Polymeric Humidity Sensor Based on Laser Carbonized Polyimide Substrate
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This research demonstrated some of the capabilities of a laser carbonized polyimide substrate functioning in an all polymer humidity sensor.  Most polymeric chemical sensors are based on alumina or silica substrates with gold or silver deposited wiring.  These sensor substrates are relatively expensive and complicated to manufacture.  A Kapton-based all-polymer substrate is a possible alternative for use in future chemical and biological sensing applications.  The substrate was carbonized to form electrically conducting filaments using a focused cw Argon Ion laser beam operating at 364nm and 514nm.  The substrate was coated with a hygrosensitive polymer and tested varying humidity, test frequency, test voltage, and temperature.  Two separate hygrosensitive polymer coatings were tested:  2-hydroxy-3-methacryloxy propyltrim ethylammonium chloride (HMPTAC) and polyethylene oxide doped with lithium perchlorate (PEO-LiClO4).  Humidity detection was used as a proof of concept for future research into chemical and biological agent detection.  Results demonstrate the Kapton based sensor performed as well as an alumina gold substrate and indicate the all polymer substrate is a viable sensor substrate for future use in chemical detection systems.

Background

The problem of developing small, real time point detection systems for chemical agents is being addressed all over the world [1-17].  Proposed approaches use various detection schemes, but virtually all are using the same substrate to build their sensing device: a silicon or alumina platform with deposited gold or platinum wiring.  This substrate introduces special problems to the sensor design.  Silicon substrates with gold wiring are expensive and sometimes need to be post-processed at the manufacturing facility [1-4].  Both silicon and alumina substrates have shown adhesion problems since the interface between a metal and a polymer coating can be degraded through either differing rates of contraction/expansion or simply a hot metal surface trapping heat under the thin insulating polymer coating [1]. For our purposes silicon is too brittle and alumina is too rigid, which could lead to sensor damage under torsion or bending stress.  We are trying to develop flexible chemical and biological sensing materials that can be integrated into a chemical protective over garment.  In this application, a sensor connected to a Boolean response indicator gives each individual chemical detection capability in a chemical hazard area. 

While cost issues and fabrication problems are not critical in the laboratory environment, future research should work in parallel to develop a sensor substrate that would minimize these potential issues in a real world application.  We believe a carbonized polymer is a candidate for an ideal substrate.  Kapton is an example of an insulating polymer that can be laser-carbonized to form conducting filaments.  This substrate is flexible, durable, inexpensive and easy to manufacture.  While the Kapton polyimide is a good insulator, research has shown that the laser-carbonized filaments are fair conductors [18,19,24].  Additional opportunities to increase the effectiveness of some sensor designs lie in the fact that the carbonized filaments are porous and their resistivity can be manipulated easily during processing.  The resistivity of carbonized Kapton filaments is a function of laser energy density and wavelength.  Energy density is controlled by the scan speed, focus of the laser beam, and the total number of scans.  At the present time, these combinations are repeatable to within ±20% of output resistivity. Researchers discovered that lines as narrow as 10 (m in width and specific resistance as low as 0.01 (cm could be achieved using cw lasers in the 350 – 380 nm UV region [22].  Raman spectra of the filaments have shown the material is principally a "glassy" carbon composed of small crystallites [18].     

During the last two years, our laboratory has developed several capacitive-type humidity sensor prepared on Kapton substrates using filaments carbonized with UV or visible laser light as electrodes and a coating of either 2-hydroxy-3-methacryloxypropyltrimethylammonium chloride (HMPTAC) or polyethylene oxide doped with lithium perchlorate (PEO-LiClO4) as the hygrosensitive dielectric [25].  The Kapton-based circuit was able to determine humidity changes in a controlled atmosphere between 0 – 95 % relative humidity.  The sensors displayed a smooth logarithmic response to water vapor and no deterioration over eight months of use.  Research continues with the humidity sensor to optimize the design and sensitivity parameters. While these humidity sensors are intended to demonstrate the viability of the all-polymer substrates, they could be adapted to perform inexpensive humidity detection in a diverse set of environments.  

Experiment

Pyrolysis Procedure
A Coherent Innova 200 argon ion laser operating at 514 nm or 364 nm was used to pyrolyze Kapton samples (Figure 1).   Pyrolysis took place in a custom made chamber consisting of a 10(5(8 cm black aluminum box with a removable lid sealed with a rubber gasket.  The chamber had a .635 cm (1/4") Swagelok inlet and exhaust port to deliver the argon gas flow at 2 L/min throughout pyrolysis.  The front side of the chamber contained a 1 cm thick quartz window.  The chamber served two purposes:  the atmosphere surrounding the Kapton sample could be controlled and the hazardous byproducts of pyrolysis could be exhausted safely.  

500HN (127 m thick) Kapton sheets were used as received from DuPont.  The sensor pattern (Figure 2) was laser carbonized onto 3(1 cm piece of Kapton under an argon atmosphere in the pyrolysis chamber.  A General Scanning Inc. (Billerica, Massachusetts) DE 2000 scanner was used to control the laser pattern on the Kapton surface.  Laser beam was focused using a CaF2 plano-convex lens having a focal length of 20 cm. 

The laser pyrolysis mechanism of Kapton is described in detail elsewhere [18-24].  Carbonization of a typical sensor was carried out with an energy density of 0.60 – 1.80 J/cm2.  Energy density is a function of scan speed, laser power, total number of scans, and the pyrolysis wavelength.  The relationship between energy density and filament composition is under study.  Figure 5 is a scanning electron microscope image of a filament formed from multiple scans from a laser with an energy density of 1.80 J/cm2 at a pyrolysis wavelength of 514 nm.


[image: image9.jpg]U. S. Army Research Laboratory - Matthew H. Ervin, Ph.D.
285692 8.7 kV x350 5.7





Figure 1: Laser pyrolysis experimental set-up.  Argon ion laser is tunable to 333, 364, 488 and 514 nm.
Sensor Fabrication

After carbonization, the sensor substrate was taped to a glass slide to provide rigidity throughout fabrication and testing.  Wire leads were attached to the ends of the carbonized filaments using silver paint (Figure 2).  The substrate was drop coated using a 7.22 mg/mL HMPTAC/methanol or 10.0 mg/ml PEO-LiClO4/acetonitrile solution in a dry nitrogen atmosphere.  The sensor was dried at 60 ºC for 24 hours before testing. 

[image: image2.wmf]
Figure 2: Tongue and fork sensor design.  The carbonized filaments are raised above the Kapton surface.

99.9% anhydrous methanol was used as purchased.  HMPTAC was purchased from Aldrich.  Solid HMPTAC was placed in the methanol at room temperature and sonicated for 2 hours.  The saturated solution was separated from any remaining solid material.  Final solution had a slight yellow tint and was slightly viscous.   

99% acetonitrile was used as purchased.  PEO (MW ~4,000,000) was purchased from Aldrich and used without further purification.  99.99% LiClO4 was used as purchased from Aldrich.  PEO and LiClO4 were combined in a 5 to 1 ratio by mass.  The PEO and LiClO4 needed to be dissolved separately and then mixed to prevent clumping.  The PEO mixture took several days to dissolve at room temperature.  Heating did not appreciably accelerate the process.  The resulting PEO-LiClO4 solution was viscous and clear.  

Testing 

The testing station consisted of a Dell computer running LabVIEW to control and record testing conditions.  Two computer controlled Aalborg GFC17 mass flow controllers were used to deliver known amounts of extra dry nitrogen and nitrogen saturated with water vapor to a Plexiglas 15×10×8 cm test box.  The glass slide containing the sensor was placed opposite an Omega RH-62C-MV analog hygrometer in the test box.  The sensor and the Omega hygrometer were separated by 2 cm.  The test box and the hygrometer were placed in a Sigma Systems M10, liquid nitrogen cooled thermal chamber.  Thermal chamber with controller was able to hold the temperature of the test to within one degree Celsius.  The hygrometer output was sent through a National Instruments SB68 controller to a National Instruments Data Acquisition Card (DAC).  The two leads from the fabricated sensor were fed through Kelvin clips into a QuadTech LCR 1970 meter.  The LCR meter output was then sent to LabVIEW using a GPIB cable.

Note on testing limits:  The Omega RH-62C-MV analog hygrometer is only valid 5-95% RH.  After purging the system for 24 hours with extra dry nitrogen, we were confident that virtually no water vapor remained in our system.  As the automated mixing was performed during testing, the relative humidity curve was linear with an intercept at 0%RH.  From this measurement, 1-5% RH data was extrapolated for the very sensitive PEO-LiClO4 sensor.

Experimental Results and Discussion

Complex impedance measurements of the sensors showed separate response profiles to changes in humidity.  The HMPTAC coated sensor displayed a continuous response over 5 – 95% relative humidity (Figure 3).  The PEO-LiClO4 coated sensor showed immediate response to even the smallest water vapor and continued through 95% humidity (Figure 4).  The sensor substrate was optimized for dynamic range by varying the filament conductivity, sensor area, and coating thickness.  The sensor was also tested for voltage, temperature and frequency dependence.  The optimized HMPTAC sensor was compared to a sensor formed on an alumina/gold substrate fabricated by the Sakai group.  If not stated otherwise, all measurements were carried out at 20 ºC and 1000 Hz.


[image: image3]
Figure 3: HPMTAC sensor performance.  Sensor was optimized for sensitivity and response time.
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Figure 4: PEO-LiClO4 sensor performance.  Sensor was not optimized.

Pyrolysis Energy Density

By varying the surface pyrolysis energy density, filaments of different size and conductivity can be built (Figure 5).  Initial experiments showed that both filament conductivity and size had only a small effect on sensor performance.  The range of filament conductivity and size was purposely limited for this series of experiments.  Further experimentation in this area is still needed.  It is hoped that in the future, a greater control over the filaments properties (size, conductivity, porosity) will lead to a more tailored sensor substrate. 


[image: image5]
Figure 5: SEM image of a larger carbonized filament.  Filament formed with 5 passes of the laser at a scan rate of 111 mm/s and total laser energy of 1.80 J/cm2.  The filament exhibited a resistance of 1.29 k/cm.
Sensor Area

Sensor area is the amount of polymeric surface that interacts with the analyte gas (water vapor) between carbonized filaments.  The different combinations of circuit design and filament spacing can be used to manipulate sensor area.  The basic sensor design was based on a capacitive type circuit with complex impedance being the measured circuit parameter.  Several circuit designs were used ranging from the tongue and fork design illustrated in Figure 2 to a six-fingered comb design.  Filament spacing is defined as the distance measured between two filaments.  The filament spacing can be viewed as the dielectric distance between two capacitive plates.  By varying the design configuration and the filament spacing, the area between filaments was optimized for the widest dynamic sensor response range.

A wider dynamic range was shown to correlate to a smaller interaction area.  The widest sensor range was found using a simple tongue and fork design (Figure 2) with a 20 m filament spacing.  This behavior should seem intuitive.  It follows that the smaller the sensor area, the greater the sensitivity to a change in the environment and the wider the sensor's response.  Research using microdots of polymeric sensing materials have shown similar results [5].  

The PEO-LiClO4 coated sensor demonstrated the versatility of design on the performance of the sensor.  The more water sensitive the coating material the more surface area could be exposed.  The PEO-LiClO4 had double the surface area and, as illustrated in Figure 4, still responded over the full range of relative humidity.  Reducing the sensor area resulted in no net change in dynamic response.  This may be due to the testing system not being able to accurately measure relative humidity below 5%.  Figure 4 illustrates extrapolated data based on the slow mixing of extra dry nitrogen with saturated wet nitrogen.

Polymer Coating Thickness  

The thickness of the HMPTAC sensing layer was directly related to the sensitivity and response time of the sensor.  The thickness was defined as the amount of the HMPTAC polymer drop coated onto the sensor area.  For thinly coated sensors a small increase in the dynamic range was observed as the thickness increased from 5.7 g/mm2 ( 17.2 g/mm2.  However at a thickness of 22.9 g/mm2, the sensor exhibited a dramatic increase in dynamic range from 22 ( 95% RH to 5 ( 95% RH.  Curiously, this large increase was unique to the small sensor area design.  For sensors with wider spaced filaments (60 ( 150 m) or greater sensor area (four or six fingered comb designs), the range remained constant at 22 ( 95% RH.  A thickness of HMPTAC at 22.9 g/mm2 was optimal for the small sensor design.   Additional drop coating to increase the HMPTAC layer thickness increased sensitivity only slightly, but greatly increased sensor response time.  The slow response mechanism was attributed with the thick coating.  The overall proposed mechanism for hygro sensitivity is based on ion transport: chlorine/hydronium ions for the HMPTAC sensor and lithium/hydronium ions for the lithium perchlorate sensor [26].  For very thick sensor coatings, after being detected the water molecules become trapped deep in the sensing material and can not rapidly migrate back to the surface.  These sensors showed little hysteresis when the relative humidity was changed slowly (1.3% RH per minute) (Figure 6).  The sensors demonstrated a response time of 30 seconds for a step increase in relative humidity from either 40% to 90% or from 90% to 40%.   

The PEO-LiClO4 sensor had a similar response.  Unfortunately the sensor thickness was not optimized.  The PEO-LiClO4 coating was 41.6 g/mm2 and responded quickly to rises in RH (<30 seconds for a 5% increase) but had very large recovery times (>10 minutes for a 5% decrease in RH).  This may or may not be a disadvantage.  In some sensing applications, a Boolean response to analyte presence is all that is required.  The rapid detection of water vapor may be the only interest in some systems.    

Frequency and Voltage Dependence
Sensor impedance response was measured from 100 Hz to 1 MHz.  As shown in Figure 7, the HMPTAC sensor had the largest linear dynamic range at a frequency of 100 Hz.  While 100 Hz produced a larger linear dynamic range, at low humidity the noise was significant; thus reducing the precision of the measurement.  At 1000 Hz the noise contribution is less significant and produces a linear range almost as large.  These results correspond to research done on other sensors using alumina or silica substrates [27].  Figure 7 shows the HMPTAC sensor response to frequency.  The PEO-LiClO4 sensor did not show any difference in response with change in frequency.  This is attributed to the difference in sensing mechanism between HMPTAC and PEO-LiClO4.  The sensor performance was measured using test voltages from 0.02 to 0.80 V.  The sensors were not affected by the changes in the test voltage.    


[image: image6]
Figure 6: Change in sensor response at various HMPTAC coating thickness and rates of change in relative humidity.         34.6 g/mm2 at 1.3% RH/min,  46.0 g/mm2 at 1.3% RH/min, 34.6 g/mm2 at 51% RH/min, 46.0 g/mm2 at 51% RH/min.


[image: image7]
Figure 7: Frequency dependence of the HMPTAC sensor response.  The PEO-LiClO4 sensor displayed no dependence on frequency.
Temperature and gas flow

Over the testing range, there was no difference in sensor performance from 20(C – 40 °C for either sensor.  However the sensor baseline impedance was very dependant on the temperature of the system and the flow rate of the dry nitrogen.  To ensure our entire system was initially water vapor free, the PEO-LiClO4 sensor was purged for 24 hours with extra dry nitrogen.  While the baseline impedance for a dry sensor varied, the logarithmic response in the presence of water was significantly larger than the baseline.  These sensors showed an immediate measurable responsive to a change in relative humidity of ±2%.    

Comparison with Alumina/Gold Substrate 

The HMPTAC sensor was compared directly to results reported by the Sakai research group of Ehime University of Japan [26].  Sakai's sensor was tested at 30 °C while ours was tested at 20 °C.  We tested a sample sensor from 20 °C – 40 °C and observed no difference in dynamic range.  The sensor performance compared well with the alumina/gold sensor substrate fabricated by the Sakai group (Figure 8).  For both the Sakai and Kapton sensor the top line shows the response when going from dry to wet conditions and the bottom line indicates the return from wet to dry.  However the two sensors were tested at different temperatures and this could have some impact on a direct comparison of the slight hysteresis noticed in the low humidity range. 


[image: image8]
Figure 8: Kapton all-polymer sensor response at 20 (C (  ) compared with Sakai alumina/gold substrate sensor at 30 (C (   ).

Future Direction
This research demonstrated that an all-polymer sensor substrate is a viable substitute for the alumina/gold substrate used in current sensor designs.  The dynamic sensing range, response time and hysteresis were comparable to the alumina/gold sensor substrate.  Small differences in performance can be attributed to sensor design rather than substrate characteristics.  Our future research into chemical sensing will test the versatility of the Kapton substrate in other sensing applications.  There are several areas of future development:

1- Substrate enhancement using pretreatment of carbonized filaments with inculcating compounds to enhance electrical conductivity.

2 - Chemical sensor matrix designed to detect and distinguish between several analytes.

3 - Bio detection incorporation using an antibody/antigen scheme and taking advantage of the high surface area of the carbonized filaments.  

4 - Bio energy conversion substrate again using a proton pumping scheme developed at University of California at Santa Barbara’s Institute for Collaborative Biotechnologies.

The morphology of the carbonized Kapton filaments and its effect on the sensor's performance is currently being investigated using the humidity sensor as a proof of concept.  
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