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Room Temperature Hydrogen Gas Sensing Using SAW Devices B.H. Fisher1 and D.C. Malocha2 School of Electrical Engineering and Computer Science University of Central Florida, Orlando, FL. 32816-2450 [email protected], [email protected] Abstract— Historically, reliable room temperature sensing of gaseous hydrogen is difficult, and with renewed interest in turning to hydrogen as a source of energy, there is a need for reliable hydrogen gas sensors. Surface acoustic wave (SAW) devices may be implemented as passive, wireless RFID tagsensors; thus in concept, a SAW device with hydrogen sensing capabilities may be implemented passively and wirelessly. The hydrogen sensing methodology explored in this paper focuses on is the placement of a hydrogen sensitive film on a SAW device. When exposed to hydrogen, this film should exhibit a change in electrical and/or mechanical properties, such that the propagation of a SAW in the crystal is affected (i.e. amplitude, frequency and/or delay). Palladium (Pd) is an ideal material for hydrogen sensing because it selectively absorbs hydrogen gas, and ultra-thin films of Pd that are deposited on glass may form nanoclusters[1]. When exposed to hydrogen, these films can exhibit a sharp change in resistivity, primarily due to hydrogeninduced lattice expansion (HILE)[1]. HILE is responsible for swelling of Pd nanoclusters consequently creating more conductive pathways and lowering the resistivity of the film. This behavior is most pronounced for films that are between 1nm to 3nm thick. This paper discusses recent research which explored the use of Pd thin films on SAW devices for the purposes of sensing gaseous hydrogen. The initial application is for a low power, room temperature hydrogen sensor to be used by NASA. Research has been conducted on Pd thin films ranging from approximately 1 to 200 nm in thickness to determine their resistivity. Using deposited and measured Pd thin films at UCF, in-situ resistivity versus film thickness plots were obtained. Based on these plots, a simple model was developed, which predicts the film resistivity versus film thickness over the ultra-thin to thin film regime. In addition, Pd films of varying thicknesses were exposed to 2% hydrogen gas and the change in resistivity was measured, in order to determine the optimal range of Pd film thicknesses for hydrogen sensing operation. Once this thickness range was determined, Pd films of various thicknesses were applied to lithium niobate and quartz SAW devices. The findings of this research, suggests the creation of a novel, room temperature, SAW hydrogen sensor, as well as a resistive hydrogen sensor. Results of the measurements and predictions will be presented. I. INTRODUCTION This paper presents the application of surface acoustic wave (SAW) devices to gaseous hydrogen sensing. It is documented that acoustic and shear wave devices operate well This work is supported by NASA KSC STTR contracts # NNK06OM24C, NNK07EA38C and NNK07EA39C, Florida Solar Energy Center (FSEC), Applied Sensor Research & Development Corp., and the McKnight Doctoral Fellowship



as chemical sensors when a chemically sensitive film is placed on the piezoelectric substrate [2-5]. This chemically sensitive film should exhibit a change in electrical and/or mechanical properties, such that the propagation of a SAW in the crystal is affected (i.e. amplitude, frequency and/or delay). Palladium (Pd)



is an ideal material for hydrogen sensing because it selectively absorbs hydrogen gas, and ultra-thin films of Pd that are deposited on glass may form nanoclusters [1]. When exposed to hydrogen, these films can exhibit a sharp change in resistivity, primarily due to hydrogen-induced lattice expansion (HILE) [1]. HILE is responsible for swelling of Pd nanoclusters consequently creating more conductive pathways and lowering the resistivity of the film (Fig. 1). This behavior is most pronounced for Pd film ranging approximately 1 to 5nm. In characterizing these films for use on SAW devices several plots of film conductivity as a function of thickness were created, from which a simple model was developed. Iterative depositions were performed until a range of film thickness which exhibited the greatest sensitivity to H2 gas was found. Pd films which in this range were applied to SAW devices, where the reflector and propagation responses, were analyzed. II. BACKGROUND INFORMATION The work in this document was inspired by a paper published by T. Xu et al. of Argonne National Labs titled, “Self-assembled monolayer-enhanced hydrogen sensing with ultrathin palladium films [1].” In Argonne’s publication, reversible hydrogen gas sensors were created by coating glass slides with a monolayer of commercial rain repellant (Noctyldimethlychlorosilane in toluene, basically a compound of siloxane) and depositing ultrathin films of palladium (Pd) at a thickness near the percolation boundary on the coated glass slides[1]. In doing this Argonne caused a low surface free energy on the glass slides [6]. When ultrathin films of Pd were deposited they tend to form beads rather than bonds[6]. Thus, when exposed to H2 gas the Pd nanoclusters are free to expand and contract, thereby connecting and disconnecting conductive pathways which results in a swift, reversible change in the film’s conductivity (Fig.1).



Figure 1. The schematics illustrate the formation of increased conducting pathways due to HILE in Pd nanoclusters [1]



UCF, sought to repeat this experiment with the goal of using the technology on SAW devices. Thus, there were some primary deviations from Argonne’s experiment; primarily, no rain repellant (siloxane compound) was used to coat the substrate, and ST quarts wafers were used as substrates. ST quartz is highly polished and thus has a lower surface roughness than glass. Hence, it is fair to assume that ultra-thin films develop differently on glass than they would on polished quartz due to the difference in surface roughness[7]. Furthermore, polished quartz is more hydrophobic (i.e. lower free surface energy) than glass, thus Pd nanoclusters may possibly move freely on its surface in the presence of H2 gas. III. FILM CHARACTERIZATION A. Experimental Design In order to design SAW device hydrogen gas sensors, it is necessary to understand the conductivity of Pd films as a function of thickness. Thus a Pd thin film conductivity model was developed based on the Fuchs-Sondheimer approximation. In order to generate the curves necessary, UCF grew Pd films of various thicknesses on 3 inch quartz wafers in addition to implementing an in-situ resistance measurement scheme. The in-situ process monitors the films resistance at various thicknesses via a resistor structure during film growth. From the in-situ resistor data, the film’s conductivity is extracted. The films which were grown on 3 inch quartz wafers were measured via four point probe and profilometer, from which the conductivity was calculated. In order to attain good and consistent results from this system of measurement, a considerable amount of effort was spent in calibration and preparation. This portion of the report discusses these efforts and presents plots which show convergence of data over various depositions. The convergence suggests that the same film is being reproduced in each deposition by UCF’s electron beam thin film deposition system. This is an important development as it implies that comparatively behaving hydrogen gas sensors may be repeatedly created. 1) Analysis of the In-situ Die There are four in-situ resistor designs which were used in experimentation, three of which were inter-digitated resistor (IDR) designs and the fourth was two large electrodes separated by a distance (parallel electrode resistor, PER). The IDR designs are as follows: • Number of Fingers per bus bar: 10, 20 or 40



• Finger width: 8µm • Aperture: 1.44mm • a/p ratio: 50% • Bus bar dimensions: 5mm x 5mm x 0.18µm • Substrate: 3” ST Quartz wafers • Electrode Material: Gold The fourth in-situ resistor design (parallel electrode resistor, PER) specifications are as follows: • Bus bar dimensions: 5mm x 5mm x 0.18µm • Electrode Material: Gold • Separation between electrodes: 0.3mm • Substrate: 3” ST Quartz wafers The specifications for the PER were adapted from Argonne Labs’ experiment [6]. Gold was chosen as the electrode material due to its slow oxidation at room temperature and its ability to be soldered. This solder-ability in conjunction with the application of silver paint was instrumental in obtaining a stable electrical and mechanical contact. When a thin film is applied to these in-situ structures a resistor is created. The electrical resistance of the structure (with thin film on it) is proportional to the total number of unit squares in the area between the electrodes. For the in-situ resistor designs used here the unit squares are parallel to each other, thus, the equivalent number of squares is the inverse of the total number of squares. In the case of the 0.3mm separated pads the equivalent number is squares is simply 0.3mm/5mm = 0.06. 2) Die Preparation Procedure Through repeated experimentation, trial and error, it was found that the die’s substrate preparation prior to film deposition was critical to reproducing films. After dicing, the die is cleaned repeatedly with acetone and methanol soaked clean-room grade swabs. After attaching the wires, the die are cleaned once more and with acetone and methanol swabs and plasma cleaned with O2 at 150Watts for 1min in an AutoGlow® Plasma system. 3) Measurement Setup and Procedure During deposition the film thickness is monitored by water cooled dual quartz microbalances. The monitoring unit is the SQM180 from Sigma Instruments, which has the capability of measuring growth rates as low as one hundredth of an angstrom per second; UCF’s films were grown at a rate of approximately 0.1 angstrom per second. The resistance was monitored by the computer controlled Agilent 34401 Multimeter, through which resistance data was acquired. At the end, a data file of time versus thickness versus resistance was attained from which the conductivity versus thickness plot was extracted. 4) Development of UCF Pd Ultrathin Film Approximation E.H. Sondheimer derived a model for the electrical resistivity of metals as a function of film thickness, based on the mean free path of electrons in an infinitely thick medium (Eq. 1) [8]. The mean free path is defined as the average distance an electron travels before it collides with the lattice of the medium.
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(2) Equation 1 shows Sondheimer’s approximation for thin films, where t is the film thickness, ρ∞ is the resistivity of an infinitely thick metal and λ∞ is the mean free electron path in an infinitely thick film. Equation 2 shows Sondheimer’s approximation for thick films. When compared to the raw data, Sondheimer’s approximations showed poor agreement for films that were below 30 angstroms thick (Fig. 3). A model was developed that included an exponential component to Sondheimer’s thick film approximation that matches the data more closely.
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Figure 3. Close-up of figure #2 shows the conductivity of Pd films in the ultra-thin regime and highlights the difference between the FuchsSondheimer approximation, the derived model and the measured data. UCF Data shown here represent an average of multiple deposition curves.



(3) Equation 3 displays UCF’s amended Sondheimer Relation resistivity equation. Where a and b are constants determined by curve fitting; the critical thickness, tc, is the approximate thickness that the measured data and the Sondheimer’s approximations disagree. There are a few data points that deviate between 17 to 30 angstroms. This deviation is due to the curve fit; which suggests that equation 3 needs to be amended to account for that curve. Even with these deviations, the model shows fairly good agreement with the measured data over the ranges of thickness.
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Figure 2. This plot shows the change in film conductivity as a function of film thickness. The trace labeled “UCF Data” are collected in-situ using the parallel electrode resistors and 3” quartz wafers onto which Pd films were deposited. Data from the quartz wafers were acquired by depositing Pd films on the substrates, then measuring its thickness via profilometer and its sheet resistance via four point probe.



5) In-Situ Measurement Results The in-situ resistor which was used is the parallel electrode resistor (PER) design. The plots indicate that between 7 to 25 angstrom thick films, there is a steep exponential change in the film conductivity. A five angstrom change might result in a two order of magnitude change in conductivity. Thus if the measurement from the quartz microbalances varies by 3 angstroms over the ultra-thin region the plotted conductivities may vary by as much as 3 orders of magnitude over a given thickness (Fig. 2 & 3). The two most important variables in creating the conductivity versus thickness curves are DC resistance via multimeter and film thickness via quartz crystal monitors. Since the quartz microbalances are known to vary with an age dependency, the high vacuum resistance measurements are considered absolute. Thus the DC resistance associated with the UCF curve will be used as an indicator of the rate of change of the film’s conductivity. The point of the maximum rate of change suggests the area close to the percolation boundary[1]. A plot of the expected in-situ DC resistances from the PER is presented in figure 4. 6) Iterative Pd Film Depositions Several iterative Pd film depositions were performed on the in-situ PER. The goal was to grow films with resistances close to the knee of the resistance curve (figure 4). Each film was cycled with 2% H2 gas while the resistance was observed. The depositions proceeded up the curve until successful reversible H2 gas sensor was found. Films which were not successful only exhibited a single change in response to 2% H2 gas then ceased changing. The film with the best sensitivity and performance was at ≈50kΩ on the PER at an approximate thickness of ≈15 angstroms. From this resistance value and thickness the calculated film conductivity is ≈800S*m-1. This film conductivity corresponds closely to the conductivity of a Pd film on a SAM coated glass substrate, which is at the percolation boundary, as published by Argonne
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National Labs (Fig. 5). It is not clear at this point whether or not this is a coincidence. Parallel to the deposition of the insitu PER was an 80 finger IDR die and a lithium niobate wafer on which were SAW devices and other resistor structures. The SAW response will be treated in the next section. The benefit of growing Pd films on a PER and IDR simultaneously, in that a potential placed across an IDR will produce a much larger electrical field than an equivalent potential across a PER. Thus, any electric field or potential effect on the Pd ultrathin film may be observed. Secondly, the function of the IDR is to lower the overall DC resistance on the film since it has a large number of parallel squares than the PER. The H2 gas cycling of the PER and IDR are shown in figures 6 to 8. In figure 6, the PER was connect to the Agilent 34401A multimeter and the resistance was observed as it was exposed to 2% H2 gas. The film on the PER showed an initial sharp increase in resistance, due to H2 exposure. After a few cycles the resistance began to decrease in response to 2% H2 gas exposure. There was still an overall increase in resistance with each successive cycle, possibly due to the formation of palladium hydride (PdHx). There is also a slow exponential decay in resistance with each cycle, the reason for this is not quite clear at this point. The film on the 80 finger IDR behaved identically (figure 7) to the one deposited on the PER, however the overall resistance was scaled due to the resistor design. The multimeter applies a test current and measures a voltage in order to calculate the resistance via ohms law (V=IR). In the case where the resistance is between 1MΩ to 10MΩ a test current of 5µA is applied. For the case where the resistance is 0 to 10kΩ a 1mA test current is applied, and 100µA for 10kΩ to 100kΩ. For thin film resistor 1mA is a fairly large amount of current to place across a film, this high amount of energy might aid the formation of PdHx. Thus a voltage potential of 1 to 3V was applied to the 80 finger IDR. When a 3V potential was placed across the film only 0.1mA current was resulted (Fig. 8). A decrease in film resistance in the presence of 2% H2 resulted in rapid changes in current flow through the film with an equally rapid return to the current flow prior to 2% H2 gas cycling (Fig. 8). The switching times are approximately 1.5 seconds with around 100% change in resistance. These results suggest that the behavior of Pd ultrathin films, in the presence of 2% H2 gas maybe partially due to a field effect. More work is need prior to making any definitive conclusions.



1 .10



8



1 .10



7



1 .10



6



1 .10



5



1 .10



4



1 .10



3



100 10 1



0



10



20



30



40



50



60



70



80



90



100



Thickness (Ang)



Figure 4. Plot of the in-situ DC resistance versus approximate thickness of Pd film on the PER. The knowledge of the precise thickness is not as important as the resistance, because the resistance indicates the rate of change of the film’s conductivity. It is necessary to note that the resistance reported here is recorded during film growth, while the sensor is still under high vacuum. Experimentation has repeatedly shown that once removed to resistor values begins to change. The precise cause of which has not been investigated.
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Figure 5. Published conductivity vs. thickness curve from Argonne National Labs. The kink in the bare glass plot around 3.3nm indicates the percolation region which is the area of greatest sensitivity to H2 gas. The slope of the films which were deposited at UCF is much larger.



Figure 6. H2 gas cycling of in-situ PER with Pd film. ≈10uA test current was applied to the film



Figure 7. IDR gas cycle with ohm meter. ≈100uA test current was applied to the film



Figure 8. 2% H2 gas cycling of 80-finger IDR die with Pd film, with 3V potential applied across the film. The switching times are approximately 1.5 seconds with roughly 100% change in resistance.



IV. PD FILMS ON SAW DEVICES



Pd Film



In parallel to the effort of find the optimal thickness, Pd films were also placed on SAW devices in order to attain and understand the basic response. The devices were fabricated on YZ cut 3 inch lithium niobate (LN) wafers. LN was chosen as opposed to quartz, due to its high coupling coefficient. From this wafer, a delay line with a reflector was chosen for analysis because it has the two most basic SAW devices components (IDTs and reflectors) and all four S parameters may be used for a thorough analysis. A schematic of the devices is presented in figure 9. Also present on the wafer were various resistor structures. Most notably a 40 finger IDR design from which the in-situ die was designed. Prior to examination of the SAW devices H2 gas response this resistor was cycled with 2% H2 gas in order to assure that the film was indeed hydrogen sensitive. As in prior case of cycling of the IDR there was a slow creep in resistance until a saturation point is reach at which point the film begins to exhibit stable quick reversible changes in the presence of H2 gas (Fig. 10). The switching times are approximately 1.5 seconds with around 33% change in resistance. During Pd deposition the transducers and the entire delay line was masked in order to isolate the SAW reflector response to Pd films and H2 gas (Fig. 9b). On separate



devices, the transducers, the reflectors and the entire delay path, except the area between the transducer and the reflector, were masked in order to view effect of the Pd film on the propagation of the wave without placing the film directly between the transducers (Fig. 9a). The goal was to deposit a film within the desired range of resistivity; an in-situ PER sensor was used as an indicator of the film’s resistivity. The ebeam’s shutter was closed at when the PER produced readout of 50kΩ as previously described. The wafer was analyzed on an RF probe station with a vacuumed chuck, balanced RF probes and a vector network analyzer (VNA). A manipulator was used to mount a hose through which 2% H2 gas was flowed precisely onto the Pd covered reflector bank. The measurement procedure was simple: flow H2 gas, save S-parameters, turn off gas, wait a fee seconds and save S-parameters. This process was repeated until four cycles were completed. The plots of the S-parameters show a sharp increase in reflectivity as well as delay change with each H2 cycle (Figs. 11 to 14). In both cases where the Pd film was only on the reflector bank or placed on the delay path between the reflector and the transducer an increase in resistivity was observed. Figures 12 and 14 shows a close-up of this behavior. Since the reflectivity is generally increasing with H2 exposure, it suggests that the Pd film resistivity may be increasing, which would tend to open circuit the region between reflector electrodes. Initially, the reflector response is damped as compared to the case without the Pd film and then increased with each H2 gas cycle. Assuming that damping is due to electrical shorting, it would appear that the Pd film resistivity is increasing with each successive H2 gas cycle. If it were a mass loading effect, it would be expected to see only a delay change and no change in reflectivity. If it is a resistive film-SAW relaxation effect, it might be ambiguous with just this simple experiment.
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Figure 9. (a) Schematic of SAW delay line on lithium niobate with Pd only between the transducer and reflector bank. (b)On the same wafer there were delay lines with Pd only on the reflector bank



V. CONCLUSION
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Figure 10. Plot of the H2 gas cycling of a 40-finger inter-digitated resistor (IDR) on lithium niobate substrate. As in prior case of cycling of the IDR there was a slow creep in resistance until a saturation point is reach at which point the film begins to exhibit stable quick reversible The switching times are changes in the presence of H2 gas. approximately 1.5 seconds with around 33% change in resistance in each cycle.
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UCF conducted a study of palladium thin films for possible use as hydrogen gas sensors. A Pd thin film resistivity model was created by amending the Fuchs-Sondheimer’s approximation and performing a curve fit to find unknown coefficients. The reversible change in resistivity in a ≈1.5nm Pd film due to 2% hydrogen gas exposure indicates that these films are suitable for hydrogen sensing applications. This suggests that the creation of a SAW hydrogen sensor using Pd ultra-thin films is possible. Pd films were also grown on SAW devices on a YZ cut lithium niobate substrate. The SAW reflector response was observed, it showed a change in reflectivity and delay proportional to the Pd films resistivity. This is very useful information and brings optimism for the coming set of experiments.
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Figure 11. S21 time domain response of SAW delay line. Delay line with Pd in delay path (between the transducer and reflector bank). The change in propagation loss with each successive cycle is quite clear.
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Figure 12. P S21 time domain response of SAW delay line. Delay line with Pd in delay path (between the transducer and reflector bank). Close-up reflector bank in the S21 time domain response. A comparison of the traces labeled “DL w/o Pd” and” Before Exp” shows a change in delay as well as reflectivity due to the presence of the Pd film. There is also a gradual increase as well as delay change with each exposure to H2 gas.
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Figure 13. S21 time domain response of SAW delay line. Here a Pd film is place on the reflector bank. The change in reflectivity loss with each successive cycle is quite clear.



Figure 14. S21 time domain response of SAW delay line. Here a Pd film is place on the reflector bank. Close-up reflector bank in the S21 time domain response. A comparison of the traces labeled “DL w/o Pd” and” Before Exp” shows a change in delay as well as reflectivity due to the presence of the Pd film. There is also a gradual increase as well as delay change with each exposure to H2 gas.
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