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Abstract 
The synthesis of thin layer PNZT spin-coated on a platinized silicon substrate was researched. The 

goal was to grow PNZT crystals in [100] orientation to gain the highest possible piezoelectric 

response. It was found that the platinum layer on top of the silicon was guiding the PNZT to grow in 

the [111] direction. This was solved by adding a seed layer of PTO which grows on the [100] 

direction. The highest percentage of [100] oriented crystals was 69%. 

Introduction 

Deformable Mirror 
The SRON (Netherlands Institute for Space Research) is conducting a study to make a telescope with 

a deformable mirror. To make a sharp image, capture light has to be parallel aligned. This is usually 

not the case in space, so the light has to be actively aligned. This is done by deforming certain spots 

of a focussing mirror. The deformable mirror is planned to have a 128 by 128 grid of 1cm by 1cm 

piezoelectric elements attached to it. These elements are separately addressable by electric fields. A 

piezoelectric material with memory capabilities that stays deformed after the electric field was 

turned off was used. The deformed state makes it possible to not keep powering the material. This 

material is niobium doped lead zirconate titanate, PbNbx(Zr0.48Ti0.52)1-xO3 (PNZT). It is grown as a thin 

layer on a silicon substrate by spin-coating and can grow in the [100], [110] and [111] orientation. 

The [100] orientation is the most desired, since it has the highest piezoelectric effect from the three. 

This research is about finding the best method of growing PNZT on Silicon with a [100] orientation. 

 

FIGURE 1 DEFORMABLE MIRROR CORRECTING AN INCOMING WAVEFRONT 

Piezoelectricity 
The piezoelectric effect was discovered in 1880 by Jacques and Pierre Curie[1]. A piezoelectric 

material is a dielectric material (non-conducting) that produces an electric potential when stress is 

applied to it. This effect is also reversible. It occurs in materials that have no centre of symmetry [1]. 

The most used piezoelectric materials are quarts and PZT (lead zirconate titanate). 

PNZT 
PNZT, chemical formula: Pb1.1Nb0.04(Zr0.48Ti0.52)0.96O3 has a perovskite structure. Lead is in the corners 

of the unit cell, oxygen is in the face centre and titanium, zirconium and niobium are in the body 

centre. When a stress is applied to it, the centre atom moves away from the centre, polarizing the 

crystal.  

The structure of PNZT is only cubic at high temperatures. lower temperatures can shift in two 

directions: [100] for a rich zirconium composition and [111] for a rich titanium composition. If around 

50-50 zirconium and titanium are in PZT, the piezoelectric and ferroelectric effect become much 
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higher [2]. 

  

FIGURE 2 PEROVSKITE CRYSTAL STRUCTURE OF PZT. WHEN A STRESS IS APPLIED TO THE PEROVSKITE, THE MIDDLE ATOM WILL MOVE OUT OF 

THE CENTRE. 

 

It has been demonstrated that doping PZT with niobium strengthens both the ferroelectric effect and 

piezoelectric effect of PZT [3]. 

 

FIGURE 2. FERROELECTRIC HYSTERESIS CURVE OF PZT & 1% DOPED PNZT [3]. 

The best piezoelectric effect is measured along the [100] orientation [5]. The PNZT film can also grow 

in the [110] and [111] orientation. These are undesirable, since the [100] orientation has the 

strongest piezoelectric response. 

A sol of PNZT gets spin coated onto a substrate, this substrate is then heated up on a hotplate to dry 

and pyrolyze the PNZT, which is amorphous. During the annealing step, the amorphous PNZT will first 

form pyrochlore, PbTi3O7, crystals. These have a similar crystal structure to fluorite. Pyrochlore forms 

at high temperatures when the lead oxide concentrations decrease due to its desorption [6]. 

Pyrochlore has a broad XRD peak with its full width at half maximum around 30°. From the 

pyrochlore phase the perovskite gets formed [7]. 
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FIGURE 3. ANNEALING PHASE DIAGRAM OF PZT [7]. 

Figure 4 shows the phases of growth and formed crystals when heating the film to a certain 

temperature and for an amount of time. To guide the growth of the [100] orientation, the drying 

temperature and time are set to 300°C and 10 minutes [8]. 

 

FIGURE 4. PHASE DIAGRAM OF PZT PYROLYSIS [8]. 

To grow PNZT on Si a number of layers has to be deposited onto the Si substrate before it can be 

used. First a layer of Ti is grown on top of the Si to make an adhesion layer. This adhesion layer 

makes it possible for the next layer, the electrode, to adhere to the Si substrate. Pt is used as the 

electrode, because it has lattice parameters similar to PNZT [9]. Its thermal expansion is also the 

same as that of PNZT. 

Seed layers 
To make sure PNZT grows on the [100] orientation, a seed layer can be used that guides the growth 

in a certain direction. PNZT nucleates on the layer it is spin coated on and will grow in the same 
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direction as that layer. When a seed layer is used that has a [100] orientation, PNZT can then also 

grow on that orientation [6]. 

Three types of seed layers were used besides the Pt electrode. 

Platinum grows in the [111] orientation. It is therefore undesirable as a layer underneath the PNZT. 

Lead oxide grows in the [100] orientation, so this would be a good seed layer to force PNZT to grow 

in the [100] direction. Lead titanate, PbTiO3 (PTO), also grows in the [100] direction and has shown 

potential of being a good seed layer [6]. 

Instead of a seed layer on top of an electrode, the electrode could also be the seed layer. Since 

titanium is already used as an adhesion layer, it could also be used as an electrode and seed layer. 

When exposed to air, titanium will upon heating react with the oxygen, forming TiO2. If a Ti layer is 

sputtered after the Pt layer [9], the oxidized TiO2 layer can then be used as the seed layer. 

PNZT Synthesis 
There are multiple ways to synthesize PNZT and deposit it onto a substrate. The most used method is 

by simply mixing the reactant powders and heating it up afterwards. The only way for the starting 

materials to react is by physical contact, so only the outer layer of the grains will react to the 

product. A solution to this problem is using a ball mill and making the grains extremely small, so that 

there is as much surface area as possible. These dry methods are still undesirable, because you need 

multiple steps of milling and heating and the morphology is hard to control. A solution based 

synthesis method is a lot better [10]. By dissolving all the starting materials, the surface area is as 

high as possible and it is guaranteed that all the material can interact with each other.  

To be sure that a dense film is formed of PNZT onto the Si substrate, a sol-gel method is used in 

success with spin coating. Ethylene glycol was used to form the sol. The -OH groups of ethylene 

glycol make hydrogen bridges with the dissolved metals. This forms a complex with the metals. The 

metals in this complex are evenly distributed inside the sol, due to them being trapped in the 

polymer chains. 

 

FIGURE 5. ETHYLENE GLYCOL METAL COMPLEX WITH TITANIUM AS EXAMPLE. 

Spin coating was used to ensure a uniform thickness of the film. The centrifugal forces provide a 

consistent flow of the sol on top of the substrate and the sol/gel structure gives the liquid a viscosity 

higher than a usual solution. When the sol is dried, all excess ethylene glycol will evaporate and the 

sol will turn to a gel. This gel then dries up and becomes a solid. 

Spin coating starts with deposition. A sol is dropped onto a substrate. This is followed by the spin-up 

phase, where the sol flows out of the substrate due to centrifugal forces. In the spin-off phase the 

substrate gets spun faster, forcing excess sol out. The solvent is evaporated out lastly, leaving the 

metal-oxide on the substrate. [11] 

Characterization Techniques 
Atomic Force Microscopy 
An AFM is a microscope that measures the surface of a sample at the nanoscale. It consists of a 

cantilever with a tip and a laser. The laser is pointed at the cantilever at an angle. This angle changes 

as the cantilever probes the sample. The deflected laser changes position which gets interpreted as a 
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movement of the cantilever. The height difference can then be used to make an image of the surface 

of the sample. 

There are two methods that can be used  with an AFM: tapping mode and contact mode. 

In contact mode the tip is in constant contact and the angle of the laser is measured. 

In tapping mode the tip is continuously vibrating and gets lowered until it doesn’t vibrate in the same 

frequency anymore. The height of the tip is then measured and the scan continues. 

Tapping mode was used to visualize the roughness of the film. 

Scanning Electron Microscopy 
A scanning electron microscope emits an electron beam on a sample. The atoms of the samples 

interact with the electrons, emitting electrons at other frequencies. This technique is not only used 

to visualize a sample, but it can also be used to measure the concentration of different elements. 

The SEM was used similar to the AFM, but it was also used to find concentrations of lead in parts of 

the film. The SEM is faster than an AFM, but it is harder to make a clear image. 

(Thin Film) X-Ray Diffraction 
X-rays can be diffracted by crystals at certain angles. The form of the crystal determines the 

diffraction pattern. Bragg’s Law is used to calculate the Miller Indices from the diffraction angles. The 

Miller indices can then be used to determine a structure for the crystal. 

𝑛 𝜆 = 2𝑑 𝑆𝑖𝑛(𝜃)  
Bragg’s Law 

XRD is used to find the amount of each orientation within the thin film. 

Experimental 
Preparation of substrate 
5nm of Ti and subsequently 100 nm of Pt was sputtered onto a silicon substrate. The Pt layer was 

then annealed for 90 minutes at 450°C. 

The sputtered substrate was cleaned with an ultrasonic cleaner in acetone, distilled water and 

ethanol for 10 minutes. The substrate was dried and put in a UV/ozone cleaner for 10 minutes. 

Preparation of PNZT sol 
A sol was made with lead acetate (Pb(CH3COO)2), titanium isopropoxide (Ti(OCH(CH3)2)4) and 

zirconium n-propoxide (Zr(OCH2CH2CH3)4) (all 1.5 M) dissolved in ethylene glycol with 4 Vol.% 

formamide. The proportions were chosen to get Pb1.1Nb0.04(Zr0.48Ti0.52)0.96O3. 

Formamide was added for the PNZT layer to adhere to the electrode/seed layer. Without formamide 

the PNZT layer doesn’t adhere to the electrode correctly and scratches appear on the surface. 

An excess of lead is added (10 at.%) to provide the system of enough lead to accommodate the loss 

of volatile lead oxide. 

Spin coating PNZT sol onto Si substrate 
75μL of the PNZT sol was spin coated on the Si substrate for 30 seconds at 3000 rpm. Afterwards the 

substrate was dried on a hotplate at 300°C for 10 minutes. The substrate was then annealed in a box 

furnace. The temperature was rising to 650°C for 1 hour and stayed at that temperature for 1 hour. 

The substrate was extracted once the furnace was cooled down under 300°C. 

This method was tested with different variables to try to get the highest [100] concentration. Table 1 

shows the information for the pyrolysis step tests and the annealing step tests. The annealing of the 

pyrolysis tests was at 650°C for 1 hour, just like the standard. The pyrolysis of the annealing tests was 
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at 300°C for 10 minutes, also like the standard. The hotplate for pyrolysis above 400°C was first set at 

300°C to evaporate the solvent and then heated up to that temperature to not burn the solvent. Only 

the last 4 and 3 tests for pyrolyzing and annealing respectively contained seed layers. The last 4 tests 

were done with a faster annealing time by preheating the furnace. 

 

TABLE 1. PYROLYSIS AND ANNEALING DATA. 

Spin coating PNZT sol onto a Si substrate with seed layer 
A sol was made of both PTO and PbO. 

Pb(CH3COO)2 (0.15 M) and (0.15 M) were dissolved in ethylene glycol with 4% formamide for the PTO 

sol. 

Lead acetate (0.15 M) was dissolved in ethylene glycol with 4% formamide for the PbO sol. 

The PNZT sol was spin coated afterwards and annealed like the substrates without the seed layer 

together with the cleaning steps. 

PNZT was also spin coated two times onto a PTO layer. This was done by spin coating the first layer 

and drying it for 5 minutes, then UV/ozone cleaning it and spin coating and pyrolyzing the second 

layer. The double layer of PNZT was then annealed. 

XRD ,SEM & AFM 
An XRD was done of the substrates. The 2θ-Ω angle was measured to find the [100], [110] and [111] 

direction peaks. These were at around 21-23°, 30-32° and 36-40° respectively. The area of the peaks 

was calculated to find the percentage of each orientation.  

An SEM and AFM were used to visualise the films.  

Results & Discussion 

Scanning Electron Microscope 
The SEM images show that the PNZT perovskite grains have sizes between 100 and 300nm. The 

pyrochlore phase has small spherical grains of around 10 to 20nm clustered between perovskite 

grain islands. 
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FIGURE 6. SEM IMAGE OF A PNZT  FILM PYROLYZED AT 250°C. THE BIGGER GRAINS ARE PEROVSKITE AND THE SMALLER GRAINS ARE 

PYROCHLORE. 

The SEM pictures also showed defects of the film. Figure 7 shows a layer of PNZT on PTO on which 

the PNZT does not adhere sufficiently on the PTO layer. This led to the flaking of the PNZT layer and 

this curled up part. 

 

FIGURE 7. SEM IMAGE OF PNZT ON PTO. DUE TO BAD ADHESION TO THE SEED LAYER, THE PNZT LAYER GOT SCRATCHES AND HERE IT 

CURLED UP. 
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The sample with the highest amount [100] orientated perovskite grains was a double layer of PNZT 

on top of PTO. This one  did have scratches on it and flaking, but it didn’t show any pyrochlore 

phases. 

 

FIGURE 8. SEM OF A DOUBLE LAYERS OF PNZT ON PTO. THIS LAYER ALSO HAS SCRATCHES AND SOME BIGGER HOLES. 

 

FIGURE 9. SEM OF A DOUBLE LAYER OF PNZT ON PTO. ALTHOUGH THE LAYER HAS SCRATCHES, IT ALSO ONLY HAS PEROVSKITE GRAINS. 
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Atomic Force Microscopy 
The AFM showed the crystals clearly. A sample that was annealed at 700°C for 30 minutes gave a 

good view of the pyrochlore and perovskite phase. Figure 11 shows the bigger crystals as islands, 

while the pyrochlore phase was a bit harder to see, but the phase option on the AFM showed the 

pyrochlore phase a lot better. Figure 12 shows a zoomed in version of the pyrochlore area.  

FIGURE 11. SAME AFM IMAGE AS FIGURE 10, BUT 

SHOWING HEIGHT INSTEAD OF PHASE. BRIGHT CONTRAST 

ARISES FROM PEROVSKITE GRAINS, THE DARKER 

CONTRAST PYROCHLORE GRAINS. THE PYROCHLORE 

GRAINS ARE ABOUT 20 NM LOWER THAN THE TOP OF THE 

PEROVSKITE GRAINS. 

 

 

 

FIGURE 12. CLOSE UP OF PYROCHLORE PHASE IN FIGURE 11. THE PYROCHLORE PHASE IS VISIBLE HERE AND IT SHOWS DENSELY PACKED LAYER 

OF SPHERICAL GRAINS. 

FIGURE 10. AFM IMAGE OF PNZT ANNEALED AT 700°C FOR 30 

MINUTES, SHOWING THE PHASE FROM THE AFM. THE PYROCHLORE 

PHASE OF PNZT IS VISIBLE HERE AS LIGHT SPHERES. 
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FIGURE 13. 3D VERSION OF AN AFM IMAGE OF THE SAME PNZT FILM AS FIGURE 10 TO 12. MOUNTAINS OF PEROVSKITE GRAINS ARE 

VISIBLE. 

X-Ray Diffraction 
To find out the percentage of each orientation within the film, the area of each diffraction peak was 

taken. The area of all three together were normalized. This was done by making a sum of the 

intensities of the data points, dividing by the number of datapoints and then multiplying by the width 

of the peak for each peak. This was then divided by the sum of the three peaks. 

 

 

FIGURE 14. XRD SPECTRUM OF PNZT  LAYER ANNEALED AT 600°C FOR 1 HOUR, HEATED UP FOR 1 HOUR. PNZT [100] ORIENTATION AT 

22°, PNZT PYROCHLORE PHASE AT 30°, PNZT [110] ORIENTATION AT 31°, SILICON PEAK AT 33°, PNZT [111] PEAK AT 38°, PT [111] 

PEAK AT 40° AND [200] ORIENTATION PEAK AT 44°, ALL 2Θ. 
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Pyrolysis time 
The best drying time was 10 minutes. Although 30 minutes at 450°C has a higher [100] peak, it also 

has a higher [110] peak, showing that these peaks formed due to random growth and not directed 

growth. A second sample was done at 10 minutes on which the Pt layer wasn’t annealed. Since the Pt 

layer wasn’t annealed, it was partly amorphous, giving PNZT more freedom to grow in other 

directions than the [111] direction of Pt. 

 

FIGURE 15. XRD RESULTS OF DRYING/PYROLYSIS TIME OF SPIN COATED PNZT. THE 300-450°C LAYERS WERE FIRST DRIED AT 300°C AND 

IMMEDIATELY PYROLYZED AT 450°C. EACH BAR REPRESENTS THE PERCENTAGE OF EACH ORIENTATION IN THE FILM. THE 450°C LAYER WAS 

JUST PYROLYZED ON THAT TEMPERATURE. 

Pyrolysis temperature 
The drying temperature mostly showed that above 350°C there are more [110] oriented grains, but 

not more [100] oriented grains. Figure 4 showed that above 450°C the growth became random. The 

results show that it already starts at around 400°C when it is dried for 10 minutes. It was also hard to 

make a good film when drying at temperatures higher than 400°C. Drying the layer above 350°C 

burned the solvent, so the layer was first dried at 300°C and immediately after pyrolyzed at the 

higher temperatures. Pyrolyzing the film at 300°C is therefore the best. 
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FIGURE 16. XRD RESULTS OF DRYING/PYROLYSIS TEMPERATURE FOR SPIN COATED PNZT. EACH BAR REPRESENTS THE PERCENTAGE OF EACH 

ORIENTATION IN THE FILM. 

Seed layers 
Only sputtering Ti on the Si substrate showed already an improvement on the amount of [100] 

crystals, but it was probably oxidized to TiO2 due to it being exposed to air. This makes it a bad 

conductor, while it should have been used as an electrode. 

PbO showed some potential, but was worse than Ti. It still had a high [111] orientation 

concentration. 

PTO was the best seed layer. It gave the highest [100] peak at 69%. It was dried and annealed similar 

to PZT. 

 

FIGURE 17. XRD RESULTS OF PNZT  SPIN COATED ON DIFFERENT SEED LAYERS. THE PB ON PTO SEED LAYER WAS A PBO LAYER ON TOP OF A 

PTO LAYER 

Long annealing time 
The changes done to the annealing time didn’t benefit the growth of the [100] orientation that much. 

The standard annealing temperature and time were good enough. 
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FIGURE 18. XRD RESULTS OF ANNEALING TIME AND TEMPERATURE OF PNZT. THE 450-600°C WAS FIRST HEATED UP TO 450°C, STAYED 

THERE FOR 30 MINUTES, HEATED UP TO 600°C AND STAYED THERE FOR 1 HOUR. 

Short annealing time 
Putting the substrates in a preheated furnace at 650°C didn’t turn out problematic to the film. It gave 

the same results and even had slightly higher [100] peaks without even having a seed layer. The time 

of annealing had to be tuned, but when the right time was found, which was 10 minutes, it gave the 

highest [100] peak. This meant that making the PNZT thin film got a lot faster. This significant 

improvement made it possible to do the whole synthesis within one day. 

Most articles that described the process used a tube furnace for annealing the PNZT film. Here a box 

furnace was used, so it was good to know that this didn’t come with any drawbacks. Another thing to 

notice is that the highest measured concentration of the [100] orientation was done with this 

method of annealing.

 

FIGURE 19 XRD RESULTS OF ANNEALING TIME FOR PNZT WITH AND WITHOUT A PTO SEED LAYER.  
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Conclusion 
All steps for making a PNZT thin film on a silicon substrate were perfected to get the [100] 

orientation without pyrochlore phase and with an even layer before this study. The annealing of the 

films was improved by preheating the furnace and annealing the film for only 10 minutes instead of 1 

hour. The addition of a seed layer made the [100] orientation the most occurring orientation instead 

of the [111] orientation. The PTO seed layer gave the best results for this. 69% of the film had the 

[100] orientation. These films did however have some scratches on them. 
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