the phthalocyanine layer did not entirely recovered once it had been heated in vacuum _ 

Fig.12. 
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Fig.12. Sensitivit)' of sensor layer with 30 nm ar Icad phthalocyanine exposcd to 100 ppm ar NO:. 

eKposed to nitrogen and heated. 

In the reaetion between phthalocyanine with the oxidizing gas (e.g. NOJ) the charge is shi rtcd 

belween gas molecules and phlhalocyanine molecule 161. Dunng (he reaction belween 

phthalocyanine and gas such as NOJ in lhe gas adsorption process ,additionał carriers are produced 

on the suńace resulting ronn the oxidation of Ihe system or phthalocyanine ring by nitrogen 

dioxidc [6,71. In Ihis way, resuhing from the reaelion helween N02 and phthaloc)'anine electrical 

and oplical parameters of sensor suńace are changed. The aUlhor 19J suggest the following 

cKplanation 10 the mcchanism of phthałocyanine reaction to NOJ , basing on spectromelric lesu In 

the infrared. On the suńace or phlhalocyanine a quick adsorplion or N02 in the first few 

monolayers takes place as well as a slow diffusion in the materiał volume (6,9) . The process 

occumng on the suńace or phthalocyanine during the exposure to NO: will be described in chapter 

3 or this paper. 

2.5. EXAM1NATION OF LEAD PHTHALQCYANINE OBTAINED IN PLASH 

EVAPORATION ON THE BASE WITH A GOLO Fll.1\I1 OF A TEMPERATURE 170°e. 

In the process of tlash evaporation 45 nm of gołd was placed on a base and then, a few various 

thickness of [ead phthalocyanine in the range from about40 to ca. 90 nm. 



266 Maciak E., Dpi/ski z., Pustelny T., Ignac-Nowicka J. 

Fig. 13 presents signals in a detector in the function of detection angIe with visible plasrnon 

minima. The inerease in the film thickness results in Ihe shift of plasmon minimum towards biggcr 

angles and causes Ihat Ihe minimum becomes shallower. Fig, 14 shows sensitivity or Ihe described 

films in Ihe function of wavelength. The biggesl sensitivity is shown by Ihe film of lhe smallest 

thickness and II equałs ea. 61 % for Ihe wave leoglh 594 nm. 
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Fig.13. Signals in a detector in lhe func tion of detection angle with visible plasffion minima for Icad 

phthalocyanine or the following thickness : a) 40 nm; b) 60 nm; c) 85 nm; d) 90 nm examined in 

ni lrogen and the mixlUre of nitrogen and 100 ppm ofNO,. 

The range of wave lenglh for which film sensilivilY is signiłicanl (about 50 % of maximum 

sensitivity ) , is similar for a l! the films and within Ihe range 570 lO 612 nm. 

During Ihe next experiment optical parameters of phthalocyaninc film in ils exposure to NO, 

were tested and Ihen, ils abi1ity to regenerate while being heated. 

Fig. 15 presents the reaction of sensor layer of a Ihickness equal 50 nm PbPc exposed 10 100 ppm 

NO,. nitrogen and then healed. Thc layer reaclion during the exposure lo ni lrogen dioxidc stabilizes 

afler about 25 minutes indicating sensilivi ty of 40 % signal change. After a long slay in the 

atmosphere of nitrogen ( more than 20 hrs ) , phthalocyaline shows the change of reaclion signa1. 

The sensor layer was nOI purified from nitrogen dioxide moJecules afleT Ihe exposition 10 NOt. The 

fact triggered off the diffusion of NO, molecules to the volume of phlhalocyanine. which could 

change ils structure and the signal picture in the sensor layer. 
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Fig.14. Spectrai sensitivity characteristics for sensor layers in the function of wave length for [he 

PbPc films oftłle following thickness : a) 40 nm; b) 80 nm~ c) 85 nm; d ) 90 nm. The diagrams 

were made for those angles of me maximum value of sensitivity. 
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Fig. J5. Reaction {)f sensor layer with a 70 nm PbPc Jayer exposed to 100 ppm af No.: , regeneratian 

in nitrogen and heated. 
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Nc)!.!, the layer underwent heating process, where il showed minor recovery abilities. ArteT 

heating process il does not show almost any sensitivity to 100 ppm of N02 during half ao haur 

exposure to Ihal gas. 

3. DlSCUSSION AND CONCLUSION. 

Considering experimcnts on mainly Ihin lead phlhalocyanine films a strong relalion helween 

film thickness and sensitivity can be noticed. Spectra] characteristics or the examincd films prove 

wide opportunities to make or specific properties pf phthalocyanines. Dynamie changc of wave 

length range , where phthalocyanine layer is sensitive to N02 logether with the change of ils 

thickness aHows to malch the properties of the łayers according to the needs. [\ is wonh noting that 

most optimal paramelers of lead phlhalocyanine reach the thickness of 30 nm with sensitivity of ca, 

95 %, Maximum sensitivily takes place in the range of thc red. Phlhalocyanine films placed on a 

base or an increased temperalure (170°C) show smali changes in Ihe spectral range ar sensilivity 

alongside the change in thickness. Probably the optimal film thickness can be defined for all 

phthalocyanines. 

Research on film regeneration significantly confirm the nature or reactions belween o)(idizing 

gas and phthalocyanine. For the concentrations of 100 ppm or N02 all Ihe changes in visib1e and 

NIR spectrum are almosl reversible [9]. Therefore such concenlrations of nilrogen dioxide were 

uscd in the experiments. Peculiar and various propenies of phlhalocyanines result from the 

structure of a macro-ring or phthalocyanine molecule [9J, The efficicncy of surface charge transfer 

depends on (he potentia! of donor ionization, acceptor c1ectron affinity and polarization energy 

resulting form the transfer of anion and positive ion chargc transfer ( Le. their energy reaction with 

a polarized local surrounding). [9J. Gas molecules absorbed on the surface or a solid body have 

less polarized sUITounding Ihan those bound in gaps and consequently, Ihey can be easily 

transfcrrcd . II gives a fast solid body answer to the influence of N02. Gas molecules bound in gaps 

give a free irrevocable surface answcr [9J . 

On the basis of research results presenled in Fig. II and 13 il can be concluded that in the 

examined films ar metal-phthalocyanines lakes place diffusion ar N02 to the film volume and cvcn 

healing at a temperalure ca. lOO"C does not remave N(h from Ihe volume of metal-phthalocyanine. 
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