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Abstract

This paper presents an investigation into a screen printable piezoelectric paste formulated from a blend of PZT-Pz29 powders of different mean particle size mixed in an organic vehicle. In order to enhance d33 properties of the thick-film (a piezoelectric coefficient), no binder material was mixed into the paste. The d33 coefficient and maximum applied electrical field of devices processed at peak temperatures of 150ºC, 200ºC, 750ºC, 850ºC and 1000ºC were measured and the film adhesion assessed using scratch and tape tests. The applications that would benefit from these enhanced properties are also discussed.

The thick-films produced at these processing temperatures showed good adhesion to 96% alumina substrates. They also showed the ability to withstand high electrical fields and a significant enhancement in d33 when compared to thick-film materials processed at similar temperatures using polymer or glass binders. A maximum average d33 value of 168pCN-1 was obtained for samples processed at a peak temperature of 1000ºC. This is 28% higher than the reported d33 value for a conventional piezoelectric thick-film processed at the same temperature. All samples withstood electric field strengths of over 14MVm-1 which is between 2.5 to 4.5 times higher than that used for conventional piezoelectric thick-films. 
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1.
Introduction
Piezoelectric materials are used in a wide range of applications including: micro actuators, accelerometers, generators, sensors, sonic and ultrasonic devices. To cater for these different applications, a range of piezoelectric materials have been developed with characteristics optimised for these specific applications [1,2]. The d33 coefficient describes both actuator and sensor characteristics. In an actuator application a high strain for a given applied electrical field is needed to get the maximum displacement from the material with the smallest possible applied voltage and in this instance, d33 is expressed in units of pmV-1. In sensor applications, the maximum charge output per unit of applied force is required and so d33 coefficients are usually expressed in terms of pCN-1. 
The environment in which the piezoelectric material is used is also important and can determine the type of piezoelectric material required. For example, if the device is likely to be subjected to high temperatures, then a piezoelectric material with a high Curie temperature is required. Examples of this type of application include an ultrasonic soldering iron [3] and spark plugs in petrol fuelled vehicles. One of the most commonly used piezoelectric ceramic materials is lead zirconate titanate (PZT), the characteristics of which can be changed by the manufacturer through altering the amount of lead mixed within the compound [1]. 

Piezoelectric ceramics are available in a wide range of shapes and sizes to suit different applications. In order to create devices having a thickness in the range 50-200(m, however, it is necessary to use expensive cutting or lapping procedures and this can result in the structure being very fragile [4]. Further processing is then required to attach the structure to a substrate and cut it to the required shape.

Piezoelectric thick films offer alternative methods for fabricating piezoelectric structures as thin as 10(m. There are several different methods that can be used to fabricate piezoelectric thick films, including: tape casting [5,6], sol gel [7], spray painting [8] or screen printing [9]. The fabrication method described in this paper is achieved using a screen printing technique. Screen printing thick-films is a low-cost and accurate method of depositing materials onto a substrate in the desired pattern with no further trimming processes required.
2.
Piezoelectric pastes for screen printing
The thick-film screen printing technique requires the piezoelectric material to be in a paste format to allow it to be printed. There are a range of commercially available thick-film pastes with different properties, which can be used to make resistors, thermistors, conductors and dielectrics. Piezoelectric pastes, however, are not commercially available at the present time. 
Piezoelectric thick-film pastes are generally made using three components: an active material, a binder material and a vehicle or solvent. The active material largely affects the characteristics of the film. The binder material is used to create a solid matrix within the film, which holds the active material together and adheres the film to the substrate. There are two main types of binder that are used to create thick-films: polymers and glass. Polymer binders are generally used to create thick-films that can be printed on a range of substrates. This can be achieved because the film polymerises (forms a solid matrix) at relatively low temperatures. Depending on the polymer the film can polymerise at room temperature over a period of 24 hours, but the process can be accelerated up to a time of 1-2 hours by heating the film to a temperature of 150 - 200°C. This process is often referred to as curing. 

There are a number of different types of thick-film glass binders [10]. They are generally available in powder form and can withstand much higher temperatures than polymers. They are used in thick-films that require high temperature processes (800°C to 1000°C) to improve the films characteristics. This process is termed firing and different glass types are typically fired in the range of 380-900°C. 
The vehicle is a solvent, which when added in the correct quantities to the active material and binder produces a paste with the correct rheological properties for screen printing. In particular the resulting paste needs to be thixotropic, exhibiting flow properties when put under pressure by a squeegee during the printing process, yet remaining solid and retaining its shape once printed.
3.
Screen printing technique

The thick-film screen printing technique is used to deposit films with different characteristics in a layer-by-layer process in order to fabricate a specific type of device. In the case of thick-film piezoelectric devices, there are two conventional design types. Fig. 1 illustrates the printed layers of the two different structure types, where a) is an interdigitated design and b) is the more commonly used capacitive design, where the piezoelectric material is sandwiched between two electrodes. In both designs the piezoelectric paste forms the only direct path between the two electrodes. These two structure types can be used for both low temperature curing polymer and high temperature firing ceramic piezoelectric devices. 
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Figure 1: a) Interdigitated piezoelectric structure. b) Capacitive piezoelectric structure.

In order to fabricate the piezoelectric device shown in Fig. 1 b), three separate screens are required; one for each layer. The screens are constructed from a woven mesh of stainless steel or nylon wires, covered in an ultra-violet sensitive emulsion and mounted in a frame under tension. The required pattern for each layer is subsequently formed photolithographicaly on the layer of ultra-violet sensitive emulsion, leaving only the pattern area with open mesh holes. The screen is then secured to the printer and an appropriate substrate is placed underneath the screen and aligned to ensure the film is printed in the correct position. The paste is then placed onto the screen in front of the squeegee printing blade (in this case the first layer is made from a paste with conductive properties). The paste is then dispersed across the screen by the squeegee during the print stroke and pulled through to the underlying substrate by surface tension, thereby forming a bottom electrode. Once printed, each layer requires a settling period, where the layer is left for a period of 5 – 10 minutes to allow the film to level out. The film then has to undergo a drying process and finally, firing or curing depending on the binder type. After all of these processes the next layer can be printed onto the substrate. It is sometimes possible to dry a film and then print directly on top of it, before “co-curing” or “co-firing” both layers simultaneously. Conventionally, however, each layer is cured or fired separately. 

There are a number of solutions for forming piezoelectric structures at low temperatures (under 200ºC) including: polymer piezoelectric thick-film, with a reported d33 of around 15pCN-1[11,12], PVDF which is commercially available in a sheet form and has d33 values up to 30 pCN-1 [13] and piezoelectric paint, which can be applied using a spray painting method, cures at ambient temperature and has reported d33 measurements of up to 20pCN-1 [8]. Xu et al utilised a laser transfer technique with the potential to transfer high temperature firing (1150-1250ºC) piezoelectric thick-films onto a range of substrates including, metals and plastics, the latter of which would not be able to withstand these firing temperatures[14,15].
The advantage of removing the binder material from the paste mixture is that all conventional binder materials are dielectrics and therefore reduce the conductivity between powder grains. The lack of binder material, however, will affect the adhesion of the film to the substrate. A range of processing temperatures were investigated to determine the effects on d33 and the quality of adhesion of the thick-film to the substrate. The processing temperature of a thick-film piezoelectric device is important as it determines the range of substrates that it can be printed upon. 

4.
Prototype device fabrication
4.1.
Paste Mixture

The paste mixture was based on a powder blending method reported by Torah et al [16,17,18], using PZT powder with average grain sizes of 2(m and 0.8µm mixed in a 4:1 weight ratio, but with no binder material added to the paste. The powder was mixed with a pestle and mortar in order to evenly distribute the powder and break down any large lumps of powder that had formed. To create the paste, the powder was subsequently mixed with an organic vehicle (Electro-Science Laboratories, ESL400). The mixture was then put through an Exact 35/50 triple roll mill to remove any remaining lumps within the paste, improve the dispersion of the particles and render the paste screen printable.

An alternative PZT powder supplier (Ferroperm) was used from that of the work reported by Torah et al. In order to assess any changes that the binderless paste may have made to the d33 coefficient of the thick-films, a control experiment was set up to initially fabricate comparative samples using the same paste mixture and processing parameters as reported by Torah et al with a 10%wt CF7575 glass binder and 4:1 wt ratio between powders of 2(m and 0.8µm respectively. The results revealed an average d33 of approximately 107pCN-1 for samples with a silver polymer top electrode poled at  3MVm-1 and 200ºC for 10 minutes, with the voltage being removed after the samples had been cooled to approximately 60ºC. This was slightly lower than the samples produced by Torah et al, which were quoted at 121 pCN-1 for samples poled at 200(C and 3MVm-1 for 5 minutes and 131pCN-1 for samples poled at 200(C and 3MVm-1 for 30 minutes.

In order to allow the new paste to be successfully printed without delaminating (due to a lack of binder material), a new test structure was designed to hold the PZT layer in place. Fig. 2 illustrates the thick-film layers required to fabricate the new capacitive design test structure. It differs from the conventional capacitive structure shown in Figure 1b) as the PZT layer does not overlap the bottom electrode. Therefore in order to separate the top and bottom electrodes and secure the edges of the PZT film, an extra dielectric windowing layer was printed on top of the bottom electrode and around the edges of the piezoelectric film. The top electrode is then printed over both the piezoelectric film and this dielectric layer. The silver-palladium underside electrode shown in Fig. 2 does not make up part of the capacitive structure. It is simply included to allow measurement of the d33 coefficient by electrically connecting it to the bottom electrode after poling. This process is described more fully in section 5.2.
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Figure 2: Capacitive type test structure for binderless piezoelectric paste.

4.2. Fabrication method

Apart from the proprietary binderless PZT paste, all other thick-film pastes used in the production of the prototype devices were supplied by Electro Science Laboratories (ESL)[19].
The substrates were initially printed with a gold bottom electrode (ESL 8836) on an Aurel C880 screen printer and then left to level for 10 minutes before being dried in a DEK 1209 infra red drier for 10 minutes at approximately 140ºC. A silver/palladium layer (ESL 9633) was then printed on the reverse side of the 96% alumina substrates to allow d33 readings to be made using a Take Control PM35 Piezometer [20]. This paste was also left to settle for 10 minutes before being dried again at 140ºC for 10 minutes. The gold and silver/palladium electrodes were then co-fired in a BTU Engineering Corporation six zone (six heating elements) belt furnace for approximately 60 minutes, reaching a peak temperature of 850(C. Fig. 3 shows an approximate temperature profile of the furnace for this firing cycle, where the peak temperature is maintained for approximately 10 minutes.
 
[image: image4]
Figure 3: Typical furnace temperature profile, with 850(C peak temperature held for approximately 10 minutes.
Two layers of the binderless piezoelectric paste were printed on top of the gold electrode. Each layer was left to settle for 10 minutes before being dried in an IR drier for 10 minutes at 140(C. 

Three substrates (30 sample devices on each substrate) were then fired in the six zone belt furnace, with temperature profiles similar to that shown in Figure 3. One substrate was processed at a peak temperature of 1000(C, a second substrate with a peak temperature of 850(C and the third substrate with a peak temperature of 750(C. 

A further two substrates were simply left without any further processing to the PZT layer. All five samples then had two layers of a polymer dielectric (ESL240-SB) printed around the edges of the PZT layer to anchor the PZT layer to the underlying gold electrode. Each layer was left to level out for 10 minutes before being dried at 140(C for 30 minutes. 
A silver polymer top electrode layer (ESL1110-S) was then printed on top of the PZT/ polymer dielectric layers, left to settle for 10 minutes before being dried at 140(C for 10 minutes and finally both layers were co-cured at 150(C for two hours. 
4.3.
SEM micrographs of each sample type 
In order to investigate the level of sintering between PZT powder particles, at the different processing temperatures, SEM micrographs of each sample type were taken for comparison and are shown in Figs 4-7.
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Figure 4: SEM micrographs of binderless piezoelectric thick-film fired at peak temperature of approximately 1000ºC, where (a) is low resolution and (b) is high resolution.  The two black circles shown in b) represent particle sizes of 2(m and 0.8(m diameters.
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Figure 5: SEM micrographs of binderless piezoelectric thick-film fired at a peak temperature of approximately 850ºC, where (a) is low resolution and (b) is high resolution. The two black circles shown in b) represent particle sizes of 2(m and 0.8(m diameters.
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Figure 6: SEM micrographs of binderless piezoelectric thick-film fired at a peak temperature of approximately 750ºC, where (a) is low resolution and (b) is high resolution. The two black circles shown in b) represent particle sizes of 2(m and 0.8(m diameters.
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Figure 7: SEM micrograph of binderless piezoelectric thick-film cured at 150ºC for 30 minutes in an IR drier. 
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Figure 8: Conventional piezoelectric thick-film fired at approximately 850ºC with glass binder. 
Figs 4-7 show SEM micrographs of the surfaces of the binderless piezoelectric films produced using different processing temperatures.  The SEM micrographs in Figs 4-6 a) and Fig. 7 show a very densely packed structure from all of the samples when compared to an SEM micrograph of a conventional glass bindered piezoelectric thick-film shown in Fig. 8, which appears to show a greater density of surface voids. There are, however, a number of visible crack formations over the surface of the film fired at a peak temperature of 1000ºC. This is likely to be due to the higher cooling rate experienced by the samples, as they return to room temperature from a higher firing temperature in the same period of time as all of the other fired samples. 
The increase in temperature can be seen to produce a higher level of sintering between the PZT powder grains, with the PZT grains being very apparent in the SEM of the sample dried at 150ºC (Fig. 7) and at higher temperatures becoming less visible. The grains in the structure of the sample fired at a peak temperature of 1000ºC (Fig. 4) appear to be more highly sintered together and although the outline of some of the grain boundaries are still visible, they are all fused together. This increase in the sintering of powder particles is evident in Figs 4-6 (b) when comparing the 2(m and 0.8(m diameter circles to visible grain boundary sizes. 
5.
Results

5.1.
Testing the level of bonding between PZT thick-film and substrate
Scratch test

The scratch test involves using a metal blade or scribe to scratch the surface of a film in order to assess the level of adhesion between the film and the surface it is printed onto. There is no standardised scratch test method - it is generally used as a quick comparison between samples. There are two different methods of scratch test. A constant applied force method or a measure varying the force required to remove the film. The former method was used here employing a 1mm blade flat head screw driver. The tests showed that the films of samples produced at lower temperatures were more easily removed than those fired at the highest temperature. This can be attributed to the differing degree of sintering that had taken place during the different peak processing temperatures and is evident in the SEM micrographs. Although all of the films could be removed (and by definition, failed the scratch test) they all exhibited good adhesion to the substrate and did not fall off even when the substrate was tapped on a table. 
Tape test

The tape test involves sticking a strip of adhesive tape over the surface of a film and then peeling back the tape. The amount of material removed by the tape gives an indication of how well the film is adhered to the surface it is printed on. Traditionally, if any of the printed film is removed by the tape then it is considered to have failed the test. When applied to the binderless films all of the samples passed, with the exception of the samples fired at 750ºC, of which a small layer of the PZT powder was removed by the tape. 
By comparison, when the scratch and tape tests were applied to the piezoelectric thick-films with glass or polymer binders all samples passed both tests.

Break down strength
The break down strength of each sample type was investigated by applying an electric field across the top and bottom electrodes of the sample using an SRS PS310/1250V-25W high voltage source with a maximum voltage supply of 1250V. Five individual specimens were tested from each sample type and all were found to withstand the maximum 1250V level with the exception of the samples fired at a peak temperature of 1000(C, which withstood an average voltage of 1150V. From these measurements the electric field strengths could be calculated using the average film thickness for each sample type (c.f. Table 1). The electric field strength for all samples was in excess of 17MVm-1, with the exception of the samples fired at 1000(C, which had an average breakdown electric field of 14.4MVm-1. This is 3 to 4 times higher than the thick-film piezoelectric samples produced with glass or polymer binders which usually fail at 3.5 – 5 MVm-1 [21]. This large increase in ability to withstand electric fields is believed to be due to an increase in the permittivity of the binderless thick-films. Typically glass has a relative permittivity of around 6 [22] and makes up 12% volume of the paste mixture compared to a relative permittivity of 2900 for PZT-Pz29 [2], which makes up 88% volume of the pastes mixture (excluding solvent which is evaporated from the film). However, the lower permittivity of the film due to the binder material does not account for the total reduction in permittivity required to make such a large difference in applied electric field strength. It is therefore believed that the permittivity is further lowered by the presence of voids within the film and that their number is greater in the glass based paste. This is somewhat supported by the evidence from the SEM micrographs, which show that there is a reduction in voids on the surface of the binderless thick-film devices when compared to a sample with a glass binder (c.f. Figs 4-8). The surface topology of the binderless paste samples fired at a peak temperature of 1000ºC also show a number of cracks within their surface and this could be the reason for a reduced maximum breakdown electric field strength when compared to the binderless paste samples with lower peak processing temperatures.
5.2.
Poling samples 

In order to enhance/activate the piezoelectric properties of the PZT thick-films a poling process must be performed. This involves applying a large voltage across the film at an elevated temperature. The poling process parameters affect the final sensitivity of the film and, in general, the higher the poling temperature, the larger the poling field and the longer the time the field is applied, the greater the sensitivity obtained from the film [21]. In order to make a direct comparison between the binderless piezoelectric thick-films with conventional piezoelectric thick-films containing binder materials, all samples were poled at 200(C (with the exception of the low curing samples, where one of the two substrates was poled at 150ºC for 10 minutes) before being allowed to cool to 60(C, at which point the poling voltage was removed. A voltage of 450V (approximately 6MVm-1) was used to pole each of the sample types. 
The bottom electrode and the underside electrode were electrically connected with Electrolube silver conductive paint and the samples were tested on a Take Control PM35 Piezometer to determine their d33 characteristics [20]. Average d33 values are shown in Figure 9 and Table 2 along with the maximum and minimum recorded values and standard deviation.
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Figure 9: Average d33 readings for different processing temperatures, with the maximum and minimum d33 values indicated with error bars.
6.
Discussion

Table 3 shows a comparison of the d33 sensitivities for each type of piezoelectric material. From this table it can be seen that the piezoelectric thick-films produced with a glass binder and using the PZT-Pz29 powder from Ferroperm (Type 9) are approximately 22% less sensitive than those produced with the PZT-5H powder from Morgan Electro Ceramics (Type 4) (107pCN-1 compared to 131pCN-1 when fired at 1000ºC). Table 3 also shows that the new binderless thick-film PZT paste produces on average a 57% increase in the d33 when fired at the same peak temperature of 1000ºC with the average d33 output increasing from 107pCN-1 to 168pCN-1. The binderless samples fired at a peak temperature of 850ºC exhibited a 17% increase in sensitivity when compared with the conventional glassy PZT paste fired at a peak temperature of 1000ºC, and the samples processed at a maximum temperature of 200ºC produced an increase in sensitivity of 33% over polymer piezoelectric thick-films. However this is still 50% lower than conventional polymer materials such as PVDF materials.

This substantial increase in d33 along with the thick-films’ ability to withstand a much higher electrical field, makes them an ideal candidate for improving existing sensor and actuator applications [24,25,26]. The high sensitivity produced at firing temperatures of 850ºC along with good adhesion at this firing temperature also make the paste compatible with silicon MEMs structures [27]. The test structure used in the fabrication of the binderless piezoelectric thick-films may also act as a barrier layer between the silicon and PZT preventing lead contamination within the silicon structure. The micrographs in Figs 4-6 b) indicate an increase in the level of sintering between powder particles. This is backed up by the tape and scratch tests and an increase in measured d33 from samples fired at 750ºC, 850ºC and 1000ºC. 
7.
Conclusions 

A thick-film paste without a binder material has been produced and used to fabricate piezoelectric devices over a range of processing temperatures in order to allow them to be screen printed onto a multitude of substrate materials. The paste material has a significantly enhanced d33 coefficients and is able to withstand higher applied electrical fields when compared to conventional piezoelectric thick-film pastes produced with glass or polymer binder materials and processed at similar temperatures. The thick-films also showed good adhesion properties to 96% alumina substrates at peak processing temperatures of 150 ºC, 750 ºC, 850 ºC and 1000 ºC. This provides the opportunity to enhance a number of applications already utilising thick-film piezoelectric devices.
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	Peak processing temperature (°C)
	Sample thickness ((m)
	Average breakdown voltage (V)
	Average breakdown field strength (MVm-1)

	150
	70
	(1250
	(17.9

	750
	70
	(1250
	(17.9

	850
	72
	(1250
	(17.4

	1000
	65
	~1150
	~14.4


Table 1: Average breakdown voltage and field strength of 5 specimens.

	Peak PZT processing temperature (°C)
	Poling Temperature (°C)
	Ave d33 (pCN-1)
	Max d33 (pCN-1)
	Min d33 (pCN-1)
	Standard deviation

	150
	150
	17.1
	17.6
	14.2
	0.55

	150
	200
	19.2
	19.6
	18.4
	0.53

	750
	200
	49.8
	52.6
	45.8
	3.12

	850
	200
	125.4
	134.4
	116.2
	9.53

	1000
	200
	168.3
	186
	145
	12.67


Table 2: Sensitivity values for each processing type.
	Type
	Description of material
	Maximum reported d33 Value (pCN-1)

	1
	TRS610
	690 [23]

	2
	Bulk PZT-5H (Morgan ceramics)
	620 [1]

	3
	Bulk PZT-Pz29 (Ferroperm)
	575 [2]

	4
	PZT-5H (Morgan ceramics) thick-film with glass binder
	131 [16]

	5
	PZT-5H thick-film with polymer binder
	15 [12]

	6
	Piezoelectric paint
	20 [8]

	7
	PVDF
	30 [13]

	8
	PZT thick-film deposited by laser transfer method.
	-124 (d31) [14]

	9
	PZT-Pz29 (Ferroperm) thick-film with glass binder
	107

	10
	Binderless thick-films fired at a peak temperature of 1000ºC.
	168

	11
	Binderless thick-films fired at a peak temperature of 850ºC.
	125

	12
	Binderless thick-films fired at a peak temperature of 750ºC.
	50

	13
	Binderless thick-films cured at a peak temperature of 150ºC and poled at 200 ºC.
	20

	14
	Binderless thick-films cured and poled at a peak temperature of 150ºC.
	18


Table 3: List of reported d33 values for different piezoelectric samples.
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