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Detectivity comparison between thin-film Pd/PVDF photopyroelectric
interferometric and optical reflectance hydrogen sensors
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A novel dual photopyroelectric interferen¢BPE)/optical reflectanc€OR) solid-state hydrogen
sensor system has been developed and demonstrated. Based on the recently developed
PPE-interference technique and the variations of optical and electronic properties of Pd metal in the
presence of hydrogen, simultaneous signal responses were obtained from a polyvinylidene fluoride
(PVDF) thin-film detector and an optical photodiode. The dual measurement of PPEI and OR
channels provides not only a more reliable sensor system, but also a powerful tool to identify the
operating mechanisfs) in the process of Pd/PVDF/hydrogen interaction. The experimental results
show that the detectivity and the signal dynamic range of the PPEI method are much higher than
those of the OR method due to the suppression of the large base-line signal and the signal noise. The
comparison of PPEI and OR results reveals that both signals are mainly due to the same electronic
mechanism. ©1999 American Institute of Physid$S0034-67489)02311-4

I. INTRODUCTION however, are compromised due to the large base-line signal
and the relatively small signal change coming from the in-

It is widely known that palladium is capable of : 4 with hvd qditi ical noise i
absorbing/desorbing large amounts of hydrogen reversiblyf€raction of Pd with hydrogen. In addition, optical noise is
Iso introduced through the intensity fluctuation of the inci-

and this has been making it a promising material for the?'SO INtrod i .
creation of sensitive hydrogen detectdrdandelis and dent light in the single-beam scheme, which further compro-

Christofides have reviewed a wide variety of Pd-based hymises the detectivity. As regards the mechanism of the signal
drogen detectors in their book on solid-state gas sedsorsgeneration, several hypotheses have been made to interpret
Lundstrom, Shivaraman, and Svensson have introduced Pthe experimental results, including the changes in optical
gate metal-oxide—semiconductor transistors and Pd-gagroperties(surface absorptance and reflectiyitgnd elec-
metal—insulator—semiconductor ~ sensbts. Steele and tronic properties(pyroelectric coefficient of the PVDF and
Maclver? and D’Amico, Fortunato, and Petrodciave  work function of Pd.1%*11315The relative contribution from
shown that a Pd—CdS and a Pd—insulator Schottcky barriesach of these possible mechanisms, however, is not clear. In
diode, respectively, exhibited a response to hydrogen. Futhis article, a novel dual and sensitive Pd—PVDF hydrogen
thermore, a sun;ace acoustic wal@AW) sensor;” an opti-  sensor is described, in which one channel is based on the
cal fiber sensof? and an optical interferometric senSbave photopyroelectric effett and the recently developed PPE-
also been developed. All the above sensors employed glaﬁsrterference(PPED techniquée’” while the other channel is

or silicon as the ;ubstrate material on which pglladlum Wa%ased on purely optical detection by measuring the variation
coated as the active membrane. To date, work in our labora-

tory has been directed toward the fabrication of a different " surface optical reflectance of Pd before and after the .e x
kind of pyroelectric material-basefie.g., polyvinylidene posure to hydrogen. The former channel is a fully destructive

(di)floride (PVDF)] and Pd-coated thin-film photopyroelec- purely thermal-wave_ _interf_erometric differeptial operation
tric (PPB sensord®~24 This kind of sensor has advantages mode of h|gh-detect|V|ty, high-signal dynamic rang.e, and a
over the use of a glass or silicon substialdn terms of zero-base-line measurement. The latter channel is a more
fabrication simplicity and peel-off or blister avoidance, pre-conventional detection mode with proven detectivity of 1000
sumably due to the accommodation/matching by the PVDRPM Hy in N.*® The design of the new sensor, which utilizes
polymer substrate of the Pd-film lattice-constant expansionpoth active surfaces of a PVDF thin film, makes it possible
Mandelis and Christofides detected down to 0.075% hydroto implement the dual PPEI and optical reflectariCe)

gen concentration in a flowingH N, mixture by employing measurements with a single PVDF thin film. The availability
two detectorgone active and one referencnd two-signal  of signals from two independent channels yields not only a
processing electronic$.Since then, efforts have been made more reliable detection, but also a powerful tool to study the
to simplify the detection system by employing either a purelyoptical contribution in the PPE response, and therefore, to
optical method*? or by use of a single-detector methtid. jgentify the dominant mechanism in this kind of sensor. The
The detectivity, signal quality, and signal dynamic range.main goal of this study is the fabrication and testing of a
Pd—PVDF hydrogen sensor of improved detectivity over the
aE|ectronic mail: mandelis@mie.utoronto.ca thin-film Pd optical reflectance sensor.
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sor response. A cellular plastic plate was placed in front of
the gas inlet to further disperse the gas into a homogeneous
stream before it reached the thin film. Special care was also
taken to introduce the gas flow parallel to the surfaces of the
Pd—PVDF-NIAI film so that both surfaces could be exposed
to the gas mixture under the same conditions, which reduces
gas-flow anisotropy bias on either surface of the sensor. A
detailed schematic representation of the test cell is shown in
Fig. 1(b). Two laser beamsintensitiesl; andl,) were ob-
tained from a single He—Ne laser be@b® mW) by use of a
beam splitter. They were modulated with a mechanical chop-
per at the same angular frequeriey) and with a fixed, ad-
justable phase shiffA¢). One beam was incident onto the
front (Pd coating and the other beam was directed to the rear
(NiAl-coated surface of the PVDF detector from opposite
directions. The signal-generation part includes two output
channels: the OR signal, which is received through a photo-
diode intercepting the reflected laser beam from the Pd-
coated surface; and the PPEI signal, which is generated in-
side the PVDF due to thermal-wave interference. Different
ratios of the two incident intensities and the phase shift be-
tween the two beams yield different thermal-wave interfer-
ence patterns inside the PVDF detectoA fully destructive
interferometric pattern is produced when the intensities of
the two beams are identical and the phase shift between them
is 180°. This destructive operating mode of the PVDF detec-
tor yields a sensitive coherent differential method to detect
minute changes in the PPE output signal using a single trans-
ducer.

(PD) SN NN NN EENEEANEEEEEEN DISPERSION

CRID It is well known that Pd metal interacts reversibly with
IFIGASIN hydrogen gas to form a hydride. Associated with these com-
positional changes are changes in the optical and electronic
(b) properties, such as optical reflectance, absorptance, and elec-
trostatic charge distribution in the palladidrfy}1~131920

FIG. 1. (a) Schematic representation of a dual OR and PPEI sensor setugiontrast, all the properties of the NiAl coating remain un-

(b) Cross-sectional detail of the test cell. changed before and after the exposure $aghls. Therefore,

the PPEI signal is differentially produced by the changes in

optical and electronic properties between the Pd coating and

the NiAl coating on both sides of the PVDF detector. The

A schematic representation of the experimental arrange®R signal is produced only due to the change in optical
ment is shown in Fig. (B). The experimental setup consists reflectivity of the Pd surface before .and after the exposure to
of four subsystems: gas supply; test cell; signal generatiorti2 9as. The OR and PPEI output signals are then fed to two
and data acquisition. The gas-supply component mixes h))ock-in amplifiers, respectively. The data acquisition was fa-
drogen and nitrogen in a homogeneous flow. The flow rate ofilitated by a personal computer through a serial port.
each gas can be adjusted and stabilized before the mixture is
directed into the test cell. High-purity hydrogé€®9.999%, ||| DETECTION OF HYDROGEN/NITROGEN MIXTURE
zero-grade nitroge©9.9975%, and 1.07% hydrogen in ni- AND DISCUSSION
trogen by volume from Matheson Gas Products were used tR dentification of svstem noise
obtain the desired hydrogen concentrations. The test cell was Y
made of aluminum with an inlet and outlet for the ambient  Before the OR and PPEI responses to/M, mixtures
gas, two optical windows for the incident light to enter from were studied, the operation of the sensor under fully destruc-
opposite sides of the active PVDF element, and had a voltive interferometrioFDI) conditions was tested and the sys-
ume of ~150 ml. The test cell contained a Pd—PVDF-NIAl tem noise levels from the OR and PPEI channels were iden-
thin film, which was mounted on an aluminum base. Thredified. In this experiment, two laser beams were directed to
different Pd—PVDSF—NIAl thin films were used; they had the two surfaces of the PVDF detector very close to normal
the same thickness PVDF lay@&?2 nm), and the same thick- incidence. The reflected light from the Pd surface was di-
ness NiAl coating(layers of 15 nm Ni+35 nm Al) on one rected to a photodiode through a lens. The relative intensities
surface. The opposite surface was coated with three differernd the phase shift between the two incident beams were
Pd thicknesse&.5, 25.6, and 53.4 nyrto optimize the sen- then adjusted, so that fully destructive thermal-wave interfer-

II. INSTRUMENTATION AND SENSOR PRINCIPLE
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FIG. 2. System noise evaluation of OR and PPEI channels at different N %_1 o0k ! |
flow rates. The numbers shown in the graph represent thiébol rate, in E ’
(ml/min). o ;
o118 : 0.2%
ence was obtained, i.e., the PPE output signal was adjusted s 0.098%
to zero before introducing any gases into the test cell. Figure 1.16 —

2 shows the system noise levels which were obtained simul- 0 500 1000 1500 2000 2500 3000
taneously from the PPEI channel in FDI and from the OR Time (sec)

channel for various Nflow rates using a PVDF detector FIG. 3. OR signal as a function of time for various concentrations of hy-
with 53.4 nm Pd coating. The modulation frequency was 1Qirogen in nitrogen using a Pd-coatéB.4 nm PVDF film. The gas-flow
Hz. It can be seen from Fig(& that the system noise level rate was 870 mi/min for all the experiments.

from the OR channel is about 260V and it seems that the
different N, flow rates have no effect on the noise level. This

. ame NiAl electrode on one surface but different Pd coatings
phenomenon is understandable due to the fact that the O ¢

3.4, 25.6, and 6.5 nm, respectivelyn the other surface,
ere investigated. Figures 3 and 4 show typical OR and

PPEI signal responses using the PVDF detector using 53.4-

fluctuation or gas-flow turbulence in the test cell. The sourcg, . +vi1 Pd. In the experiment, the instrumental PPE oper-
of this noise is believed to be mostly from the purely opticalating mode was adjusted to F’DI so that the PPEI output

fluctuation of the incident begm, the system elelc.tr.omc r‘O'sesignal was equal to zero before any gases were introduced
and the employment of low instrumental sensitivity due to

the | b i iondl1.22 | . h into the test cell. The signals from the OR and PPEI channels
€ large ase-|ne_5|gr_lza 22 mV). In comparison, '®  were then recorded simultaneously as a function of time un-
PPEI signal OUtPUt in Fig.(8) shows a much smaller NOIS€ qer various H concentrations in Nby volume. The modu-
level than that in the OR channel. The noise level is only ;i) frequency was 10 Hz and the experiments were con-
about 0.4uV if there is no N flow into the test cell. With the ducted at room temperature. Both Figéa)3and 4a) show
increase of the hflow rate, the noise level increases only to that the response timét (time.required for the OR and PPEI
t8h8eolevsl (?f abou_t 1.2LvﬂmaX|mum at_lthsl I)Jlﬂov:] rate of . signals to rise to the saturated amplitude following the intro-
mimin (maxw_num ow rate avallable n the EXPer- quction of H in the cel) varies with K concentration. The
mend. This low noise level can be attributed to the differen- response time decreases dramatically with increasingpH-
tial FDI mode, in which t.he OF’“C"?" and electronic noise 'S centration, while the signal level at saturation slightly in-
gr.e?“y redl_Jced due fo its real-ime cohe_rent Cance”at'or&reases with increaselH,] concentration. These features
within the ;mgl_e PVDF detector, _thu_s allowing the _employ- can be understood qualitatively, because the speed of hydro-
ment of high instrumental sensitivity. In conclusion, the gen adsorption on Pd and subsequent dissociation and

PPEI channel exhibits an improved noise level by apprOXi_abSOI’ptiOI’]l, and/or the speed with which the absorded]

mately a factor of 20. over the OR channel, desp|t.e the fac}eaches its thermodynamic equilibrium concentration in the
that the OR channel is immune to flow turbulence inside thePd layer, increases with increasing ambient partial pressure
test cell. (concentrationof H,.2° Figures 3b) and 4b) show the OR
and PPEI responses in the region of low, ¢bncentration.
Compared with those obtained for high-ldoncentrations,
the response time at 0.2{1,] is much shorter, and the
Three PVDF thin-film sensor elements with the samesaturated signal is much lower, than that at 2.4 con-
PVDF substrate of 5Zum thickness, sputter coated with the centration. This phenomenon is the result of the transition

B. OR and PPEI responses using various Pd-coating
thicknesses
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>1 Y " |, VA—— 0.098% ) ) ) )
S 15t ; that of the OR channel, which is the same as the noise im-
2 i provement of the former technique. The present OR channel
= 10k i detection limit is similar to that established earlier with other
E single-beam optical and photopyroelectric methods, with ei-
= i i ther glass, silicon, or PVDF as the substrate of the
wos : : 1112
o ; ; detecto®
ol WA ;  (b) - Figures 6 and 7 show simultaneous OR and PPEI experi-
NG N, N, , , mental results using a 25.6-nm Pd-coated PVDF thin film
0 500 1000 1500 2000 2500 3000 with various H concentrations in Nby volume. The experi-
Time (sec) ments were performed under the same conditions as those

with the 53.4 nm Pd coating. Similar phenomena to Figs. 3
FIG. 4. PPEI signal as a function of time for various concentrations of ; ; ; ;
hydrogen in nitrogen using a Pd-coatésB.4 nm) PVDF film, simulta- and 4 were Observe(.j m Figs. .6 and 7.’ respectl\{ely. Figures
neously measured with the OR signal in Fig.3. 6(a) and qa) show similar anticorrelation behavior to that

between Figs. @) and 4a), with the introduction of hydro-

from a- to B-phase of the palladium hydride?®

When the signals from the OR chanrj€igs. 3a) and 1.00— ' ' ' ' ' '
3(b)] and the PPEI chann¢Figs. 4a) and 4b)]| are com- — I
pared, it is found that the amplitudes are anticorrelated. The E 0.95 |
OR amplitudg(i.e., surface reflectivity of Bddecreases after Y |
the introduction of H, while the PPEI signal amplitude si- 3 0-90y 1
multaneously increases. In this region of highdéncentra- TEl 0 85'_ |
tion the quality of both signals, Figs(88 and 4a) was simi- ® |
lar due to the large HPd-induced signal level. In the low- g 080k i
H, concentration level, however, the PPEI signal, Fig)4 |
exhibits a much better signal quality than the OR signal, Fig. 0.75 L1 . . . s ! .
3(b). This is due to the fact that the,HPd-induced signal 0 500 1000 1500 2000 2500 3000 3500
level decreases dramatically in the lowes-Ebncentration Time (sec)
range while the system noise level remains the same, which
results in a large drop of the signal-to-noise ratio. In the OR oosl L ' ' oo
measurement scheme, the small signal change due to the = I lH n l 0.098%
exposure of Pd coating to,Hs measured in a background of Eo97f .} ! ' -
large base-line signal, large noise due to the laser power g :
fluctuations, and low instrumental sensitivity. In contrast, the 2 0.96 T
PPE signal is detected as a differential, near-zero base-line TEl I
signal, with high instrumental sensitivity and lower overall g 0'95_' i
system noise due to the coherent cancellation of laser-noise- © g, | i
induced thermal fluctuations within the PVDF detector I (b)
through destructive thermal-wave interference. As a result, 0.93 L— L L . L . L
the detection limit using the single-beam OR reflection 0 500 1000 1500 2000 2500 3000 3500
method was found to be-0.1% for the 53.4-nm-thickness Time (sec)

Pd. The detection limit of the PPEI channel using the same . . 4 . .

. . IG. 6. OR signal as a function of time for various concentrations of hy-
sensor element_,_a_s shown in Fig. 5, was Tound tO\b@O_ drogen in nitrogen using a Pd-coaté®.6 nm PVDF film. The experimen-
ppm. The sensitivity of the PPEI channel is about 20 timesal conditions are as in Fig. 3.
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FIG. 7. PPEI signal as a function of time for various concentrations ofhitrogen using a Pd-coate@.5 nm) PVDF film. The experimental condi-

hydrogen in nitrogen using a Pd-coaté2b.6 nm) PVDF film, simulta-

neously measured with the OR signal in Fig. 6.

tions are as in Figs. 3 and 6.

PPEI mode over OR detection in the case of the 25.6 nm Pd

gen being accompanied by a decrease in reflectivity. Thgpating.

overall sensor responsé@soth OR and PPEI signalshow-
ever, are much faster than those in Fige) &nd 4a). Fig-

Finally, a 6.5 nm Pd-coated PVDF film was tested. Fig-
ures 9 and 10 show the OR and PPEI experimental results,

ures @b) and 1b) also show significant drop in signal satu- respectively, at various ftoncentrations. The experimental

ration level compared to the thicker Pd film in FiggbBand
4(b), when the sensor operates in the ldwt)]-concentra-
tion region. In terms of signal-to-noise ratio, Figgbpand

conditions and procedures were the same as those used in the
previous experiments. Compared with Figs. 3, 4, 6, and 7,
Figs. 9 and 10 exhibit much lower signal levels and much

7(b) show, again, that the PPEI signal quality is much bettefower sensitivity and signal-to-noise ratio, for a given H

than the OR signal in the low region of,Honcentration
where the signal induced by thephase Pdiis small. In

concentration. The detection limit in the OR and PPEI chan-
nels was found to be greater than 2% and 0.5%6irHN,,

the OR channel, the signal was completely embedded in thgsspectively, which are much lower than those of the thicker

system noise at about 0.1PKl,], while in the PPE channel

Pd coatings. No clear concentration region for ttee to

the detection limit is somewhat below 175 ppm, as indicateqg phase transition of PdHwas found. It is interesting to
in Fig. 8. This is a sixfold detectivity enhancement of the note (Figs. 9 and 1pthat the OR and PPEI signals are posi-

251 H, concentration
; r 225ppm; 175ppm1
220} s
8 | H, off
2 15F E
TEJ_ L
< 1.0F E
E 0.5 -
o ) | Nz Hoi H

n in
0.0} T 2 T 2 .
0 500 1000 1500 2000 2500 3000 3500

FIG. 8. Detection limit of the PPEI signal using a Pd-coaf@8.6 nm)

PVDF film.

Time (sec)

tive correlated in the case of the 6.5 nm Pd. This is the result
of the reflectivity signal inversion exhibited by this sensor
upon introduction of hydrogen in the chamber. The surface
reflectivity of the 6.5 nm Piéhcreasesn exposure to kgas,
which is opposite from what occurs when a 53.4-nm-thick or
a 25.6-nm-thick Pd are employed. This observation is in
agreement with some earlier findings with glass or silicon-
based H sensors. In the case of thick Pd coatitigs8 nm),

the surface reflectivity of Pd coating is always found to de-
crease upon exposure tg.B'82921The reflectancelecrease

in thick films has been attributed to the rise of the Fermi
level with hydrogen concentration in the metal. The hydro-
gen atoms in Pd act as electron donors filling empty elec-
tronic states and subsequently shifting the Fermi level up-
wards, thus reducing the probability for optical transitions.
This tends to render the Pd film more transparent to the
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FIG. 10. PPEI signal as a function of time for varioug ¢dncentrations in :S, osl —2— OR amplitude i
nitrogen using a Pd-coate€@.5 nm PVDF film, simultaneously measured a —o— PPEl amplitude
with the OR signal in Fig. 9. g 06+ i
e
o . - : 8
incident optical radiation and enhance the transmittance, =041 /A/ 7
while depressing the reflectance. On the other hand, the phe- £ A
. 02} /A:%/Q/O i
nomenon of reflectancecreasehas already been observed =z A (c)
in the case of extremely thin Pd coatingsl, 0.5, and 1 nin 0.0 : - o

on silicon oxide substratés.In our case, the reflectance in- .
crease has been observed with Pd coatings as thick as 6.5 H, concentration (% vol.)

nm. No definitive mechanism has been proposed for this NEIG. 11. Correlation of the measured saturation—amplitude isotherms of

version effect. Further investigations are currently undelhoth OR and PPEI channels for three palladium coating thickne@s&s. 4
way. nm; (b) 25.6 nm; andc) 6.5 nm.

C. Correlation of OR and PPEI signals further evidence that phenomenologically the thermal-wave
Ointerferometric PPEI response of a Pd—PVDF sensor origi-
PPEI channels allows us to obtain a better understanding tes in the ghange_of th(_a optical properties of the Pd_thm

lxlm upon its interaction with hydrogen. The other possible

the possible mechanisms operating during the interaction lmechanism of changes in the thermal boundary conditions
H, with the Pd/PVDF system. Comparing the OR and PPE X .
2 Wi y paring due to the high thermal conductivity of hydrogen §3%

signals for each thickness of Pd coating, Fig. 3/Fig. 4, Fig. ;
6/Fig. 7, and Fig. 9/Fig. 10, it is found that the OR and ppgAPpears to be unimportant here, presumably due to thermal-

signals show a very similar temporal profile. More detailegCOmpPonent cancellation by the destructive interference of

examination shows that the response time at variouso- thermal waves.

centrations for each Pd/PVDF sensor element for both sig-

nals are approximately the same. In Fig. 11, we show thév' DISCUSSION

normalized saturation amplitude versus ¢dncentratior(an In this work, a novel two-channel solid-state sensor for
isothern??) for all three sensors with different Pd thicknessestrace H detection has been presented. Two signals are si-
(data in Figs. 3—10 are usedt is seen that the normalized multaneously measured from the OR and PPEI channels us-
OR and PPEI signals for all three Pd—PVDF sensors are iing a single PVDF-based device. The photopyroelectric sig-
good agreement, especially for thicker Pd. The consistencyal was shown to be of superior detectivity in the low-
of the temporal profile, response time, and the normalizediH,]-concentration range below 1% vol. in,NThe PPEI
saturation amplitude of OR and PPEI signals indicates thathannel operates in the thermal-wave interferometric
both signals are due to the same mechanism. Considering tliéferential-signal mode. In contrast, the OR channel oper-
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