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Abstract: A method to determine the power of a continuous wave laser from photothermal heating
of a poly(dimethyl siloxane) film is reported. The base was doped with oil red O and cured on a
surface relief grating. The grating period was shown to increase proportional to the temperature
by monitoring the decrease in diffraction angle of a probe beam. A 10 s illumination period of a
continuous wave (CW) pump beam absorbed by the film increased the film’s temperature, which
resulted in a local strain that could be modeled using the two-dimensional heat kernel. The amplitude
of the transient response was found to be linearly correlated with the pump laser power.

Keywords: photomechanical; photothermal heating; nanoimprint lithography; poly(dimethyl siloxane);
surface relief grating; laser power sensor

1. Introduction

Optical power is typically measured by transducing a beam’s light energy into an
electrical signal. The pyroelectric effect is the most notable mechanism for converting light
energy from pulsed lasers into an electric signal [1–3]. A short pulse of light absorbed at
the surface of a sensor is converted to thermal energy which in turn causes a temporary
shift in the voltage across a pyroelectric crystal. The high sensitivity pyroelectric sensors
to transient signals is critical to their operation, where they are designed to measure the
energy of the laser pulse. The most common class of CW laser power sensor absorbs light
at its surface which produces heat. If the other side of the sensor is held at a constant lower
temperature, a gradient forms and heat flows to the lower temperature side. The thermal
power is then converted to an electrical signal by either thermocouples or semiconductors
with large thermoelectric efficiencies [4–7]. Thermoelectric and thermopile laser sensors
measure an assumed static temperature gradient from a CW laser source and ill-equipped
to measure sub-microsecond heat impulses. Likewise, pyroelectric sensors that measure
transient signals are ill-suited for CW laser power measurements. Another class of laser
power sensor directly converts light energy into an electrical current via exciton formation
and separation near a photodiode’s pn-junction [8,9]. The photodiode sensor is typically
used for CW laser power measurements; however, some low-energy laser pulse sensors
are based on photodiodes (for example, a broad assortment of commercial sensors are
available from Ophir (https://www.ophiropt.com, accessed 12 October 2022) or Gentec-EO
(https://www.gentec-eo.com/, accessed 12 October 2022)).

The operating wavelength range of laser thermal power/energy sensors depends on
the spectral profile of the light-absorbing material. Thus, the surface of a laser thermal
sensor can be coated by a thin film to tune the sensor’s spectral response. The wavelength
range of photodiode sensors is limited to response of the diode material [10]. For example,
some Si photodiodes protected by fused silica windows have a response range from about
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200 nm to 1100 nm [11], whereas InGaAs photodiodes have a near infrared response range
typically between 800 nm and 1800 nm [12]. In this paper, we introduce a new type of CW
laser power sensor based on the macroscopic deformation of a material under illumination,
which is referred to as the photomechanical effect [13,14]. There are many types of materials
that can have large photomechanical strains over a broad range of wavelengths making
them well-suited for laser power measurements. A large assortment of photomechanical
materials can be synthesized, fabricated, or purchased at relatively low cost. Some of these
materials can be processed with ease using small benchtop equipment.

There are a few well-studied mechanisms responsible for the photomechanical effect.
Light striking a piezoelectric material can cause a photostrictive strain from the photovoltaic
effect [15,16]. Another mechanism that causes light-induced deformations is observed in
prestrained polymers/elastomers crosslinked with nematic mesogens [17,18] and doped
with azobenzene and other photochromic dyes [19–23]. Trans-cis photoisomerization of
the photochromic molecules disrupts the orientational order of the mesogens which leads
to a contraction along the director in the nematic phase [24–28]. Photomechanical effects
are also observed in photochromic polymers, which are polymeric materials with back-
bones that contain photochromic moieties, where trans-cis photoisomerization can cause
macroscopic mechanical deformations [29–36]. The most common mechanism associated
with the photomechanical effect is photothermal heating, where materials are heated upon
absorbing light which increases their temperature [37–42]. Photothermal heating can cause
a reduction in the orientational order of mesogens in the previously mentioned liquid
crystal polymers/elastomers which also results in a contraction along the director [43–45].
Materials expand volumetrically when heated [46,47], where large coefficients of thermal
expansion and small heat capacities offer the greatest photomechanical strains in isotropic
materials. When small azobenzene dyes such as disperse red 1 are doped in amorphous
polymers, a small portion of the linear strain has been attributed to molecular reorientation
of dopant molecules [48,49].

The type of photomechanical actuation exhibited by a material is determined by
its shape and microscopic properties [50–52]. Uniaxial strain has been demonstrated in
chromophore-doped polymer optical fibers, where bistable switches have been created
using feedback from reflective ends [53–56]. Asymmetric pumping of fibers and thin pla-
nar materials can result in photomechanical cantilevers [57–59]. Bilayer materials with
mismatched photo-induced strains can also act as photomechanical cantilevers [60–66].
Photomechanical devices benefit from expansions, contractions, bends, twists, and other
complex deformations of photomechanical materials [67,68]. Many classes of photome-
chanical devices have been reported such as swimmers [69,70], flyers [71], walkers [72,73],
tumblers [74], crawlers [75,76], motors [77], energy harvesters [78–83], microlens with
tunable focal lengths [84], various biomimetic devices [85–89], and the photophone [90].
Photomechanical devices have also been shown to work as series [91–93] and parallel [94,95]
components of a photomechanical system.

In this study, we investigate the photomechanical effect as a means of determining
the power of a CW laser. A free-standing, dye-doped, polydimethylsiloxane (PDMS) layer
with a surface relief grating expands after being heated by a pump laser, where the angle of
a probe laser’s diffracted beam can be used to determine the grating period as a function
of time. The PDMS elastomer was chosen for several reasons. A transmission diffraction
grating was embossed on the PDMS surface due to its excellent optical transparency, which
is in contrast to opaque light scattering photomechanical materials such as liquid crystal
elastomers. The photo-induced strain in PDMS is linearly dependent on the illumination
intensity for isotropic materials like PDMS that thermally expand when heated. Materials
such as liquid crystal elastomers have nonlinear strain responses to both heat and light
caused by the change in orientational order of the mesogens [17]. Restricting the material
to have a single mechanism for a strain response to light further increases the linearity of
a device as opposed to allowing additional slower responses such as photoisomerization
observed in some photochromic polymers [96,97] and liquid crystal polymer networks [98]
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as well as reorientation effects from azobenzene-doped amorphous polymers [57]. Lastly,
the coefficient of thermal expansion of PDMS is much greater than common thermoplastic
polymers such as poly(methyl methacrylate) [99]. The cost of PDMS per unit volume is
comparable with common plastic materials while have the formerly mentioned advantage,
and it is easily cured in solvent-free formulations for soft-lithography applications.

2. Materials and Methods

The patterned PDMS elastomers were fabricated from Sylgard 184 which uses a 10:1
mix ratio for the base and curing agent. A 5 mL volume of base was first added to a 20 mL
vial. The diazo chromophore, Oil red O, was mixed into the base yielding a concentration of
0.5 wt.% followed by agitation. The curing agent was then added to the base and rigorously
mixed. Bubble formation occured after mixing so the vial was covered with Parafilm® and
small holes were poked through the surface. The vial was placed in a vacuum concentrator
for 5 min until the bubbles were removed from the mixture.

A diffraction grating was written on the surface of a PDMS elastomer in a similar
manner as that described in References [100,101]. The burnable DVD was first split and
the exposed surface relief grating was cleaned of any dye with 70% ethanol. Two spacers
were placed on the grating surface with their long axis perpendicular to the diffraction
grating groove direction as illustrated in Figure 1. The dye, base, and curing agent mixture
was poured onto the grating surface between the two spacers. The mixture was then blade
coated to uniform thickness by dragging a trowel over the two spacers. The blade-coated
fluid was immediately transferred to an oven and cured at 80 ◦C for two hours, which
resulted in a 550 µm-thick elastomeric film. An atomic force microscope (AFM) was used
to confirm the quality of the surface-relief grating, where an image from one of the samples
is shown in Figure 1d.

The cured sample was cut into a circular piece with a tail from which it was hung.
The hanger and sample were enclosed in a polycarbonate box. The box was surrounded
with foam insulation except in two locations. One polycarbonate window allowed the
pump and probe beams to pass through the box. The other window was covered by a
bandpass filter to block any residual 532 nm pump light while transmitting the diffracted
650 nm probe beam. A linear CCD array (TCD1501C [102]) with a ∼7 µm width per
pixel was placed outside the box and oriented perpendicular to the incident probe beam’s
direction of propagation. The diffracted probe beam had an initial length of ∼10.5 cm as
measured from the sample to the linear CCD array.

Temperature measurements were performed by placing a thermistor and heating
element inside the box and connecting them to a thermostat. To create a stable temperature
inside the box that could be reasonably adjusted with a thermostat, the initial temperature
was raised a few degrees above the laboratory room’s temperature. The angle of the
diffracted probe beam was recorded by the linear CCD array in 1.5 ◦C increments.

For pump power measurements, the pump and probe lasers were aligned so that both
beam spots were centered on the same location over the surface of the film. Figure 1e
shows images of the pump and probe laser spots and topological profiles after Weiner
noise filtering. Both the 532 nm pump and 650 nm probe beams were in operation for
more than 10 min prior to any experimentation so that they could reach a temperature
equilibrium and stabilize the output power. The pump beam was passed through a variable
density filter to control the pump power. Infrared light with a wavelength of 1064 nm was
removed from the pump beam with a KG-1 filter. Shutters were used to toggle the pump
and probe beams on/off. As shown in Figure 1b, a beam splitter sent some of the pump to
a reference detector and let the rest of the beam pass through to the polycarbonate window
and illuminate the dye-doped PDMS sample.
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Figure 1. (a) Illustrated steps for fabricating the dye-doped PDMS sample including (i) mixing
and centrifuging under vacuum, (ii) pouring between guides and blade coating, and (iii) placing
in an oven to cure. (b) The optical experiment with a probe beam for measuring the coefficient of
thermal expansion as well as the pump laser power. (c) Illustration of an elastomer expanding via
photothermal heating, where the stretched diffraction grating causes the diffracted probe beam’s
angle to decrease. (d) An AFM image of the grating structure on the surface of the PDMS sample.
(e) The beam profiles incident at the sample plane for the pump and probe lasers.

3. Results

The sample’s grating period L increases with temperature due to thermal expansion.
An increase in the grating period reduces the angle of the diffracted probe beam. The abso-
lute angle was measured by the linear CCD array, where a Gaussian function was fitted
to the intensity profile at different steady-state temperatures. The Gaussian function is
given by

G(y) =
A

σ
√

2π
e−(y−y0)

2/2σ2
, (1)

where A is the area of the Gaussian, y0 is the location of the peak, and σ is the standard
deviation. The position of the Gaussian peak was used to determine the angle θ of the
diffracted beam at each elevated temperature. Figure 2a shows the normalized intensity
profile incident on the linear CCD array for two different elevated temperatures along with
the Gaussian fits to those profiles.

The grating period was determined by the equation

L sin θn − L sin θpr = nλ , (2)

where θpr is the incident angle of the probe beam, θn is the angle of the diffracted beam,
n = +1 for the first-order diffraction beam, λ = 650 nm for the probe diode laser. When the
incident angle of the probe beam in the experimental apparatus is negligibly small, θpr ≈ 0,
Equation (2) simplifies to the form

L sin θn = nλ . (3)

The grating period was assumed to changed solely from thermal expansion of the
PDMS. To first-order approximation, the change in the grating period, ∆L = L− L0 with L0
being the initial grating period at an initial temperature T0, depends linearly on the change
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in temperature ∆T = T − T0. The linear thermal expansion equation relating the linear
strain ∆L/L0 to the change in temperature is given by

∆L
L0

= αL ∆T , (4)

where αL is the linear coefficient of thermal expansion.
The linear strain as a function of temperature change is shown in Figure 2b. From

Equation (4), the slope of the graph gives the linear coefficient of thermal expansion.
The value of 340 ppm/◦C quoted by the technical data sheet [103] is within the exper-
imental value of (343± 16)ppm/◦C determined by linear regression with the line being
constrained through the origin. The grating period shifted <2 nm, but the method has a
high degree of sensitivity owing to the diffracting beam acting as an optical lever. A polymer
with a typical coefficient of thermal expansion of an order of magnitude less than PDMS
can also be measured with the same precision by simply increasing the arm length of the
optical lever (propagation length of the diffracted probe beam) by an order of magnitude.
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Figure 2. (a) The solid lines show the intensity profile of the n = +1 diffracted beam incident on
the surface of the linear CCD array. Gaussian fits to both experimental intensity profiles are given
by the dashed lines. (b) A straight line was fitted to the linear strain as a function of temperature.
The strain was determined from the change in the diffraction beam’s angle shown in the lower left
inset. The upper right inset shows the peak position of the Gaussian fits as a function of temperature
used to determine the angle of the diffraction beam.

A diode pumped, frequency doubled, Nd-doped garnet laser with CW operation was
focused on the 650 nm probe beam after letting the enclosed sample reach the ambient
temperature in the laboratory. After filtering the infrared light from the green laser beam,
the transmittance of the film was measured to be ∼0.8%. The transmittance remained
constant over time while illuminated by the pump, and optical hole burning effects were
not observed at the maximum pump power over the experimental illumination period of
∼10 s. Data from the linear CCD array was collected at 100 ms intervals. The data stream
from the linear CCD array was immediately recorded after the external shutter in front of
the red probe laser was opened. The green pump laser’s external shutter was opened ∼1 s
after data recording began. Absorption of the pump laser resulted in photothermal heating
of the dye-doped PDMS which resulted in thermal expansion. This thermal expansion is
observed from the time-dependent decrease in the diffracted beam’s angle as measured
with the linear CCD array. Figure 3a shows a contour plot of the intensity as a function of
time and position on the linear CCD array. Note that the maximum values of 1 shown in the
color-scale of Figure 3 are from normalization and not from any saturation of the CCD array.
The CCD array only detects the probe beam, where the pump beam is filtered below the
detection threshold of the linear CCD array. The thermal expansion of PDMS is a reversible
process where Figure 3b shows the grating period being restored after closing the shutter
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in front of the pump beam. The insets of Figure 3 show the peak vertical position of the
diffracted beam incident on the array as determined from Gaussian fits at each time step.
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Figure 3. (a) A contour plot of the normalized diffraction beam profile incident on the linear CCD
array as a function of time when a 15.1 mW, 532 nm pump laser is incident on the sample. The color
bar on the right side of the graphs is given from 0 to 1 because the data was normalized (and not
because of detector saturation). The inset shows the strain as a function of time calculated from the
change in peak position of the diffracted probe beam determined from Gaussian fits. (b) A second
contour plot showing the diffracted beam returning to its initial position on the linear CCD array
when the pump beam is blocked.

The linear strain as a function of time can be determined from the peak positions of the
time-dependent intensity profile shown in the example illustrated in Figure 3. The contour
plots show normalized profiles of the diffracted probe beam incident on the CCD array.
The probe beam intensity was tuned to an intensity level that resulted in a peak intensity
that was midway between the CCD threshold and saturation intensity limits. The diffraction
angle as a function of time is first determined from the peak position and the experimental
dimensions. The grating period is calculated using Equation (3) and the strain follows as
∆L/L0.

A straightforward model connecting the time dependence of the local strain to the
thermalization of the absorbed pump power through the local PDMS temperature is
afforded by the heat kernel. For a localized heat impulse Q being delivered at time t and at
x = 0, we expect the temperature field

T(x, t) = β′Qt−γe−
x2

4Dt (5)

where γ is a positive exponent that depends on the effective (spatial) dimensionality of the
heat flow field and β′ and D are constants depending on the assumed isotropic thermal
conductivity and heat capacity. Linearity of the heat flow equations allows us to build up
the effect of a continuously constant supplied heating over a two-dimensional variegated
spatial distribution by adding the individual effects up in the Green’s function methodology,
to arrive at

T̄(t) = β′
∫

d2x′d2x
∫ t

0
dt′ P(t) (t− t′)−γe

− (x−x′)2
4D(t−t′) Y(x, x′) . (6)

here T̄(t) represents a probe spot-averaged temperature and Y(x, x′) is a function that rep-
resents the spatial overlap between the pump and probe. In the case where the geometry
of the pump and probe spots are fixed but not well characterized, we cannot rigorously
compute the above integral; however, on physical grounds, the spatial part of the inte-
grations is expected to remove the temporal singularity in the exponent γ. Thus, T̄(t)
becomes a non-singular monotonic function of time when the shutter is opened, i.e., when
P(t) = P0H(t− ton) with P0 being a constant, H being the Heaviside step function, and ton
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corresponding to the time at which the shutter is opened. Realizing the spatial variability
of the exponential function in the integrand dominates its behavior, we expect

∆L
L
≈ αLT̄(t) ∼ αLβP0H(t− ton) [1 + f (t)]e

−a2
4D(t−ton) , (7)

where a is a fixed length scale associated with the size and relative positions of both
the pump and probe beams. When f (t) << 1, the resultant equation appears as the
temperature measured at some point a distance away from a single point source of heat,
which reduces to

∆L
L
≈ αLβP0H(t− ton) e

−a2
4D(t−ton) . (8)

To further test the accuracy of our model and determine the fit parameters, we
also recorded the strain after the pump beam was blocked. Assuming that f (t) is neg-
ligible during both illumination and dark periods, there are three shared fit parame-
ters (ton, toff, and a2/4D) for a toggled pump beam that follows a “barrier” function,
P(t) = P0[H(t− ton)− H(t− toff)], where toff occurs at the time in which the shutter is
closed. Under the above approximations, the time-dependent strain function is of the form

∆L
L
≈ αLβP0

[
H(t− ton)e

−a2
4D(t−ton) − H(t− toff)e

−a2
4D(t−toff)

]
. (9)

Equation (9) leads to fit parameters that are determined within a few percent. The fitted
curves plotted against the experimental data are shown in Figure 4. The measured αLβP0
values plotted against the measured optical pump power are shown in Figure 5, where the
maximum strain at t → ∞ is given by αLβP0. A slope of αLβ = (0.446± 0.008)W−1 was
determined from linear regression. Dividing this slope by the experimentally determined
value for αL and using a linear approximation to propagate the uncertainty, it follows that
β = (1.30± 0.06) ◦C/mW.
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Figure 4. Plots of the strain as a function of time for many values of the pump laser power P0.
The solid lines are fitted to the entire data set for all pump powers and during both the illumination
and dark periods. The fitted lines all share the same values for ton, toff, and a2/4D. The insets
illustrate the square pump pulse with the two boxed regions showing the period of data collection
when the shutter is (a) opened and (b) closed.
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Figure 5. The dimensionless amplitude of the model αLβP0 shows a linear dependence with the
incident pump power referenced by a calibrated Ophir PD300 photodiode detector.

4. Discussion

The coefficient of thermal expansion was determined by transmitting a 650 nm laser
beam through a dye-doped PDMS film with an embossed diffraction grating on the back.
The strain depends linearly on the temperature of the sample which allows for the linear
coefficient of thermal expansion to be determined within a <5% uncertainty. Although this
measurement was used to determine the β parameter for the proposed thermal model of a
transparent sample doped with oil red O, the results indicate that any transparent elastomer
cured on a form with a surface relief grating, or a thermoplastic embossed with a grating,
could have its linear coefficient of thermal expansion measured with the reported method.
Furthermore, the method could easily be expanded to opaque materials by placing the
grating on the same side as the incident probe beam to create a reflective surface grating.
Furthermore, placing the probe beam on the opposite side of the pump beam would allow
for a more compact experiment or enclosed device design. In such a geometry, an inorganic
dye could be doped in PDMS, or another material with a large photomechanical strain,
to make a CW laser power sensor that is both (i) based on the photomechanical effect
and (ii) resistant to photobleaching. For transmission-based power sensors with the probe
and pump beam on the same side, self-healing chromophore/polymer pairs could be
implemented to increase longevity [104–108]. The versatility of this method for determining
a linear coefficient of thermal expansion and the ability for micron sized samples that have
grating periods in the hundreds of nanometers makes it useful for determining coefficients
of low volume materials that are either high in cost to procure or low in yield to produce.
A well-characterized sample could also be used as a thermometer, similar to the PDMS-clad
fiber Bragg grating temperature sensor developed by Park et al. [109].

This proposed model for a pump laser power sensor works satisfactorily because the
strain was linearly correlated with the pump power referenced by a photodiode detector.
A single, passive rate parameter a2/4D was found to fit the data for all experimental
pump powers. The model does suffer from deviations with experimental values at short
time-scales immediately after the shutter was actuated. In fact, pump flash measurements
of the shutter times in the each automated experiment confirm that the physical open and
close times of the shutter relative to the beginning of each data run are at (1.00± 0.05) s and
(11.00± 0.05) s. These experimental values are about 300–400 ms greater than the values
for ton and toff fitted by our model. The reasons for the deviations in shutter times follow
from the assumptions that (1) the heat source is a point source in a two-dimensional plane
with the temperature measured at an adjacent point on the plane point near it (i.e., f (t)
is not negligible at small time scales), (2) the absorption of the pump is uniform through
the thin film while also absorbing most of the intensity, and (3) the two-dimensional plane
is perfectly insulated from the three-dimensional environment. The second assumption
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is only true for low absorption films, where high absorption films will inherently suffer
from slow diffusion constants when surface absorption dominates. The first assumption
requires a well-focused beam to make a better approximation while the last assumption
admits a Green’s function for a two-dimensional heat equation that does not include loss
to the environment. The two-dimensional heat equation can obviously be reformulated
to contain a loss term that is linearly dependent on the local temperature, which would
follow a Robin-type boundary condition for a disk in three dimensions. The simplicity
of solution for a two-dimensional Green’s function without loss at the boundary and the
idealness of the fits at long time-scales allows the current model to be used for real-time
power measurements in devices with current microprocessor capabilities.

The method for measuring laser power via the photomechanical effect presented in
this paper is well-suited for device applications. If the diffraction pattern is placed on the
same side as the probe beam to create a reflected diffraction beam, then an enclosure can
be designed with a port exposing a PDMS sample doped with an opaque dye. The linear
CCD array that collected position data is the same type of electronic sensor found in most
portable spectrometers, which are commonly used in optical experiments. Thus, a portable
spectrometer could be designed to have a second port devoted to laser power measurements
and use the same electronic sensor. Because Gaussian fitting along the linear CCD array
requires so little memory and processing, cheap, low-power microprocessors can easily
determine each gaussian peak in real time making this method viable for portable devices.

For the experimentalist on a budget, the long and precise linear CCD array used in this
study could be swapped out for the two-dimensional CCD array in a camera with the lens
removed. The range of the adapted power sensor design would be decreased; however,
alignment between the direction of the one-dimensional grating and the orientation of the
linear CCD array’s long axis would no longer be required.

Additional analysis of the temperature profile over a large film’s area, which is not
exposed to the pump beam, is necessary for a user-friendly device. Materials or additives
that significantly increase the thermal diffusivity will be necessary to create a laser power
sensor with a large exposure surface. On the other hand, thin films of materials with a small
thermal diffusivity could be used to map a pump beam’s intensity profile by scanning over
the film surface with a small probe laser. Finally, there will be a level of intensity at which
the maximum strain varies nonlinear with the pump intensity; however we were only able
to achieve a maximum of 15.2 mW of pump power after filtering the 1064 nm fundamental
wavelength out of the 532 nm pump beam with a KG-1 filter. A higher power pump beam
is required to determine the intensity level at which nonlinear processes occur for the Oil
Red O-doped PDMS material used in this study.

5. Conclusions

A dye-doped PDMS film was cured over a polycarbonate substrate with a surface relief
grating. A method of determining the linear coefficient of thermal expansion was demon-
strated by heating the sample and detecting the angular shift of the first-order diffraction
beam with a linear CCD array. The manufacturer reported value for the linear coefficient
of thermal expansion of undoped PDMS was within the uncertainty of our measurement.
Previous studies have shown that a diffraction pattern can be embossed on the surface of
thermoplastics under conditions of elevated temperature and pressure [110–112], which
increases the library of materials that can be studied with this method.

The increase in grating period from photothermal heating by a pump beam was
detected from small changes in the diffraction angle of a probe beam. The change in
grating period was found to depend linearly on the pump power, and thereby allowing the
method to be easily made into a power sensor. Furthermore, the laser power sensor can be
integrated into a portable spectrometer with the same linear CCD array. The experimental
dimensions used in this study resulted in a ∼1 mW sensitivity and a resolution of a few
percent. The power detection range for sensors based on this method could be adjusted by
changing the arm length, even through mirrored reflections, of the diffracted probe beam.
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