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We are presenting a numerical approach to calculate the mechanical efficiency of piezo-photomotion devices,
which consist of piezoelectric actuators, integrated with silicon solar cells. Such devices provide conversion of
optical energy to mechanical energy and pave the way for remote-controlled micro and nanorobots. We
demonstrate that the mechanical efficiency is almost independent of the input voltage and can reach 0.06%
under a simple point force load, when the backside etching of the silicon substrate, i.e. the diaphragm is 8 mm in

diameter and 30 pm in thickness. This study offers guidelines for future design improvements.

1. Introduction

Untethered mini robots offer many applications in medicine and
industry, as they facilitate remote operations in the human body as well
as in hostile environments. Such robots can be either remotely powered
or have onboard storage. Unlike onboard energy storage, which could
limit downsizing of such robots due to typically large battery sizes [1],
remote powering provides an opportunity to realize micro and nano-
robots. Various actuators have been studied by different research groups
for mini robots, including but not limited to shape-memory alloys [2,3],
electrostatic [4,5], electromagnetic [6-8], conjugated polymer [9] and
piezoelectric actuators [10-13].

In our research group, we are interested in thin-film piezoelectric
actuators as they generate substantial force and high actuation with
modest amounts of voltage input [14]. Combining this feature with the
photovoltaic (PV) effect results in light-driven piezoelectric actuators,
which use light as the primary source of energy to achieve motion. In a
previous work, we demonstrated an on-chip piezo/photodiode based on
silicon technology, which could work both with direct voltage excitation
and light illumination [13]. Here, we focus on defining a performance
indicative to compare different device architectures, study the effect of
the piezoelectric layer dimensions as well as the back-side etching di-
mensions on mechanical efficiency and finally propose guidelines for
future devices.

In such a transducer device, the energy conversion takes place in two
steps. First, the optical energy is converted to electrical energy in the PV
component, and then, the photogenerated electrical energy is
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transformed into mechanical displacement. In this process, several loss
mechanisms exist, including optical and electrical losses in the solar cell
and material losses in the actuator. Energy conversion efficiency is
defined as the ratio between the input optical energy and the output
mechanical energy, and can be broken down into two multiplying
components, i) optical-electrical energy conversion efficiency (11), and
ii) electrical-mechanical energy conversion efficiency (#2). In this work,
we focus on the second component.

In the following, we firstly introduce the experimental and theoret-
ical techniques used in this project. The model parameters are validated
by comparing the simulated displacement with experimentally
measured values using atomic force microscopy. We then introduce the
mechanical efficiency and its comprising energy components. This is
followed by an analysis of the reference piezo-photomotion device and,
finally, an investigation of the effect of variations in several geometrical
parameters on the mechanical efficiency, free displacement and block-
ing force.

2. Methods
In this section, our first generation piezo-photomotion devices are

briefly described. Then, the details of simulation settings are provided,
followed by an explanation to the mechanical efficiency calculations.

2.1. Experiments

The piezo-photomotion device used in the experiments here is based
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Fig. 1. Visual rendering of the simulated device in COMSOL Multiphysics, Including the boundary conditions.

Table 1

Fabricated and simulated device dimensions.
layer Silicon LNO PZT Al SiO,
Thickness [pm] 380 0.1 1 1.7 1.2
Length/width [mm] 10 6.2 6.2 0.7 0.15

on a previously reported process [13]. It is comprised of a piezoelectric
material (PZT) sandwiched between two lanthanum nickelate (LNO)
layers and integrated with silicon photodiodes. A schematic of the de-
vice structure is shown in Fig. 1. A thin SiO; layer at the edges of the
piezoelectric stack is used to prevent shunting between the top and
bottom LNO layers. Additionally, the underside of the 380-pm thick
silicon substrate is circularly etched to reduce the clamping effect on
PZT and allow for more displacement. An electric field can be applied to
the PZT layer either by light illumination of the photodiode or by direct
application of voltage at the terminals. It is instructive to note that
regardless of the PZT area, there is always a fixed 1.5 mm distance be-
tween the device edge and the top Al electrode. This is to ensure a safe
gap for cutting the samples in experiments. This criterion is respected
throughout the simulation study.

2.2. Simulations

We used COMSOL Multiphysics for finite element method (FEM)
simulations of our devices. Solid mechanics and Electrostatics modules
are coupled to facilitate the piezoelectricity calculations. Since the de-
vice is symmetrical at least in 2 directions, only one quarter of the
structure is modelled in COMSOL in order to reduce the computational
costs of the simulations. The symmetry boundary condition is set such
that no displacement occurs in the direction normal to the plane of
symmetry (see Fig. 1). Analogous to our atomic force microscopy (AFM)
measurements, the sample sides are fixed. The impact of gravitational
force on the displacement is taken into account. According to our ex-
periments at low frequencies (<10 Hz), in this opto-electro-mechanical
system, the electro-mechanical performance is decoupled from the opto-
electrical behavior [15]. In other words, the piezoelectric stack is not
sensitive to illumination (no mechanical energy is generated due to
illumination) and only reacts to the photo-generated voltage at the p-n
junction. This feature was exploited in our model to simplify the com-
putations by only taking voltage excitation at the LNO terminals into

Table 2

Properties of the PZT film [16,17]. &, and v stand for relative permittivity under

constant mechanical stress and Poisson’s ratio, respectively. Compliance matrix
. . . 1 m

elements and coupling matrix elements have the units of TPa and pV’

respectively.

& v S11 S12 S13 S33 dis da das

600 0.32 13.8 -4.07 -5.8 20.7 494 -93.5 223

account. The voltage signal is introduced to the terminals as shown in
the inset of Fig. 1.

The geometrical dimensions of different layers according to the
fabricated device are shown in Table 1. The under-etched section of the
Si substrate (the diaphragm) is centered under the LNO/PZT/LNO stack
(henceforth known as the piezo stack) and has a diameter (Dg) of 5.5 mm
and a thickness (Tq) of 100 um. The material properties of the thin-film
PZT layer were derived from literature and are presented in Table 2. It
should be noted that the strain-charge form convention of COMSOL is
used in these simulations. The model calibration consisted of adjust-
ments to these geometrical and material parameters such that the
measured and simulated displacement reached a close agreement.

The simulated displacement of the fabricated device is compared to
the measurements in Fig. 2. The excitation voltage was set to 200 mV,
equal to the photo-generated voltage of the device, measured by Kelvin
probe force microscopy (KPFM) [15]. It should be noted that as seen in
Fig. 1, a narrow part of the piezo stack (0.3 mm around the edges) is
covered by the aluminum top electrode and experiences more clamping
than the rest of the piezo stack. The uncovered area, which is studied in
the AFM measurements is called “the active area”. A close resemblance
between the measurements and the simulated data confirms the accu-
racy of the simulations. The displacement at the center of the membrane
is one of the figures of merit in this project, and is influenced by two
main forces, namely the gravitational load and the piezoelectric force.

2.3. Mechanical efficiency

As briefly explained in the introduction, the energy conversion effi-
ciency of this opto- electro-mechanical system consists of two multi-
plying components, namely, the optical-electrical energy conversion
efficiency (#77) and the electrical-mechanical energy conversion effi-
ciency (2). Although in this work, we do not focus on 7, it is worth



N. Rezaei et al.

Width [mm]
NN WR O
= 00 LT N OO

or
~N D

Length [mm]

Sensors and Actuators: A. Physical 363 (2023) 114690

1

0.9
0.8
0.7
0.6
0.5
0.4
0.3

Displacement [nm]

0.2
0.1
0

Fig. 2. a) Measured displacement (in nm) in the active area under illumination. The dashed circle marks the diaphragm region. b) simulated displacement under
200 mV voltage excitation. The inner solid square marks the active area equivalent to part a.

providing some insight into this efficiency component as well. The
standard efficiency of solar cells is defined via illumination of the solar
cells with AM 1.5 G solar spectrum with power density of 1000 W/m?
[18]. It is calculated by integrating the generated electrical power over
the entire AM 1.5 G wavelength spectrum (300-1200 nm). Since we use
monochromatic light to excite the solar cell, the concept of spectral ef-
ficiency, which represents the efficiency at each wavelength must be
used [19-23].

The second efficiency component (72) is called the mechanical effi-
ciency here. The performance of a piezoelectric transducer, regardless of
whether it is designed as a motor (actuator) or as an energy harvester,
which produces electrical energy from input mechanical energy, can be
quantified by mechanical efficiency. This metric is defined as the ratio of
the output mechanical (electrical) energy to the input electrical (me-
chanical) energy. While the electrical energy can be determined easily,
the mechanical energy in both scenarios is not as easily measured. This
has resulted in a discrepancy in the reported energy conversion effi-
ciencies in literature [24-28]. Yang et al. derived an efficiency
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Fig. 3. Midpoint displacement as a function of external load and input voltage.
The solid black line represents the fabricated device.

expression for an energy harvesting system, based on energy flow
analysis and validated the model with a piezoceramic energy harvesting
cantilever with an efficiency ranging from 6% to 12%, depending on the
operation frequency [25]. Shafer et al. showed that the maximum effi-
ciency of a piezoelectric energy harvester depends on mechanical
damping and the coupling coefficient and predicted a maximum reso-
nance efficiency of 44% for a cantilever system [26]. Kim et al. analyzed
the performance of cantilever piezoelectric vibrating energy harvesting
systems and proved that the conditions for maximum power output
defer from the conditions for maximum efficiency and both depend on
the electrical load as well as piezoelectric properties [27]. Xie et al.
developed a one-dimensional model for the efficiency of a piezoelectric
energy harvesting cylinder and predicted efficiency values as high as
80%, depending on electrical load conditions [28]. In this respect, for
the case of piezoelectric actuators under our study, the analytical
calculation of this rather important metric is similarly challenging. Two
parameters that comprise the output mechanical power (work done by
the actuator) are free displacement and blocking force. In our case, free
displacement (Zy) refers to the displacement (deflection) of the actuator
at the center, when no external load apart from gravity is applied, and
therefore, no mechanical work is performed. The blocking force (Fy)
equals the amount of force exerted by the actuator at the same point,
when the deflection is completely suppressed by an external load [29].
There is a linear relationship between the displacement and the exerted
force, which is also observed in our simulations [30,31]. Mechanical
energy is defined as [31], [32]:
1

Wn = EZfF b (@)

The mechanical work is zero when either variable is zero and in
quasi-static conditions, both free displacement and blocking force have a
linear relationship with the input voltage [30]. In simulations, the
blocking force is calculated by varying a downward point load applied to
the center of the membrane (see Fig. 1) until the central displacement
reaches zero. We are aware of the fact that this simplification leads to a
considerable underestimation of the total mechanical energy produced
by the device and hence, the mechanical efficiency. In other words, the
mechanical energy as calculated in this model, is what a point load can
probe and not the intrinsic limit of our devices. However, this figure of
merit can be easily simulated and also experimentally measured and
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serves well for comparison purposes. In a more complete scenario, the
total output energy can be calculated by a point-by-point integration of
W, (Eq. (1)) over the entire active area.

The input electrical energy can be calculated as follows:

1
Wg =50V, (2)

where Q is the accumulated charge at the LNO terminal and V is the
excitation voltage. The mechanical efficiency, therefore, will be equal
to:

Wy
My = WE 3)

3. Results and discussion
3.1. Reference device performance
Fig. 3 presents the midpoint displacement of the reference device

under various force and input voltages. A linear trend between each
displacement-force line and input voltage is observable [33]. In

0.8 mm
«—>

Fig. 5. Displacement mapping for a) Lpzr = 1.1 mm, b) Lpzr = 1.6 mm, ¢) Lpzr = 5.6 mm and d) Lpzr = 9.6 mm. The pictures are not to scale. Small arrows mark the

maximum displacement points.
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Fig. 7. Simulated electrical energy as a function of the piezo stack length and
input voltage.

principle, the input voltage depends on the electrical efficiency of the
solar cell and can reach values larger than 1 V [34-36]. The intersection
of each line with the y and x axes represents Zf and Fy, respectively.
Using Egs. (1)-(3), the mechanical efficiency of the reference device
under 0.2 V input voltage is calculated and equals to 0.0017%.

3.2. Device area investigation

Since the initial device geometry was chosen without knowing
optimal conditions, a sensitivity analysis was performed in order to
establish a design guideline for future device generations. In a first step,
the impact of the piezo stack length (Lpzr) on the displacement-force
trends was studied. It should be noted that in these simulations, the
diaphragm diameter varies relative to Lpzr to maintain a qualitatively
constant clamping effect on the piezo stack. As is observed in Fig. 4,
when Lpzt increases from 0.6 mm to 9.6 mm, there is first an increasing
and then a decreasing trend in free displacement. The reason can be
related to the interplay between the gravitational force and the exerted
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Fig. 8. Mechanical efficiency calculated from the mechanical and electrical
energies as a function of the piezo stack length and input voltage.

force by the piezo stack. For Lpzr > 6.6 mm, the wide membrane caves
in as a result of gravity, while the upward piezoelectric force is not
enough to outperform the gravitational force. This is also shown in a 3D
rendering of the displacement of the simulated ' devices in Fig. 5, where
the largest device (Lpzr = 9.6 mm) in Fig. 5(d), displays less deflection at
the center than off-center regions.

The electrical and mechanical energy components as well as the
resulting mechanical efficiency as a function of the piezo stack length
under various voltages are shown in Figs. 6, 7 and 8. The trend in Fig. 6
with regards to Lpzr shows that there is an optimal PZT area for each
input voltage, which results in maximal output mechanical energy. For
input voltages as high as 1 V, mechanical energy tends to be slightly less
sensitive to Lpzr in the range of 4-9 mm. As explained above, the direct
proportionality of Zf and F,, with the input voltage leads to the me-
chanical energy being proportional to V2.

The dependency of electrical energy on both voltage and Lpzr can be
analyzed according to the principles governing parallel plate capacitors.
First, ignoring the gravitational force and the deflection of the piezo
stack under voltage excitation, the stack can be simplified with a parallel
plate capacitor. In this case, the accumulated charge at the terminals will
be
o=cv="y (C)]

d

where ¢ is the electric permittivity of PZT, A is the area and d is the PZT
thickness. Q therefore, is directly proportional to V and L3z, which
means that according to Eq. (2), the electrical energy is proportional to
1371 and V2. Taking the effect of gravity and the device deformations
into account, one would expect slight changes to these deductions,
especially for the case of larger devices and smaller input voltage, when
the piezo stack is slightly different from a parallel plate capacitor due to
deformations.

It is only reasonable to conclude that based on Eq. (3), the me-
chanical efficiency should be independent of the input voltage with the
exceptions mentioned above and the optimal value should mostly
depend on Lpzy. These deductions are confirmed in Fig. 8, where the
largest efficiency values (0.008%) are achieved for Lpzr ~ 2 mm.

3.3. Diaphragm optimization

Another equally important parameter set for the device performance
corresponds to the under-etched part of the substrate (the diaphragm).
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Fig. 10. a) mechanical efficiency as a function of diaphragm dimensions. The grey diamond pattern area marks invalid data points. b) enlarged area in the dashed
rectangle from part a). The maximum mechanical efficiency at the top left corner is 0.65%.

In this section, we analyze the effect of variations in the diaphragm’s
thickness and diameter with respect to the substrate thickness (T4/Ts;)
and the piezo stack length (D4/Lpzr), respectively. As mentioned before,
the conditions for high output power and maximum efficiency are
different and therefore, we keep Lpzr at the reference value (6.2 mm)
and not 2 mm, obtained from the previous section, to maintain a
reasonably high output power and sweep Dq from 3 to 8 mm. Addi-
tionally, T4 is varied from 30 to 310 pm. The resulting midpoint
displacement is plotted in Fig. 9, with the data related to the thinnest
two diaphragms on the left and the rest on the right-hand side for better

visualization. Two conclusions are prominent here: i) for substantial
increase in displacement, the diaphragm must be wider than the piezo
stack, and ii) as seen in Fig. 9(left), for the thinnest diaphragms and
when Dq is comparable to Lpz1, negative displacement is observed. This
can be explained as such: the gravitational force is more effective on the
thinner diaphragms, causing larger downward deflection in contrast to
the piezoelectric effect. When the diameter is smaller, the sample’s ri-
gidity counteracts this downward deflection, keeping the total
displacement at positive values. On the other hand, as we approach
Dy /Lpzr ~ 1, rigidity is no longer effective and negative displacement
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occurs. For wider diaphragms however, the clamping effect of the Si
substrate is reduced, such that the piezo stack has more freedom to
deflect upwards, resulting in significant increase in displacement. These
observations are valid for even thinner diaphragms (down to 5 um,
corresponding to Ty/Ts; = 0.013), the results of which are not included
in Fig. 9.

Since negative midpoint displacement is outside our desired range
for deflections, we have not defined efficiency values for these data-
points. The efficiency graph for the acceptable datapoints is shown in
Fig. 10. In this figure, all simulated diaphragm thicknesses from 5 to
310 um are included. It should be noted that since the photodiode’s p-n
junction is part of the diaphragm, aggressive etching to reach very low
thicknesses, is likely to damage the PV functionality of the device. For
purely theoretical interest however, these datapoints are valuable. The
grey diamond pattern area in Fig. 10(a) corresponds to invalid data-
points, where negative displacement is observed. The x-axis in this
figure is in logarithmic scale for better visibility of the results for small
T4/Ts; values. A close up of the area marked with a dashed rectangle is
presented in Fig. 10(b). As expected, for each Tq, the smallest efficiencies
are achieved when Dy/Lpzr ~ 1. Moreover, thinner and wider di-
aphragms are required for highest efficiencies, as shown in Fig. 10(b). In
the extreme case of T;/Ts; = 0.013 and D4 /Lpzr = 1.3 (or Tg = 5 um and
Dq = 8 mm, the top left corner in Fig. 10(b)), the mechanical efficiency
can reach 0.65%. This corresponds to a free displacement of 1.9 um (a
significant increase compared to the measured and simulated reference
case of ~1 nm) and a blocking force of 18.5 uN. For a rather more
practical case, when Tq = 30 um (T;/Ts; = 0.08), the mechanical effi-
ciency can reach 0.06%, an almost 35 fold increase compared to the
calculated mechanical efficiency for the reference device, i.e. 0.0017%.

4. Conclusion

In this work, we have presented a simulation approach for calcu-
lating the mechanical efficiency of on-chip piezo-photomotion devices
in static conditions. The model parameters are calibrated with the
experimentally measured displacement of our reference device, which
consists of a 6.2 x 6.2 mm? thin-film PZT layer integrated with a silicon
photodiode. This device displays an efficiency of 0.0017% with the free
displacement and the blocking force equal to 1 nm and 92.64 pN,
respectively.

An investigation into the effect of the PZT layer dimensions, while
keeping the thickness of the backside etched area of the silicon substrate
(the diaphragm) constant, reveals that the efficiency is highest when this
layer is 2 x 2 mm?. This is a result of the interplay between the gravi-
tational force, the piezoelectric force and the input electrical energy, all
of which vary with the piezo stack length. Additionally, the efficiency is
almost independent of the input voltage. It should be noted that this
optimum would change for a different diaphragm dimension or
geometry.

The dimensions of the diaphragm have a more significant impact on
efficiency, with a thickness of 30 pm and diameter of 8 mm (keeping the
PZT area constant at 6.2 x6.2 mmz) leading to 0.06% mechanical effi-
ciency, 48.8 nm free displacement and 68.4 pN blocking force. In a more
aggressive etching scenario, when the diaphragm is as thin as 5 um, the
free displacement would see a sharp increase to 1.9 um with a blocking
force of 18.5 pN and a mechanical efficiency of 0.65%. These results can
serve as a guideline in the design of future on-chip piezo-photomotion
devices and eventually in light-driven micro and nanorobots. Depending
on the application at hand, any of the abovementioned geometrical
combinations can be employed. For example, in scenarios, where a high
blocking force is needed, less aggressive substrate etching is recom-
mended. On the other hand, for larger free displacement, wider and
thinner diaphragms are preferred. In both cases, higher input voltage, e.
g. using tandem solar cells is beneficial. It is worth noting that the me-
chanical efficiency as defined in this work is not the ultimate limit of
such devices and therefore, a more efficient approach of extracting the
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produced mechanical work would result in considerably larger effi-
ciency values.
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