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Abstract. Detection of high-energy laser strikes is key to the survivability of military assets in
future warfare. The introduction of laser weapon systems demands the capability to quickly
detect these strikes without disrupting the stealth capability of military craft with active sensing
technologies. We explored the use of thermoelectric generators (TEGs) as self-powered passive
sensors to detect such strikes. Experiments were conducted using lasers of various power ratings,
wavelengths, and beam sizes to strike 2 × 2 cm2 commercially available TEGs arranged in
different configurations. Open-circuit voltage and short-circuit current responses of TEGs struck
with 808-, 1070-, and 1980-nm lasers at irradiance levels between 8.5 and 509.3 W∕cm2 and
spot sizes between 2 and 8 mm are compared. TEG surface temperatures indicate that the sensor
can survive temperatures nearing 400°C. TEG open-circuit voltage magnitudes correlate more
strongly with net incident laser power than with specific irradiance levels, and linearity is limited
by Seebeck coefficient variation with temperature. Open-circuit voltage responses are charac-
terized by 10% to 90% rise times of ∼2 to 10 s despite surface temperatures not reaching equi-
librium. With open-circuit voltage as the sensing parameter, detection thresholds three times
above the standard deviation noise level can be exceeded within 300 ms of the start of a laser
strike with irradiance levels of ∼200 W∕cm2. Potential harvested power levels as high as 16 mW
are estimated based on measured electrical responses. A multiphysics finite-element model
corresponding to the experiments was developed to further optimization of a lightweight, low-
profile TEG sensor for detection of high-energy laser strikes. © The Authors. Published by SPIE
under a Creative Commons Attribution 4.0 Unported License. Distribution or reproduction of this work in
whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.OE
.59.11.117105]
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1 Introduction

Laser weapon systems are difficult to detect because they are both silent and invisible. The only
methods of detection are to receive the laser radiation into an optical system or to detect an
increase in temperature on the target. Infrared (IR) cameras, which fall into the former category,
are sensitive to a wide range of wavelengths, but must be viewing the target to observe a strike.
For military applications, assets such as tanks, aircraft, ships, and drones need to operate inde-
pendently, which means an extra asset deployed solely for detecting laser radiation via an IR
camera is less practical. Companies such as Boeing and Carl Zeiss have patented other tech-
nologies that include an externally mounted device on the asset to receive laser radiation.1,2

Both technologies are bulky and can be mounted to a limited set of platforms. In addition
to having poor aerodynamic geometry, these devices disrupt the stealth ability of their asset
by protruding far outside its skin, allowing an adversary’s radar to easily detect the asset.
Embedded photoconductive sensing techniques have also been investigated but required direct
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exposure to laser photons and have limited potential to scale to cover large areas due to the
physically large radio-frequency readout instruments required to read continuously active
signals.3,4 Among temperature-sensing technologies, optical fiber sensors, including fiber
Bragg gratings, embedded in composite structures have been investigated for high-energy laser
strike detection applications.5–7 Fiber optic sensors are limited by brittleness if manufactured
using glass8 or material degradation at temperatures exceeding 70°C if manufactured using poly-
methyl methacrylate (PMMA),9 which would not survive a high laser intensity environment.
Additionally, distributed fiber optic sensors require active interrogation and are sensitive to strain
in addition to temperature,10 requiring significant processing effort to isolate the two effects.

Thermoelectric generators (TEGs) employed as high-energy laser strike sensors offer advan-
tages compared to these other technologies because TEGs operate passively, are durable against
high temperatures, and can be constructed in thin and flexible forms for integration onto struc-
tural platforms. Moreover, because TEGs are sensitive to temperature and relatively insensitive
to other phenomena such as strain, they are directly related to the damage mechanism expected
from a high-energy laser strike. A TEG responds to a temperature gradient according to the
Seebeck effect. The Seebeck effect, which is reciprocal to the more commonly known
Peltier effect, states that if a temperature gradient exists across dissimilar materials such as
p- and n-type semiconductors, the junction between the materials will produce a voltage differ-
ence. With a larger temperature gradient, the generated voltage increases. The theory of oper-
ation for a TEG as a laser strike sensor is that a high-energy laser strike will rapidly heat the
exterior irradiated surface of the TEG, creating a temperature gradient through the TEG thick-
ness and a resultant rise in the open-circuit voltage of the TEG. A certain voltage threshold could
be used to indicate a high-energy laser strike. TEGs are not only passive but also essentially
powered by the laser strikes intended to be detected, and therefore, do not need to be powered
by the target seeking to detect the strike. The TEGs used in this project, CUI Device’s CP60240,
are manufactured on a 96% aluminum oxide substrate, which is physically very durable and has
a high melting point of greater than 2000°C.11,12 The dimensions of the tested models are
2 cm × 2 cm × 4 mm, but thinner models have been manufactured.13 TEGs have been manu-
factured with micrometer scale thicknesses14 and in flexible forms.15

In this paper, we evaluate the ability of commercial-off-the-shelf TEGs to detect laser strikes.16

Using lasers of various powers and spot sizes, we measure variation in TEG open-circuit voltage,
short-circuit current, and surface temperatures as a function of laser power and average irradiance
levels. While higher incident laser power is expected to produce higher open-circuit voltages in
the TEG due to more rapid heating, we also assess the effect of specific irradiance at a fixed power
level by varying the spot size of the incident laser. Higher irradiance is also expected to result in
more rapid heating of the TEG, but a significant thermal gradient through the TEG thickness will
be present over fewer thermoelectric couples when the spot size is small. Tests were conducted to
observe the failure point of the TEGs when exposed to increasing temperatures levels due to
increasingly powerful laser strikes. Additionally, because the absorption of light by a material
varies with the wavelength of the light, several different wavelength lasers were used to determine
the wavelength dependence of the TEG thermal and electrical response. We further develop a
multiphysics finite-element model corresponding to the experiments conducted to determine the
effect of material parameters on predicted TEG sensor performance. These results will inform
material selections in designs for functional high-energy laser strike sensors based on TEGs.

2 Methods

2.1 Experimental Methods

The basic experiment was striking a single TEG with a laser centered on the TEG surface. An
example is shown in Fig. 1(a). Variations in laser power and wavelength were obtained via a
LaserMotive 808 nm 40-W power over fiber laser (PN: 210-6443) ranging from 15 to 40 W, an
IPG Photonics YLR-100-SM-CS 1070-nm fiber laser ranging from 25 to 100 W, and an IPG
Photonics TLR-50-1980-nm fiber laser ranging from 25 to 50 W. A ThorLabs S314C thermal
power sensor head was used to verify the claimed net output power of each laser before
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commencing experiments. For spot size diameters of ∼8 mm, irradiance levels ranged from 8.5
to 198.9 W∕cm2. Real-time temperature monitoring was conducted via IR cameras imaging
either the front (irradiated) or rear surface of the TEG. A forward-looking infrared system
(FLIR) A615 IR camera was used to record the temperatures on the front of the TEG for the
1070- and 1980-nm laser strikes, and an FLIR A325sc IR camera was used to record the temper-
atures on the front and back of the TEG for the 808-nm laser strikes. The difference in camera
type for each experiment was based solely on availability at the time of the experiments. Open-
circuit voltage responses of the TEG were measured using a DSO9104A Digital Storage
Oscilloscope or a Wavesurfer 104MXs 1GHz 5GS/s Oscilloscope. For the 808-nm laser strikes,
short-circuit current responses were also measured using a digital multimeter. Due to changes in
the testing venue, the 808-nm experiments were conducted on TEGs supported by an adjustable
lens mount, leaving the rear of the TEG exposed, while the 1070- and 1980-nm experiments
were conducted on TEGs supported by a three-dimensional (3-D)-printed mounting bracket that
covered the rear surface of the TEG. Additionally, a fume extractor was situated above the TEG
for the 1070- and 1980-nm experiments in case the TEG produced any smoke, but no fume
extractor was available for the 808-nm experiments.

In addition to strikes on a single TEG, experiments were conducted to assess the behavior of
TEGs in a system, with concern for system performance after the failure of a device. Three TEGs
were arranged in series with the oscilloscope connected across the entire line of TEGs, as seen in
Fig. 1(b). The laser struck the middle TEG (TEG2) and the voltage response was recorded. TEG3
was then replaced with a broken TEG, one that had failed after a previous high-power laser
strike, and the experiment was repeated. To further test the effect of a broken TEG in the series
arrangement, TEG3 was returned, and TEG1 was replaced with another broken TEG, and the
experiment was repeated.

To assess the effect of specific irradiance levels on TEG response, the 808-nm laser was
directed at a single TEG with a planoconvex focusing optic (ThorLabs uncoated N-BK7,
300-mm focal length) inserted in front of the collimator and adjusted to vary the specific irra-
diance at the TEG as shown in Fig. 1(c). Spot size diameters of 2, 5, and 8 mm were used at
25 W, with irradiances of 795.8, 127.3, and 49.7 W∕cm2, respectively. Then, a 15-mm spot size
was used at 15, 25, and 35 W, with irradiances of 2.12, 3.54, and 4.95 W∕cm2, respectively.
The IR camera was used to view the front of the TEG and then repositioned to view the back of
the TEG for these trials.

Additional experiments were conducted where a planoconvex focusing optic (ThorLabs
uncoated N-BK7, 200-mm focal length) was inserted in front of the 1070-nm laser to focus

Fig. 1 Schematic representations of experiments performed. (a) Single TEG irradiation using a
1070- or 1980-nm laser with varying power levels, (b) irradiation of TEGs in series configuration,
and (c) irradiation of TEG with an 808-nm laser with varying spot size via a repositionable lens.
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the spot size on the TEG to 5 mm. These tests were used to observe the behavior of the TEG
when exposed to extreme irradiances. These trials used the same nominal laser power settings of
25, 50, 75, and 100 W as were used in the experiments conducted with the same 1070-nm laser
without a focusing optic. However, the nominal laser power settings were not adjusted to account
for transmission loss through the focusing optic such that the actual power on the TEG was
equivalent to those trials that did not use an optic. Based on an estimated 92% transmission
for ThorLabs N-BK7 uncoated lenses at the 1070-nm wavelength, we estimate irradiances at
the TEG of 117.1, 234.2, 351.4, and 468.6 W∕cm2 for the nominal 25-, 50-, 75-, and 100-W
trials focused with the optic, respectively. However, since these irradiances were not measured,
we do not compare the responses of the TEGs in these trials quantitatively against those trials
conducted without a focusing optic on the basis of power.

2.2 Simulation Methods

A finite-element multiphysics model approximately corresponding to the experiments conducted
was developed using COMSOL Multiphysics® to compare simulation responses to those
obtained experimentally for parameter estimation and to evaluate the relevance of certain param-
eters to the thermal and electrical response of the tested TEG. The model was developed using
physical dimensions measured from a deconstructed part, built-in COMSOL material library
parameters for bismuth telluride and copper, and published material parameters for 96% alumi-
num oxide.17 The heat transfer in solids and electric currents modules were utilized, including the
multiphysics module for the thermoelectric effect. Because the thermal experimental conditions
to which the simulations would be compared did not reach steady-state equilibrium, time-
dependent transient simulation studies were conducted instead of stationary steady-state studies.
Ambient temperature was set to 20°C or 23°C to match the corresponding experiments. A sum-
mary of relevant simulation parameters is included in Appendix A.

Laser input was modeled as a “deposited beam power” with a Gaussian profile of parame-
terized standard deviation σspot centered on the exterior surface of the top aluminum oxide
domain. The Gaussian profile is not confirmed experimentally as the beam profiles were not
characterized. Nominal integrated input heating power (laser power) was modeled as a smoothed
step function from zero to a parameterized maximum value Plaser with a 100-ms-duration tran-
sition zone centered at the 50-ms mark with two continuous derivatives applied in the smoothing
function. The actual power modeled as absorbed at the aluminum oxide surface was further
modified by the wavelength-dependent emissivity εðλÞ. This emissivity is a key parameter that
is estimated through the simulation process and was expected to be significantly <0.4 at the near-
IR wavelengths tested based on published literature.18 Some small level of transmission to the
back alumina surface was also considered using deposited beam power while accounting for
absorption and potential reflection off the front aluminum oxide surface. For simplicity, the cen-
tral exterior region of the TEG model neglected the silicone rubber sealant and assumed ther-
mally insulating boundary conditions at this interface. Convective heat transfer conditions with
parameterized coefficients hfront and hback were applied to the front and back surfaces of the
aluminum oxide domains, respectively.

Electrical aspects of the simulation model included copper ohmic contacts between 25
thermoelectric pairs. Due to local inability to directly test the Seebeck coefficients of the materials
in the commercial TEGs tested, the COMSOL built-in material library parameters for
bismuth telluride were used, including COMSOL’s built-in function for the Seebeck coefficient
SðTÞ as a function of temperature. Outside of the defined temperature range of 200 to 350 K, the
Seebeck coefficient was modeled as a constant equal to the nearest value indicated in Table 1.
A scaling coefficient β was also applied to the Seebeck coefficient function as a control variable to
tune the simulation results to the experimental results. Variation in effective Seebeck coefficients
can be wide even among nominally the same materials based on processing conditions and with
variation due to temperature.19 For simplicity, the n- and p-type materials were assumed to have
exactly opposite Seebeck coefficients. The terminal ohmic contacts were designated as either
ground or a terminal by which to measure the simulated open-circuit voltage response of the TEG.

The simulation approach focused on estimating the wavelength-dependent emissivity of alu-
minum oxide and the convective heat transfer coefficients by comparing the simulated surface
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temperatures obtained from sweeps of these parameters to those observed experimentally using IR
cameras. Once the simulated surface temperature transient response was reasonably close to the
experimental results, the Seebeck coefficient scaling parameter β was adjusted as necessary to
match the simulated voltage responses to the experimental open-circuit voltage responses.
Additional simulation studies included the response of the TEG to changes in integrated laser input
power by sweeping parameter Plaser and to the spot size of the laser by sweeping parameter σspot.

3 Results

3.1 Experimental Results

As predicted, the voltage of the TEG increased as the temperature at its surface increased.
Figure 2 shows that each increase in power increases the TEG voltage response to the
1070-nm laser with an 8-mm spot size, until voltage responses saturate as they approach
800 mV. Two breakdowns can be observed in this plot. The first was the 100-W trial’s clear
drop to 0 V at the 18-s mark. The other was the 75-W trial’s decrease in open-circuit voltage
starting at the 14-s mark. In the 75-W breakdown, the voltage achieved 700 mV before steadily
declining. After both trials, the TEG could no longer produce a voltage in response to a temper-
ature gradient. The 1980-nm laser experiment at 50 W with an 8-mm-diameter spot size also
experienced a breakdown after reaching an open-circuit voltage of 800 mV under laser irradi-
ation. In Fig. 3(a) at the 12-s mark, the voltage begins to decline, which was another indication
of a breakdown. While this declining open-circuit voltage was not always an indication of a

Fig. 2 Open-circuit voltage responses of TEG to 1070-nm laser strikes of varying net power levels
and a fixed 8-mm-diameter spot size. Increasing incident power levels increase the output voltage
but saturate above 75W. The voltage response of the TEG to the 100-W strike indicates a material
open-circuit failure of the TEG at around the 18-s mark.

Table 1 Summary of open-circuit voltage (VOC) and recorded average surface temperatures on
the front of the TEG for selected experiments.

λ 808 nm 1070 nm 1980 nm

Power (W) 25 25 50 75 100 25 50

Irradiance (W∕cm2) 49.7 127.3 795.8 49.7 99.5 149.2 198.9 49.7 99.5

VOC at t ¼ 4 s (mV) 152 150 136 113 246 397 493 280 550

Average temperature at t ¼ 4 s (°C) 41 38 n∕r a 31 42 52 69 53 77

aTemperature data for the 808-nm, 2-mm spot size strike was not recorded.
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breakdown, in these trials, the TEG was rendered broken afterward, behaving as an open circuit
in any subsequent trial.

The wavelength of the laser had a significant effect on the open-circuit voltage response of
the TEG. Figure 3(a) compares the 1070- and 1980-nm lasers at 25 and 50W. The 1980-nm laser
at 25 W returned a higher voltage from the TEG than the 1070-nm 50-W laser pointing to var-
iations in the emissivity of the aluminum oxide substrate between the two wavelengths. And, as
mentioned previously, the 1980-nm 50-W laser caused a breakdown, while the TEG survived the
1070-nm laser at that same power. Only the 1070 and 1980 nm wavelengths are used to compare
the effects of wavelength because only these trials utilized a fumed extractor, had no lens to cause
transmission loss between the collimator and the TEG, and covered the back of the TEG with a
support bracket. The 808-nm experiments required a lens to focus the beam to a comparable size,
left the back of the TEG exposed, and did not use a fume extractor above the TEG. The 808-nm
experiment data were instead used to analyze the effects of irradiance and observe heat transfer
through the TEG.

In Fig. 3(b), the observed average surface temperature on the irradiated side of the TEG and
the open-circuit voltage response of the TEG are compared for experiments spanning different
wavelengths and net incident laser powers. For each experiment, the average surface temperature
and the open-circuit voltage are measured 4 s after the start of the laser strike. Linear correlation
is observed between the average surface temperatures on the TEG and the open-circuit voltages
measured at the 4-s mark across a range of laser wavelengths, power densities, and specific
irradiances. In each experiment, the laser continues to irradiate the TEG at the 4-s mark.
The linearly correlated relationship between temperature and open-circuit voltage does not hold
when compared after a prolonged laser strike. As observed in Fig. 4, which is generally rep-
resentative of the experiments, surface temperatures continued to rise even as open-circuit volt-
ages reached a steady state.

The average temperature over the front surface of the TEG and the temperature at the hottest
point on the TEG were measured using the FLIR tools software that collected data over the entire
front square of the target. These data were collected for the 1980- and 1070-nm experiments. For
the 5-mm-diameter spot size strikes, the difference between the maximum and average temper-
ature over the surface of the TEG was greater than that of the 8-mm-diameter spot. The exact
maximum temperature could not be determined because the IR camera can only detect up to
2090°C. A summary of open-circuit voltage and recorded average surface temperatures on the
front of the TEG for select experiments is shown in Table 1.

Fig. 3 (a) Comparison of open-circuit voltage responses of a TEG to 1070- and 1980-nm laser
strikes at 25- and 50-W net power levels with a spot size diameter of 8 mm. The 1980-nm wave-
length laser strikes resulted in significantly larger temperatures and open-circuit voltage responses
compared to the 1070-nm wavelength strikes, pointing to variation in the emissivity of the alumi-
num oxide substrate between the two wavelengths. (b) Comparison of measured open-circuit volt-
age responses to measured average surface temperature 4 s after the start of laser strikes of
various wavelengths and intensities.
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The heat transfer through the TEG can be observed using the temperature data from the front
and back of the TEG during the 808-nm experiments, as seen in Fig. 4. Over the duration of the
strike, the temperature on the front of the TEG consistently increased, with the back temperature
also rising at nearly the same rate. However, the voltage reached a steady state even as the tem-
perature continued to increase. Between 15 and 25 s, the temperature on the front and back of the
TEG increased by about 14°C while the TEG voltage remained relatively constant.

Specific irradiance was the least influential parameter on the voltage response from the TEG
compared to wavelength and nominal net incident power. While larger spot sizes yielded higher
voltages, the differences were minute. The steady voltages resulting from 2-, 5-, and 8-mm lasers
of the same power varied by less than 15 mV, as shown in Fig. 5. This was noteworthy, as a
higher specific irradiance at a fixed net power level slightly reduced the voltage response but
greatly increased the likelihood of a breakdown because it was subject to extreme temperatures
in a concentrated area.

To assess the noise of the open-circuit voltage response, the voltage response for each trial
was high-pass filtered with a cutoff frequency of 2 Hz. The bandwidth of the signal was calcu-
lated from this cutoff up to the Nyquist frequency of 5 kHz to isolate the noise of the signal. Most

Fig. 5 Comparison of TEG open-circuit voltage responses to 808-nm, 25-W laser strikes with spot
size diameters of 2, 5, and 8 mm. The plotted voltage responses are low-pass filtered in post-
processing with a cut-off frequency of 1 Hz to reduce noise for ease of comparison. With fixed
net incident power, increasing spot size results in slightly greater open-circuit voltages.

Fig. 4 (a) Observed average temperatures on the laser-irradiated (front) and nonlaser-irradiated
(back) side of a TEG during a strike by a 25-W 808-nm laser with a 5-mm spot size. (b) The cor-
responding output voltage response. Although the average surface temperatures continue to
increase, the open-circuit voltage response reaches a maximum.
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trials had a noise rms level ranging from 4.7 to 6.2 mV. There was no discernible difference
between noise levels preceding a laser strike and those recorded during a laser strike. In some
trials, the noise level slightly increased, and in others, the noise level slightly decreased or
remained the same. The 10% to 90% rise times for the open-circuit voltage response were also
calculated for each trial, which indicated a correlation between higher power lasers and faster rise
times. The rise times for the 1070-nm experiments were 9.3 s at 25 Wand decreased to 6.58 s for
the 100 W. For the 25- and 50-W 1980-nm laser strikes, the rise times were 9.34 and 6.97 s,
respectively. The open-circuit voltage responses typically exceeded three times the prestrike rms
level of the noise for that trial within ∼10 to ∼300 ms. Table 2 summarizes the observed noise
levels and time required to exceed a voltage three times the rms noise levels.

There appears to be a weak correlation between the net power level of the laser strike and the
time at which the open-circuit voltage responses exceeded the detection threshold of three times
the rms noise level. For 1070-nm strikes with power ranging from 25 to 75 W and 1980-nm
strikes with power ranging from 25 to 50 W, increasing power corresponded with decreasing
time for the response to exceed the detection threshold. However, the 1070-nm 100-W strike
results were not consistent with this trend, and the 808-nm strikes showed no correlation between
incident laser power and the time to exceed the detection threshold. An example trace is shown in
Fig. 6 for a 1070-nm 75-W laser strike in which the voltage first exceeds three times the prestrike
rms level of the noise within 127 ms.

TEG short-circuit current responses were also recorded to assess the potential of a TEG-
based sensor to self-power notification circuitry. The short-circuit current responses to 808-nm

Table 2 Noise rms levels and time to exceed three times rms noise levels for selected trials.

λ 808 nm 1070 nm 1980 nm

Power (W) 15 25 35 25 50 75 100 25 50

Irradiance (W∕cm2) 29.8 49.7 69.6 49.7 99.5 149.2 198.9 49.7 99.5

Noise rms or σ (mV) 5.1 5.3 5.1 5.0 5.2 5.8 13.2 5.5 5.3

Time to exceed 3σ noise (ms) 12.6 60.0 10.7 226.0 158.5 126.7 279.8 142.3 108.6

Fig. 6 The open-circuit voltage response of a TEG to a 1070-nm 75-W laser strike is plotted
against time with the laser starting to strike the TEG at t ¼ 0 s. In the enlarged inset graph, the
rms noise level, a chosen threshold level at three times the rms noise level, and the time from the
start of the laser strike to the first open-circuit voltage data point exceeding the threshold level are
annotated. The result is typical of the open-circuit voltage responses of the tested TEGs, which
exceeded three times the rms noise levels recorded prior to the strike within time scales ranging
from tens to a few hundred milliseconds.
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laser strikes with an estimated spot size of 15-mm diameter and varying nominal input powers
are shown in Fig. 7(a). The short-circuit current responses indicate 10% to 90% rise times of
∼6 s, which are faster than the corresponding open-circuit voltage rise times of ∼10 s. The short-
circuit current responses also show a more pronounced decline in the output response after reach-
ing a peak level as compared to the open-circuit voltage response, particularly at high incident
laser power levels. We postulate that the short-circuit current response is affected by increasing
resistivity of the thermoelectric and conductive materials with increasing temperature, whereas
this increased resistivity has limited effect on the open-circuit voltage magnitude. Both the short-
circuit current response and the open-circuit voltage response are likely affected by decreasing
Seebeck coefficients at temperatures above approximately 150°C.

By taking the ratio of open-circuit voltage to short-circuit current responses, an effective TEG
Thévenin resistance RTh can be calculated as shown in Fig. 7(b), with this resistance increasing
with longer duration of irradiation. A hypothetical fixed load RLoad connected to the TEG could
be approximately matched to the TEG’s Thévenin resistance RTh by setting the load resistance
RLoad to the mean of 1.28 Ω for the calculated effective Thévenin resistances of the various
experimental data points. Figure 7(c) shows calculation results for potential peak harvested elec-
trical power delivered to a 1.28-Ω fixed load from a TEG irradiated with an 808-nm laser strike,
using a TEG circuit model with a voltage source VOC and Thévenin resistance RTh, which both
vary over the duration of the strike. Peak load power harvested is estimated to be 4.5 to 16 mW
for nominal 808-nm laser powers of 15 to 35 W.

Finally, when connected in series with other TEGs, there was no discernible difference in the
voltage response compared to the experiments with only one TEG. In a scenario where all three
TEGs were functional and the middle one was struck, the other two TEGs behaved like short
circuits. In the experiments where one of the TEGs in series was replaced with a previously failed
TEG, no voltage was detected across the series connection. Broken TEGs behaved like open-
circuits, effectively eliminating the entire system’s ability to detect a strike when connected in
series. This result suggests that the TEGs tested tend to fail open when exposed to high temper-
atures resulting from high-energy laser strikes.

3.2 Simulation Results

The open-circuit voltage responses and average surface temperatures of time-dependent transient
simulations were recorded for a wide range of simulation parameter sweeps. First, parameters for
convective cooling coefficients and emissivity at the irradiation wavelength were adjusted to
match IR camera experimental results for average surface temperatures. The emissivity of the
aluminum oxide was the primary parameter to distinguish the wavelength of the lasers being
emulated in simulation. Concurrently, the shape of the simulated transient surface temperature
response was evaluated to tune the convective heat transfer coefficients on the front and back
aluminum oxide substrates. The results of the simulations are compared to experimental data

Fig. 7 (a) TEG short-circuit current ISC responses to 808-nm laser strikes with spot size diameter
of 15 mm and varying power levels, (b) calculated TEG Thévenin resistance RTh from open-circuit
voltage VOC and from short-circuit current ISC where RTh ¼ VOC∕ISC, and (c) estimated harvested
power PLoad to a fixed load with resistance RLoad ¼ 1.28 Ω where PLoad ¼ VOC2RLoad∕
ðRTh þ RLoadÞ2.
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in Fig. 8. Reasonable agreement is obtained, although the simulated response at 808 nm could be
further optimized for accuracy.

Based on simulation results that approximate the observed experimental responses, we estimate
effective emissivities at 808, 1070, and 1980 nm for the material tested as 0.180, 0.160, and 0.375,
respectively. These emissivity estimates are comparable to measurements previously reported at
these near-IR wavelengths.17 The tuned effective heat transfer coefficients for the 808-nm simu-
lation were hfront ¼ hback ¼ 15 W∕ðm2KÞ, while the effective heat transfer coefficients for both
the 1070- and 1980-nm simulations were hfront ¼ 50 W∕ðm2KÞ and hback ¼ 0 W∕ðm2KÞ. These
estimates correspond well with the experimental conditions. For the 1070- and 1980-nm experi-
ments, the TEG was mounted on a bracket that covered the rear side, and a low-speed fume extrac-
tor was positioned above the TEG. By contrast, the 808-nm experiments were conducted with the
TEG front and back exposed and without a fume extractor. Therefore, the front-side convective
heat transfer coefficient for the 808-nm laser experiments is expected to be less than those for the
1070- and 1980-nm experiments while the heat transfer coefficient for the rear side of the TEG in
the 808-nm laser experiments could be expected to exceed those for the 1070- and 1980-nm experi-
ments where the back of the TEG was not exposed.

Fig. 8 Simulated average substrate surface temperatures with tuned simulation parameters
compared to experimental results for laser strikes commencing at t ¼ 0 s with nominal input
laser powers of 25 W at (a) 808 nm [ε ¼ 0.180, hfront ¼ hback ¼ 15 W∕ðm2KÞ], (b) 1070 nm [ε ¼
0.160, hfront ¼ 50 W∕ðm2KÞ, hback ¼ 0 W∕ðm2KÞ], (c) 1980 nm [ε ¼ 0.375, hfront ¼ 50 W∕ðm2KÞ,
hback ¼ 0 W∕ðm2KÞ]. Only the irradiated surface temperatures were recorded for the 1070- and
1980-nm experiments. (d) Simulated open-circuit voltage responses to the same laser strikes
under the same simulated conditions compared to experimental results.
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The simulated open-circuit voltage responses were tuned by scaling the Seebeck coefficient
via parameter β after tuning the simulated thermal conditions to approximately match experi-
mental surface temperature data. Good agreement in the simulated and experimental open-circuit
voltage responses was obtained for nominal 25-W laser strikes at 808, 1070, and 1980 nm with
Seebeck scaling coefficients of β ¼ 1.10, 1.06, and 1.33, respectively. While the Seebeck coef-
ficient is not considered to be a function of laser wavelength, the Seebeck coefficient is a function
of temperature, which varies for both the simulation and experiments indirectly with wavelength
via the wavelength-dependent emissivity of the TEG’s aluminum oxide substrate material. The
significant increase in tuned Seebeck scaling coefficient β for the 1980-nm simulation relative to
the 1070- and 808-nm simulations corresponds to higher surface temperatures (∼100°C)
observed for the corresponding experiment when compared to nominal 25-W laser strike tests
at other wavelengths (∼60°C to 70°C). This result suggests that at least in the range of 60°C
through 100°C, the Seebeck coefficient of the TEGs tested increases with increasing temperature
and increases more rapidly than the built-in COMSOL model assumes.

Simulation results were also used to validate the experimental conclusion that open-circuit
voltage responses were more correlated with net power incident on the TEG than with specific
irradiance levels of the laser strike. Figure 9(b) compares simulated open-circuit voltage
responses for laser strikes of the same nominal incident power with differing spot sizes. The
simulated results indicate a less than 1% increase in open-circuit voltage for laser strikes of the
same integrated net incident power with peak irradiance levels varying by more than 400% for
1.25 mm < σspot < 2.75 mm. These simulated results contrast slightly with the experimental
results, which showed a ∼2% increase in open-circuit voltage when increasing the nominal spot
size from 5 to 8 mm. Additionally, the simulated voltages increase at a faster time rate throughout
the simulated laser strike duration due to imperfect thermal parameter fitting for the 808-nm
simulation. We attribute the small increase in open-circuit voltage with increasing spot size

Fig. 9 (a) Simulated Gaussian profiles for various standard deviations σspot taken along the y ¼ 0
line centered on the simulated TEG and positioned along its front surface. (b) Open-circuit voltage
responses with varying spot size standard deviations. Simulated isothermal contours of the irra-
diated TEGs 20 s after the start of the simulated 808-nm laser strike with spot size standard devi-
ations of 1.25, 2, and 2.75 mm are shown in (c), (d), and (e), respectively.
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observed in both simulated and experimental results to the development of thermal gradients
across more thermoelectric couples with larger spot sizes. While the temperatures are greater
in the smaller spot size cases, fewer thermoelectric couples are affected.

More focused laser beams of the same net power did result in higher peak surface temper-
atures both in experiment and in simulation. Simulated peak surface temperatures ranged from
107.8°C at σspot ¼ 1.25 mm to 86.5°C at σspot ¼ 2.75 mm. These results suggest that the primary
consideration in the magnitude of the open-circuit voltage response is the difference in average
temperatures between the front (irradiated) and back (nonirradiated) substrates of the TEG.
Average simulated surface temperatures did not vary significantly with variations in spot size
in the simulations conducted.

4 Discussion

The basic functionality of a TEG as a passive sensor for near-IR laser irradiation is verified by
experiment and simulation. Both open-circuit voltage and thermoelectrically generated power
could serve as sensor output signals. The TEG response is related to the thermal gradient through
the thickness of the TEG. The thermal gradient is limited by conduction through the TEG, result-
ing in a limit to the sensor output response to a strike of a given power even as TEG surface
temperatures continue to climb. TEG open-circuit voltage response maximum increases with
increasing net incident power on the TEG surface. The maximum in the open-circuit voltage
response is more closely correlated with net incident power on the TEG surface than with spe-
cific irradiance. For fixed-duration continuous-wave laser strikes of wavelengths 808, 1070, and
1980 nm, the tested TEGs exhibited an open-circuit voltage (at an arbitrary t ¼ 4 s) to nominal
incident laser power ratios of 6, 4.9, and 11.1 mV∕W with linearity most likely limited by varia-
tion in the Seebeck coefficient with temperature.

A fundamental limitation of the TEG as a high-energy laser strike sensor is that its perfor-
mance degrades with the primary variable it seeks to measure. The gradual degradation of the
sensor performance at increasing temperatures is evidenced by the apparent decrease in Seebeck
coefficient and conductivity of the electrical elements in the experimental results. Reducing tem-
peratures via optically reflective surfaces or thermal management is possible but requires close
optimization since such techniques shield the sensor from the measured variable. Simulations
show that increased emissivity of the TEG substrate at wavelengths of interest can increase the
open-circuit voltage response, but increased sensitivity via heat absorption risks further damage
to the sensor and possibly to nearby components. Therefore, the combination of surface materi-
als of a sensor-integrated frame needs to be evaluated carefully.

Other limitations of the tested TEGs as laser strike sensors include significant sensor thermal
mass, which increases the sensor response time to dynamic irradiation conditions. However, the
open-circuit voltage responses still typically exceeded three standard deviations of the typical
noise voltage within less than 300 ms of the start of a laser strike for the experiments conducted.
Resistive thermal noise is the probable major noise contributor. Using the same measurement
settings used to observe the TEG open-circuit voltage responses and postprocessing with a high-
pass filter function in MATLAB®, the typical rms noise levels of the tested TEGs were calculated
to be ∼5.4 mV over a Nyquist bandwidth of ∼5 kHz. Noise was observed to increase by less
than 5% when comparing rms noise voltages before a laser strike and during the laser strike in
most experiments analyzed. The low bandwidth of the signal response (<1 Hz) allows most
noise to be effectively filtered.

A unique advantage of a TEG as a high-energy laser strike sensor is that a TEG has potential
to be utilized as a self-powered passive sensor. The power generated by TEGs when irradiated
enables an array of individual TEGs to cover the large surface area of a military vehicle, vessel,
or aircraft without the interdependency of a series circuit arrangement, the loss in positional
resolution of a parallel arrangement, or the overhead of active interrogation of each individual
sensor. Irradiated TEGs could generate sufficient power to operate sensor node circuitry asso-
ciated with each of those TEGs only after being irradiated, thereby reducing power consumption
and minimizing possible disruption of stealth features until those stealth features are already
compromised. Assuming a closely matched load, estimated ratios of maximum thermoelectric
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power per nominal incident laser power for the TEGs tested in this study are 267 to 457 μW∕W
for 808-nm laser strikes with nominal powers from 15 to 35 W. The results presented here sug-
gest additional testing is warranted to characterize variability in the power harvesting capability
of TEGs deployed as high-energy laser detectors.

Future work to explore TEG arrangements as self-powering passive high-energy laser strike
sensors will include flexible thin-film designs to permit low-profile integration into composite sur-
faces and reduce response times by reducing thermal mass. The use of thermoelectric power during
a laser strike to power sensor processing electronics also deserves further study. Detectivity can be
optimized by selecting thermoelectric materials suitable for elevated temperatures and TEG sub-
strates that are highly absorptive at the expected incident laser wavelengths. In a practical deploy-
ment, detectivity would also need to be balanced by survivability concerns. Various integrations of
TEG sensors into composites suitable for vehicles or other expected high-energy laser strike targets
can be studied to optimize sensitivity and robustness in the expected operating environments.

5 Appendix A: Simulation Parameters

Table 3 summarizes relevant simulation dimensions and parameters. Parameter descriptions and
determination methods are described in Sec. 2.2.

Table 3 Simulation parameters.

Simulation dimensions

TEGsubstrate size ¼ 20 mm × 20 mm TELeg length ¼ 1.38 mm

TEGsubstrate thickness ¼ 0.8 mm TELeg width ¼ 1.3 mm

Copper thickness ¼ 0.1 mm TELeg thickness ¼ 2.2 mm

Simulation parameters

P laser ¼ ½25 to 50� W hfront ¼ ½0 to 50� W∕ðm2KÞ T ambient ¼ ½20 to 23�°C

σspot ¼ ½1.25 to 2.75� mm hback ¼ ½0 to 50� W∕ðm2KÞ

Material parameters

96% aluminum oxide Copper

Heat capacity Cp ¼ 900 J∕ðkgKÞ Heat capacity Cp ¼ 385 J∕ðkgKÞ

Thermal conductivity k ¼ 25 W∕ðmKÞ Thermal conductivity k ¼ 400 W∕ðmKÞ

Density ρ ¼ 3800 kg∕m3 Electrical conductivity ρ ¼ 59.98 × 106 S∕m

Density ρ ¼ 8960 kg∕m3

Bismuth telluride

Density ρ ¼ 7700 kg∕m3

Emissivity εðλÞ ¼ ½0.16 to 0.375� Heat capacity Cp ¼ 154 J∕ðkgKÞ Seebeck scale β ¼ ½0.8 − 1.33�

Thermal conductivity kðT Þ: Electrical conductivity σðT Þ: Seebeck coefficient SðT Þ:

At T ¼ 200 K: 2.4 W∕ðmKÞ At T ¼ 200 K: 142.86 × 103 S∕m At T ¼ 200 K: 168 μV∕K

At T ¼ 250 K: 1.9 W∕ðmKÞ At T ¼ 250 K: 111.11 × 103 S∕m At T ¼ 250 K: 192 μV∕K

At T ¼ 300 K: 1.6 W∕ðmKÞ At T ¼ 300 K: 86.96 × 103 S∕m At T ¼ 300 K: 210 μV∕K

At T ¼ 350 K: 1.6 W∕ðmKÞ At T ¼ 350 K: 71.43 × 103 S∕m At T ¼ 350 K: 225 μV∕K

At T ¼ 400 K: 1.75 W∕ðmKÞ At T ¼ 400 K: 58.82 × 103 S∕m At T ¼ 400 K: 237 μV∕K
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