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ABSTRACT
This study presents a comprehensive investigation of pyroelectric detectors for high-energy x-ray detection. We compare three high-
performance pyroelectric materials (LiTaO3, LiNbO3, and triglycine sulfate) in two geometries, thermally coupled and uncoupled, and
contrasting current with conventional voltage amplifier designs. The results obtained using 17 keV synchrotron radiation demonstrate
that current amplification significantly outperforms voltage follower configurations, achieving responsivity values of up to 105 V/W with
substantially improved signal-to-noise ratios. Of the three materials tested, triglycine sulfate exhibits superior sensitivity when used in
thicker formats (specific detectivity D∗ ∼ 7.60 × 107 cm Hz1/2 W−1), although LiTaO3 offers better thermal stability for practical applica-
tions. Further optimization through thickness reduction of LiTaO3 crystals in the range of 500–100 μm yielded substantial improvements
in D∗, with the thinnest crystals achieving D∗ values of ∼1.1 × 108 cm Hz1/2 W−1 in uncoupled geometry, which maximizes thermal
isolation and temperature rise per unit-absorbed power. These results validate our theoretical models, which predict performance enhance-
ments through optimal thermal management and amplification strategies. This establishes new benchmarks for pyroelectric-based x-ray
detection.
© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0301701

I. INTRODUCTION

A range of modern science (e.g., high energy synchrotrons) and
medical facilities require sensors capable of x-radiation detection
and measurement with high sensitivity and precision.1,2 Conven-
tional x-ray detectors are well established: ionization chambers
excel in transmission-mode flux monitoring with excellent linear-
ity and stability, silicon drift detectors (SDDs) provide outstanding
energy resolution (123–135 eV) for spectroscopic measurements,
and silicon photodiodes offer fast response for timing applica-
tions. However, each faces specific limitations: ionization chambers
require space in the beam path and high-voltage systems, SDDs need
active cooling and can saturate at very high flux (>106 cps), and
photodiodes have a limited dynamic range.3,4

These limitations motivate exploration of alternative detec-
tion mechanisms. Pyroelectric detectors,5 traditionally employed
for infrared and thermal imaging, have recently emerged as a

possible solution6 for x-ray detection. Pyroelectric detectors offer
complementary capabilities to other detectors. As they are ther-
mal (bolometric) detectors, they potentially offer broadband spectral
response without energy discrimination. They are inherently radi-
ation hard and should be high-flux tolerant. They are compact in
size (relevant for reflection geometries), require no cooling, and are
of low cost. Their strengths are particularly relevant for high-flux
beam monitoring in the context of synchrotron radiation where
conventional detectors may saturate and experimental setups prior-
itize simplicity, cost-effectiveness, and maintenance-free operation.
Their relatively long thermal time constants (100’s of milliseconds)
mean that they integrate detectors that are insensitive to the time-
structure of the synchrotron radiation beam. Pyroelectric sensors are
relatively insensitive to ambient temperature changes (lithium tan-
talate pyroelectric sensors, for example, have a response that changes
little between −40 and 100 ○C). Interestingly, although pyroelec-
tric detectors are “thermal detectors,” their frequency response
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characteristics mean that they are insensitive to slow changes in
ambient temperature that occur over 10’s of seconds. These char-
acteristics of environmental robustness and low cost mean that
pyroelectric infrared (PIR) sensors are widely used in external appli-
cations such as motion-operated light switches and “smart” door-
bell cameras.5 All these properties mean that pyroelectric sensors
offer an interesting alternative to more conventional approaches
to x-ray detection and monitoring. In this context, they are not
intended to replace conventional detectors but to address specific
measurement scenarios where traditional detectors face practical
constraints.

The evolution of pyroelectric detection can be traced back to
1938, when Ta first demonstrated infrared (IR) sensing using tour-
maline crystals.7 Owing to their simplicity, pyroelectric detectors
offer a cost-effective and flexible solution for broadband radiation
detection, including infrared sensing5,8 and thermal imaging,9,10 but
there are limited studies for their use in the detection of x-ray and
gamma ray photons and x-ray spectroscopy.11 Hester et al.12 first
explored using the pyroelectric effect in PZT ceramics for gamma
ray dosimetry and showed that it was feasible to detect high-energy
photons in this way. Kremenchugskii and Strakovskaya13 and Car-
valho et al.14 demonstrated the use of this effect in a dosimeter.
Sakamoto et al.15 demonstrated the linearity of the pyroelectric
response to 120–300 kVp x-ray intensity in PZT-PEEK compos-
ites. Recent studies also explored the use of pyroelectric effect
for x-ray generation via electron acceleration in vacuum,16,17 neu-
tron production through deuteron bombardment,18 and energy
harvesting.19 Recently, Kane et al.11 demonstrated that the pyro-
electric effect could be used in x-ray spectroscopy. None of the
work cited above had attempted to quantify the signal-to-noise ratio
that could be obtained by using a pyroelectric detector for x-ray
detection.

Recently, a study by Kane et al.6 demonstrated LiTaO3 (LT),
LiNbO3 (LN), and triglycine sulfate (NH2CH2COOH)3⋅H2SO4
(TGS) detectors bonded to a copper substrate and equipped with
a voltage-mode readout amplifier. The voltage responsivities ( RV

v),
noise equivalent powers (NEPs), and specific detectivities (D∗) for
17 keV x rays were quantified and reported for the first time.
However, theoretical modeling showed that the performances of
the detectors depended critically on both the thermal coupling
between the crystal and its substrate and the amplifier scheme used
to extract the signal. In this study, we have systematically investi-
gated the interplay between thermal design, amplifier architecture,
and material choice for x-ray pyroelectric detection. Specifically, we
evaluate LT, LN, and TGS configured in two distinct thermal geome-
tries, coupled (crystal bonded to a conductive copper substrate) and
uncoupled (corner-supported over a copper substrate with an air
gap), to reduce thermal leakage. Concurrently, we also evaluate two
amplifier schemes: voltage-mode readout, which is straightforward
but susceptible to capacitive signal loss, and current-mode (tran-
simpedance) readout, which uses a slightly more complex circuit to
directly measure pyroelectric current. Our results provide insights
into how pyroelectric detector performance can be optimized for
high-flux x-ray applications and have demonstrated for the first
time that pyroelectric detectors can produce D∗ values in excess of
108 cm Hz1/2 W−1 when used for x-ray detection.

II. PYROELECTRIC DEVICES
Pyroelectric materials possess a spontaneous electric polar-

ization that varies with temperature. When configured as thin,
electrode-coated plates (“elements”), they act as dynamic capacitors
that release free charges when absorbed radiation energy induces
changes in element temperature with time. Pyroelectric detectors
operate effectively at ambient temperature and possess the attractive
characteristic that they can respond to any wavelength of radiation,
as long as the radiation energy can be absorbed in the active pyro-
electric element and dissipated as heat to cause a temperature change
in the element. Very small temperature changes in the element of
<10−6 K are detectable.

The pyroelectric current Ip is given by

Ip = pA
dT
dt

, (1)

where p is the pyroelectric coefficient (in units of C m−2 K−1),
A is the electrode area, and dT/dt is the rate of change of ele-
ment temperature. This current is typically very small (in the
pA range or less), requiring amplification before it can be processed
or measured.21,22 The amplifier can operate in either voltage-mode
or in current-mode.23,24

The pre-amplification stage of the readout electronics is a crit-
ical component in pyroelectric detector systems, as it significantly
influences the overall performance by minimizing electronic noise.
To achieve optimal performance, special care must be taken in the
selection of components or circuit design to ensure that the elec-
tronic noise remains below the dielectric noise of the pyroelectric
element. Two principal readout schemes are commonly used:

(1) Voltage amplifier: The basic functional diagram of a voltage
amplifier is shown in Fig. 1. A high-impedance field-effect
transistor (FET) is directly connected to the pyroelectric ele-
ment, which is in parallel with a high value resistor Rp. The
signal is manifested as a voltage across the device capaci-
tance. This scheme is compact and simple but susceptible
to capacitive loading (such as interconnections), which can
attenuate the signal especially at high frequencies or with
large input capacitance CE.5,25–27 The design has an electrical
time constant associated with it, given by τE = Rp(Cp + CE),

FIG. 1. The electrical structure of pyroelectric element with voltage amplifier.
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FIG. 2. The electrical structure of pyroelectric element with current amplifier.

which will produce an electrical turn-over frequency, given
by fE = 1/(2πτE).

(2) Current amplifier: With advances in electronics, the intro-
duction of low-input-bias and low-noise integrated cir-
cuits (ICs) enabled the adoption of trans-impedance current
amplifiers (TIAs), as shown in Fig. 2, which many researchers
have found to be superior for the application.23,24,28,29 The
transimpedance amplifier (TIA) configuration is used to con-
vert the pyroelectric current directly into a voltage using a
feedback resistor. This scheme improves signal fidelity by
bypassing the capacitive limitations of voltage-mode and
allows accurate measurement of Ip.8,9

The differences in amplifier characteristics have been discussed
in detail elsewhere,23,24 but generally, voltage amplifiers produce
slightly lower noise equivalent powers (NEPs) than current ampli-
fiers, but current amplifiers have more-freedom associated with
the design of electrical time constants and are less susceptible to
stray capacitances between the detector element and amplifier, espe-
cially where the element needs to be physically separated from the
amplifier, as can be the case in x-ray detection.

Detector performance is characterized using several key figures
of merit:

(a) Voltage responsivity RV
v : Pyroelectric sensor responsivity

(whether with a voltage or current amplifier) to sinusoidally
modulated input radiation is defined as the ratio of the root
mean square (rms) value of the electrical output signal to the
rms value of the input radiation power.5,24,26,30,31 The units of
responsivity are volts per watt (V/W). In this article, we are
using the following notations: RV

v for voltage amplifier configu-
ration, where superscript “V” denotes the voltage amplifier; Ri

v

for current amplifier (TIA) configuration, where superscript
“i” denotes the current amplifier; and RV ,i

v when discussing
both configurations together, where this notation indicates
that the discussion or equation applies to both amplifier types.

The formula for calculating responsivity to radiation illu-
minating the detector at angular frequency ω when a voltage
amplifier is used is

RV
v =

ωηRTAp

GT

√

(1 + τ2
Tω2
)

√

(1 + τ2
Eω2
)

, (2)

where p is the pyroelectric coefficient of the material used,
η is the absorption efficiency of the detector, and A is its area.
GT represents the thermal conductance between the detector
element and its surroundings. The thermal and electrical time
constants, τT and τE, are critical parameters that determine the
frequency response characteristics of the pyroelectric detec-
tor. Both types of amplifiers are influenced by τT and τE, but
the parameters that define the electrical time constant differ
in each case. In the case of a voltage amplifier, the electrical
time constant is τE = (Rp∥RE) × (Cp + CE), whereas in a cur-
rent amplifier, τE = (R f ) × (C f ). The article by Whatmore and
Ward24 explains in detail how the well-known theories describ-
ing the way an operational amplifier (OPAMP) works can be
used to model the voltage responsivity when a current ampli-
fier is used (Ri

v). The current-to-voltage transfer function (Ξ)
is given as

Ξ =
Z f

[1 + [AOLβ]−1
]

, (3)

where Z f is the impedance of the feedback RC network, AOL is
the open loop gain, and β is the feedback of the OPAMP, given
as β = Z f

Z f +Zi
. For an ideal OPAMP, AOL →∞, implying Ξ ≈ Z f .

For real-world amplifiers, AOL is not infinite, and β varies with
frequency. By retaining Ξ, the model accounts for the fol-
lowing: (1) gain roll-off: at high frequencies, AOL decreases,
reducing Ξ and limiting responsivity; (2) phase stability: the
(1 + [AOLβ]−1

) term prevents oscillations by ensuring the
amplifier operates within its stable bandwidth; (3) frequency-
dependent errors: non-ideal AOL introduces deviations from
the ideal Z f approximation, which are corrected by Ξ. This
approach avoids oversimplifications and ensures the model
remains valid for practical amplifier designs, where non-
idealities significantly impact responsivity and noise. Thus,
Ξ bridges idealized theory and real-world electronics, enabling
reliable optimization of pyroelectric detectors for applications
requiring precise sensitivity and stability.

(b) Noise equivalent power (NEP) (W Hz−1/2): Noise Equivalent
Power (NEP) is a critical parameter as it quantifies a detector’s
sensitivity. It is defined as the incident power required to
achieve a signal-to-noise ratio (SNR) of unity in a 1 Hz output
bandwidth. A lower NEP indicates higher sensitivity, enabling
detection of weaker signals.31,32 For pyroelectric detectors,
NEP is influenced by both material properties and readout
electronics. The NEP of a pyroelectric detector can be calcu-
lated using the following formula for a given response voltage,
noise voltage, and incident energy:

NEP = Δvn/RV ,i
v , (4)

where Δvn represents the rms noise voltage and RV ,i
v is the volt-

age responsivity for the voltage or current amplifier, whichever
is being used.

The dominant noise sources depend on the following
amplifier configurations: voltage amplifier (source follower):
noise is usually dominated by the amplifier’s voltage noise
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due to high source impedance, although the Johnson noise
associated with the dielectric loss of the pyroelectric capac-
itor can dominate, especially at higher frequencies;26,33 cur-
rent amplifier (transimpedance amplifier, TIA): Johnson noise
from the feedback resistor (R f ) and voltage noise from the
amplifier contribute significantly, particularly at high detec-
tor impedances.24,34 However, it is hard to generalize, and the
noise must be calculated in each specific case for the device
engineer to be sure which one will dominate.

(c) Specific detectivity (D∗) quantifies a pyroelectric detector’s
ability to detect weak signals amidst noise. It is defined as the
reciprocal of the Noise Equivalent Power (NEP) normalized
by the square root of the detector area (A) and measure-
ment bandwidth (Δ f). D∗ is expressed as D∗ =

√
A × Δ f /NEP,

typically in units of cm Hz1/2 W−1 or “Jones.” This normaliza-
tion enables direct performance comparison between detectors
of varying dimensions. Higher D∗ values indicate a superior
detector design. The highest detectivity reported in the IR
region for a 2 × 2 mm2 LiTaO3 detector is of the order of
4 × 108 cm Hz1/2 W−1 @ 10 Hz.35,36 Recently, Kane et al.
reported the detectivity of a 500 μm thick LT crystal of a linear
size of 5 × 5 mm2 in the hard x-ray (17 keV) region generated
by synchrotron radiation of the order of 107 cm Hz1/2 W−1.6

Thermal design plays a crucial role in determining detec-
tor performance. The thermal time constant (τT = HT/GT), where
HT is the heat capacity and GT is the thermal conductance, dictates
the detector’s temporal response and sensitivity. In the “coupled”
geometries used in this project, crystals are bonded to copper sub-
strates using silver epoxy, which maximizes heat dissipation and
increases GT . In the “uncoupled” geometries, thermal contact is

minimized through corner-supported mounting of the detector
crystals and by having an air-gap under the element. In this case,
thermal isolation is enhanced, reducing GT . The coupled design is
a robust construction but has reduced thermal time constants (τT)
through the rapid heat transfer to the substrate.21,37,38 On the other
hand, the uncoupled configuration increases sensitivity by localizing
and maximizing temperature changes within the element,39–41 but at
the expense of a slightly more complex, less-robust construction.

Understanding and optimizing this interplay between thermal
configuration, amplifier architecture, and material properties are
essential for designing high-performance pyroelectric detectors for
high-flux, high-energy x-ray applications.

III. EXPERIMENTAL
A. Experimental methods and detector fabrication

The experimental setup and fabrication of the coupled geome-
try detector design are illustrated in Fig. 3(a) and were explained in
a prior work.6,42 For this work also, we have utilized optical-grade
Z-cut single-crystal LT with different thickness ranging from 0.1 to
0.5 mm and LN with a thickness of 0.5 mm, as well as b-axis oriented
TGS crystals with a thickness of 0.35 mm. In case of coupled geome-
try, the pyroelectric crystals were coated with silver paste electrodes
∼100 μm thick and bonded to 1 mm oxygen-free copper backing
plates using silver-loaded epoxy for mechanical support and thermal
dissipation.

In the uncoupled geometry, to reduce thermal contact,
5 × 5 mm2 crystal elements were corner-supported using four
cylindrical silver epoxy dots (1 mm diameter) instead of full-area
bonding. A 4 mm circular hole was machined through the copper

FIG. 3. Basic thermal structure of pyroelectric devices made from bulk pyroelectric material in coupled (A) and uncoupled (B) geometry.
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TABLE I. Thermal properties, electrical time constants, and corresponding frequencies for the pyroelectric crystals in different geometries and thicknesses.

Pyroelectric element LiNbO3 TGS LiTaO3 LiTaO3 LiTaO3 LiTaO3 Unit

Thickness 500 350 100 200 300 500 μm
τE 0.042 0.054 0.11 0.058 0.042 0.049 s
fE 3.76 2.97 1.50 2.75 3.79 3.24 Hz

Coupled thermal parameters

HT 3.60 × 10−2 1.82 × 10−2 1.05 × 10−2 1.90 × 10−2 2.65 × 10−2 4.13 × 10−2 J K−1

GT 1.87 × 10−1 7.55 × 10−2 2.25 × 10−1 2.01 × 10−1 1.82 × 10−1 2.10 × 10−1 W K−1

τT 0.193 0.241 0.047 0.095 0.146 0.197 s
fT 0.827 0.660 3.410 1.684 1.093 0.809 Hz

Uncoupled thermal parameters

HT 4.25 × 10−2 2.37 × 10−2 1.05 × 10−2 1.98 × 10−2 2.92 × 10−2 4.70 × 10−2 J K−1

GT 1.78 × 10−2 8.45 × 10−2 8.65 × 10−3 1.19 × 10−2 1.40 × 10−2 1.65 × 10−2 W K−1

τT 2.388 0.280 1.214 1.664 2.086 2.851 s
fT 0.067 0.567 0.131 0.096 0.076 0.056 Hz

plate beneath the crystal to create an air-gap and minimize conduc-
tive heat loss, enhancing thermal isolation. The thermal character-
istics of each structure were modeled using COMSOL software, as
described elsewhere.6 The resulting values of GT and HT are given
in Table I, together with the values of τT and the values of the turn-
over frequencies corresponding with these, given by fT = 1/(2πτT).
It can be seen that the values of fT for most of the configurations
explored are well below the measurement range of 2–100 Hz. The
exceptions are the 100 and 200 μm thick LiTaO3 crystals, for which
we predict fT values of 3.4 and 1.7 Hz, respectively. This point will
be discussed further below.

Experiments were conducted at the Angle-Dispersive X-Ray
Diffraction (ADXRD) beamline43 of the Indus-2 synchrotron, a
third-generation facility44 providing tunable x rays (5–25 keV) with
a photon flux of ∼1010 photons/s. A monochromatic x-ray energy
of 17 keV with an incident x-ray power of 0.30 μW was maintained
throughout all measurements. The x-ray beam was precisely focused
to a size of 3 × 3 mm2 using the beamline’s pre- and post-mirror
systems. Beam chopping was performed using the mechanical chop-
per system at frequencies ranging from 1.8 to 80 Hz to modulate the
x-ray flux for pyroelectric response measurements. Ambient tem-
perature was maintained at 25 ± 2 ○C throughout the experiments.
Beam intensity stability was monitored using an upstream ionization
chamber.

The pulsed temporal structure of synchrotron radiation (bunch
frequency ∼550 MHz for Indus-2) is effectively averaged by the
pyroelectric detector’s thermal time constants (1–100 ms), eliminat-
ing concerns about pulse-counting corrections typically required for
photon-counting detectors. This thermal averaging ensures that the
high-frequency pulse structure of synchrotron radiation does not
affect the detector response, which is governed by the thermal time
constants rather than the photon arrival statistics.

By modulating the x-ray flux at frequencies from 1.8 to 80 Hz,
we characterized responsivity (RV ,i

v ), noise equivalent power (NEP),
and detectivity (D∗) across both geometries and amplifier types. To

ensure the reliability and repeatability of our measurements, we per-
formed multiple successive measurements on the same device under
identical conditions. Specifically, each measurement of responsivity
(RV ,i

v ) and noise was repeated at least five times over a period of sev-
eral hours, with the device maintained in a stable environment to
minimize external influences. Noise characterization was carried out
using both coupled and uncoupled geometries, with a current ampli-
fier and a Rohde & Schwarz (FPL1003) spectrum analyzer. Detailed
noise measurement methodologies are described in detail in a prior
work.6

B. Preamplifier design
The voltage amplifier design was discussed in detail previously.6

Table I lists the electrical time constants τE, and the corresponding
turn-over frequencies fE, for each configuration. It can be seen that
most of the values of fE for the voltage amplifier are at the lower-end,
but still within the measurement frequency range of 2–100 Hz. This
has an effect on the results, which will be discussed below.

The core of our TIA design (Fig. 2) is the ADA4530-1 (Ana-
log Devices, Inc.) electrometer, chosen for its ultra-low input bias
current (±20 fA) and integrated guard buffer. The guard buffer iso-
lates input pins from PCB leakage currents, ensuring high-precision
signal acquisition. A precision feedback resistor (R f = 10 GΩ; 5%
tolerance; 200 ppm thermal coefficient) and capacitor (C f = 10 pF;
NP0-grade ceramic) set the transimpedance gain and bandwidth,
with the electrical turnover frequency defined as fE =

1
2πR f C f

.
This configuration achieves a turnover frequency of 1.6 Hz,

just below the measurement frequency range (1.8–80 Hz). The
ADA4530-1 output is further amplified by an ADA8220 instrumen-
tation amplifier (total gain = ×100). The detailed circuit diagram of
this current amplifier is given in the supplementary material. Rig-
orous PCB guarding, grounding,45 and EMI/RFI shielding (via a
metal enclosure) suppress external noise sources. The amplifier’s
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FIG. 4. Current amplifier noise values measured from 1 to 100 Hz for a device
with an LT crystal (500 μm thick) active element, compared with the theoretically
calculated values.

leakage current (0.04 pA) and equivalent input noise current
(0.07 fA Hz−1/2) were used in the theoretical calculations.

Figure 4 compares the theoretical and measured noise spectra
for an LT detector in coupled geometry for the current amplifier. The
noise for all the pyroelectric material was measured using the Rohde
& Schwarz (FPL1003) spectrum analyzer for both the geometries.
The detailed procedure for the noise measurement was explained
previously.6 The excellent agreement between the experimental data
and the Johnson–Nyquist noise theory validates our noise model,
confirming the accuracy of the theoretical predictions.

In this work, we measured responsivities (Ri
v and RV

v ) and
device noises as functions of frequency from 2 to 100 Hz for coupled
and uncoupled geometries for (1) pyroelectric materials of a thick-
ness of 500 μm for LT and LN, and 350 μm for TGS and (2) various
thicknesses of LT, i.e., 100, 200, 300, and 500 μm. The responsiv-
ities, NEP, and D∗ values were also calculated using the models
described by Whatmore and Ward,24 and the thermal and electri-
cal time constants are presented in Table I. The experimental results
are compared with these predictions throughout.

IV. RESULTS
A. Responsivity
1. For different pyroelectric materials

Figure 5 presents the current-amplifier responsivities (Ri
v) of

TGS-, LT-, and LN-based devices across different chopping fre-
quencies, while Fig. 6 presents the voltage-amplifier responsivities
(RV

v ). Both figures present the data for both coupled and uncou-
pled geometries. Note that for comparison purposes, we also refer to
prior measurements of the coupled geometry with a voltage follower
using the same pyroelectric crystals (detailed in Ref. 6). This sys-
tematic comparison permits an evaluation of how thermal coupling
(coupled vs uncoupled) and amplifier type (current vs voltage) col-
lectively influence detector’s responsivity. All devices demonstrate

FIG. 5. Comparison of measured current responsivities Ri
v of pyroelectric devices

with the theoretically calculated values for LiTaO3, LiNbO3, and TGS as the active
materials, for various chopping frequencies at fixed incident radiation power in (A)
coupled (C) and (B) uncoupled (UC) geometry.

significant x-ray responses, particularly at low chopping frequencies.
The theoretically calculated responsivities are also included in Figs. 4
and 5.

From the above-mentioned figures, our observations are as
follows: (1) It is clear that responsivities decrease with increasing
frequency in all cases, following approximately a 1/f relationship
above about 3 Hz for the current amplifiers and 10 Hz for the
voltage amplifiers. This behavior aligns with the expected behav-
ior of the detectors predicted from the models and the turnover
frequencies predicted from the τE and τT values presented in
Table I.24,46,47 In the case of the Ri

v frequency responses, the pre-
dicted value of fc at 1.6 Hz lies just below the lowest measurement
frequency of 2 Hz, but the tendency of the response to roll-off below
1.6 Hz is just visible at the lowest frequencies. In the case of the
RV
v frequency responses, the values of fE for the LN, LT, and TGS

devices are 3.7, 3.2, and 3 Hz, respectively, and these turn-over
frequencies are clearly visible on the plots. Thus, we can say for
the thicker crystals, the frequency response for both current and
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FIG. 6. Voltage responsivities RV
v of pyroelectric devices with the theoretically

calculated values for LiTaO3, LiNbO3, and TGS as the active materials, for var-
ious chopping frequencies at fixed incident radiation power in (A) coupled and (B)
uncoupled geometry.

voltage amplified devices is dominated by the corresponding elec-
trical time constants. (2) Coupled geometries show a trend toward
slightly better signal generation than uncoupled geometries at these
thicknesses of the pyroelectric materials, although the two geome-
tries give very similar results for the 0.5 mm LT and LN. The
difference is most marked for the TGS crystal, for which the response
in the coupled geometry is about 30% greater than the uncoupled
case. The reason for the difference may be explained through the
differences in x-ray absorptivity for the various materials. As has
been discussed previously, for both LT and LN, the x-ray energy is
absorbed within the top few tens of microns of the crystal. How-
ever, in the case of the 0.35 mm TGS crystal, about 60% of the
x-ray energy is absorbed in the combination of silver paste elec-
trodes and the crystal itself. If the crystal is hard-mounted to a
copper substrate (coupled geometry), it is easy to show that the
remainder of the x-ray energy is absorbed in the top 30 μm of the
copper, and a substantial amount of that heat energy will heat the
TGS, increasing the response. In the uncoupled case, the remaining

40% of the x-ray energy will be transmitted through the element
and lost. This is in reasonable agreement with the differences in
responsivity between the two configurations for TGS. (3) Current
amplifier configurations exhibit considerably longer time constants
(see Table I), resulting in lower roll-off frequencies but signifi-
cantly higher absolute responsivity values (up to 105 V/W) due to
built-in gain mechanisms. Voltage follower configurations demon-
strate shorter time constants and exhibit a region of relatively flat
frequency response between 1 and 3 Hz, enabling dynamic measure-
ment applications where signal drift must be minimized. While this
flat response region facilitates stable operation in the low-frequency
domain, it comes at the expense of absolute responsivity, partic-
ularly evident in uncoupled geometry configurations. (4) Among
the materials tested, TGS consistently demonstrates superior perfor-
mance with the highest responsivity, followed by LT and then LN.
TGS responsivity is ∼5–10 times greater than that of LN. This hier-
archy is maintained across all amplifier types and geometries and is
in-line with the pyroelectric figures of merit for the materials.5,24 (5)
The excellent agreement between theoretical predictions and exper-
imental measurements across all configurations validates both the
theoretical models and experimental methodology employed in this
study.

The average variance in Ri
v measurements in the current con-

figuration across the frequency range was less than 1% of the
mean.

Following comprehensive responsivity measurements of LT,
TGS, and LN pyroelectric crystals in both coupled and uncou-
pled geometries, LT was selected for detailed optimization due
to its advantageous combination of a high pyroelectric coefficient
(p = 176 μC m−2 K−1), moderate dielectric constant (εr = 43.5), and
excellent thermal stability under high radiation flux. Although TGS
exhibited superior sensitivity, its low Curie temperature (49 ○C) and
hygroscopic nature may lead to rapid degradation under intense
synchrotron radiation. LN, while thermally and chemically robust,
consistently showed lower responsivity than LT across all tested
configurations. One basic method for improving the response of
pyroelectric detectors is to reduce the thickness of the pyroelectric
element48,49 to reduce its thermal capacitance and increase respon-
sivity by increasing the temperature change for a given amount of
energy input to the element.50,51 Reducing element thickness will
also change the values of τT and τE, thus altering the frequency
response of the device. The change in τT with element thickness
is expected to be particularly interesting in the context of coupled
and uncoupled thermal geometries, and this effect is discussed in
Sec. IV A 2.

2. Thickness-dependence of LiTaO3 response
The current responsivity measurements Ri

v for devices made
with LT samples with thicknesses ranging from 100 to 500 μm are
shown in Fig. 7 (uncoupled) and Fig. 8 (coupled). The results reveal
several important trends. First, above the roll-off frequencies deter-
mined by either the electrical or thermal time constants (see Table I),
the responsivities decrease with increasing frequency as 1/ f for all
thicknesses and geometries, consistent with theory. Notably, thin-
ner LT crystals (100 μm) demonstrate the highest responsivities at
all frequencies, with a progressively decreasing responsivity for the
thicker crystals. There is excellent agreement between modeled and
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FIG. 7. Voltage responsivities Ri
v of LiTaO3 crystals of different thicknesses for

uncoupled geometry, compared with the theoretically calculated values.

FIG. 8. Voltage responsivities Ri
v of LiTaO3 crystals of different thicknesses for

coupled geometry, compared with the theoretically calculated values.

observed responsivities across the full range of frequencies, meaning
that the COMSOL calculations of the device thermal characteristics
are accurate. In the case of the uncoupled geometry, we can see from
Table I that the thermal time constants are all well below 2 Hz, so
the frequency response for Ri

v is controlled by an fc of 1.6 Hz, which
is just below the lowest frequency of measurement, but the incipi-
ent tendency to roll-off at that frequency is clearly visible, as for the
thicker crystals discussed above.

A key observation from the uncoupled geometry (Fig. 6) is
that the performance advantage of thinner crystals is more pro-
nounced than the coupled geometry (Fig. 7). This is particularly
the case at frequencies below about 5 Hz, especially for the 100 μm
thick element. In the uncoupled configuration, better thermal isola-
tion allows the thinner crystal to achieve a greater thermal response
and higher responsivity at lower frequencies, as reduced thermal
conductance minimizes heat loss to the substrate. This advantage

diminishes with increasing crystal thickness. A marked effect visible
in the frequency responses of the coupled configuration devices is
that for the 100 and 200 μm crystals, the thermal turn-over frequen-
cies fT of 3.4 and 1.7 Hz, respectively, are clearly visible. It means
that for a 100 μm crystal, below about 5 Hz, the uncoupled config-
uration has a distinct performance advantage, giving a responsivity
that is about double that of the coupled configuration.

This thickness-dependent study highlights a key practical con-
sideration relevant to synchrotron-based x-ray detection using pyro-
electrics. Thinner LT crystals in the uncoupled geometry exhibit
superior responsivity ideal for applications requiring high sensitivity
such as medical imaging and spectroscopy.52 In contrast, thicker LT
crystals have longer thermal time constants and a responsivity ∼10%
lower than that of the 100 μm crystals at 10 Hz and about one-half
the response at 2 Hz. These findings are validated by close agreement
between experimental data and theoretical predictions. A numeri-
cal comparison of responsivities measured in both the geometries
for various thicknesses is given in Table S3 of the supplementary
material.

FIG. 9. Frequency-dependent NEP comparison between experimental and theo-
retical values for LiTaO3, LiNbO3, and TGS at various chopping frequencies in (A)
coupled and (B) uncoupled geometry with current amplifier.
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B. Noise equivalent power (NEP)
1. For different pyroelectric materials

NEP measurements were conducted as functions of fre-
quency for both coupled and uncoupled geometries, as well as for
current amplifier and voltage follower configurations. The NEP
performances of devices using the three thicker TGS, LN, and
LT pyroelectric elements in the current amplifier configuration were
compared between the coupled geometry and the uncoupled geome-
try (Fig. 9). For these relatively thick elements, the coupled geometry
configuration demonstrates consistently lower NEP values across all
three materials than the uncoupled configuration, indicating supe-
rior detection sensitivity. This performance advantage is particularly
evident for TGS, which exhibits the lowest NEP values (∼6.50 × 10−9

W/
√

Hz in coupled geometry compared to 9.70 × 10−9 W/
√

Hz
at 10 Hz in uncoupled geometry) across the measured frequency
range. The relative performance ranking of materials remains con-
sistent in both configurations, with TGS showing the lowest NEP
values, followed by LiTaO3 in the middle range, and LiNbO3 dis-
playing the highest NEP values. All materials show a slight increase
in NEP with increasing frequencies, which aligns with theoretical
expectations.

Comparing the uncoupled geometry in current amplifier con-
figuration [Fig. 9 (UC)] vs voltage follower configuration (Fig. 10)
reveals substantial differences in detector performance. The volt-
age follower configuration exhibits significantly higher NEP values
(i.e., lower performance) by approximately one order of magnitude
across all three materials. Specifically, in the current amplifier con-
figuration, NEP values range from ∼10−9 to 10−8 W/

√
Hz, while in

the voltage follower configuration, they range from ∼10−8 to 10−7

W/
√

Hz. In addition, the frequency response characteristics differ
between the two configurations, with the voltage follower show-
ing a flatter frequency response than the more frequency-dependent
behavior observed in the current amplifier configuration. This dif-
ference can be attributed to how each configuration handles the
pyroelectric current generated by the detector elements. In voltage
follower configurations, additional noise sources may be introduced

FIG. 10. NEP for voltage amplifier in uncoupled geometry for LiTaO3, LiNbO3, and
TGS at various chopping frequencies.

due to the high input impedance required, while current amplifiers
can more efficiently process the pyroelectric current signals gen-
erated by temperature fluctuations. Despite these differences, the
relative performance ranking of materials remains consistent, with
TGS continuing to demonstrate the lowest NEP values, followed by
LiTaO3 and LiNbO3 in both configurations.

2. Thickness-dependence of LiTaO3 NEP
NEP measurements for LiTaO3 pyroelectric elements of vary-

ing thicknesses (100, 200, 300, and 500 μm) in coupled and uncou-
pled geometries using current amplifier configuration are shown in
Fig. 11. In both geometries, there is a clear thickness-dependent per-
formance trend, with thinner elements consistently demonstrating
superior detection sensitivity. The 100 μm element exhibits the low-
est NEP values (∼5.4 × 10−9 W/

√
Hz at 10 Hz frequencies), while

the 500 μm element shows the highest NEP values (∼1.3 × 10−8

W/
√

Hz) across the measured frequency range. The close agreement

FIG. 11. Frequency-dependent NEP comparison between experimental and the-
oretical values for LiTaO3 crystal for (a) coupled geometry and (b) uncoupled
geometry with current amplifier.
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between experimental data and theoretical predictions in both con-
figurations confirms the validity of the underlying physical models
used to characterize these pyroelectric systems.

A key difference between the coupled and uncoupled geome-
tries lies in their frequency response characteristics. The coupled
geometry [Fig. 11(a)] exhibits a distinctive “U-shaped” frequency
response curve, particularly for the thinner elements, with mini-
mum NEP values occurring in the mid-frequency range (∼5–10 Hz).
This effect reflects the values of the thermal turnover frequencies
for the thinnest coupled LT crystals, as discussed above. This sug-
gests an optimal operating frequency range where thermal noise
contributions are minimized. In contrast, the uncoupled geometry
[Fig. 11(b)] displays a more monotonic frequency response, with
NEP values gradually increasing with frequency across all thick-
ness values. This difference indicates that the thermal boundary
conditions significantly affect the frequency-dependent noise char-
acteristics of the pyroelectric elements. While both configurations
maintain the same general thickness-dependent performance trend,

FIG. 12. Comparison of special detectivity of pyroelectric crystal in (A) coupled and
(B) uncoupled geometry with theoretically calculated values for LiTaO3, LiNbO3,
and TGS as pyroelectric crystal for various chopping frequencies at fixed incident
radiation power.

the uncoupled geometry provides performance that is more pre-
dictable across the frequency spectrum, which may be advantageous
for applications requiring consistent response over wide frequency
ranges. The coupled geometry, however, might offer slightly better
performance at specific operating frequencies, potentially beneficial
for narrowband detection applications.

C. Specific detectivity (D∗)
1. For different pyroelectric materials

The detectivity performances of the different pyroelectric mate-
rials (TGS, LT, and LN) using the thickest elements across various
configurations were evaluated both experimentally and theoretically,
as shown in Fig. 12 (current amplifier) and Fig. 13 (voltage follower
amplifier).

In both uncoupled and coupled geometries using current
amplifier configuration, TGS consistently demonstrates superior
detectivity (∼5 × 107 cm Hz1/2 W−1), ∼5–7 times higher than that
of LiTaO3 (∼3 × 107 cm Hz1/2 W−1), while LiNbO3 shows the
lowest values (∼1 × 107 cm Hz1/2 W−1). Both geometries show a
similar trend of slight detectivity decrease at higher frequencies, par-
ticularly for TGS, although this frequency dependence is minimal
for LiNbO3. The relative performance ranking of these materials
remains consistent regardless of the geometric configuration, sug-
gesting that material properties rather than geometry dominate
detectivity performance in current amplifier setups.

When comparing the current amplifier [Fig. 12 (UC)] with
voltage follower configuration (Fig. 13) for uncoupled geometry,
there is a notable difference in absolute detectivity values. The volt-
age follower configuration shows lower detectivity values approxi-
mately by an order of one magnitude across all materials than the
current amplifier setup. Specifically, in the voltage follower config-
uration, TGS exhibits detectivity of around 2 × 107 cm Hz1/2 W−1,
LiTaO3 exhibits detectivity of around 8 × 106 cm Hz1/2 W−1, and
LiNbO3 ∼2 × 106 cm exhibits detectivity of Hz1/2 W−1. While the

FIG. 13. Comparison of special detectivity of pyroelectric crystal in uncoupled
geometry with voltage follower amplifier and compared with theoretically calculated
value for LiTaO3, LiNbO3, and TGS as pyroelectric crystal.
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current amplifier configuration shows more pronounced frequency
dependence (particularly for TGS), the voltage follower configura-
tion demonstrates more stable detectivity values across the entire
frequency range, suggesting it might offer more consistent perfor-
mance in applications requiring uniform response across various
frequencies. Despite these differences, the relative performance hier-
archy of the materials remains unchanged, with TGS consistently
outperforming the others in both configurations.

The supplementary material (Tables S1 and S2) summarizes
key parameters (e.g., D∗ and NEP) at 10 and 80 Hz for both geome-
tries at room temperature, reinforcing the consistency between
experimental and theoretical results under varying operational con-
ditions. The responsivity error stays below 5% across all config-
urations, indicating good agreement with theory in the current

FIG. 14. Specific detectivity of LiTaO3 based detectors for (a) coupled and
(b) uncoupled geometries for various thicknesses using current amplifier.

amplifier. A significant improvement (∼4.8 times) in detectivity is
observed when switching from voltage amplifier to current amplifier
configuration.

2. For thickness-dependence of LiTaO3

Figure 14 shows the detectivity of the LiTaO3 pyroelectric
detector at various thicknesses in coupled and uncoupled geometry
using a current amplifier.

The coupled geometry [Fig. 14(a)] exhibits a distinct bell-
shaped frequency response with peak detectivity occurring around
5–10 Hz before gradually declining at higher and lower frequen-
cies. In contrast, the uncoupled geometry [Fig. 14(b)] demonstrates
more consistent detectivity values at lower frequencies (1–10 Hz)
followed by a more gradual decline at higher frequencies. Notably,
the uncoupled configuration consistently achieves higher absolute
detectivity values across all thicknesses, and the 100 μm elements
reach ∼1.1 × 108 cm Hz1/2 W−1 in uncoupled geometry vs about
9 × 107 cm Hz1/2 W−1 in coupled geometry at 10 Hz. Both config-
urations show excellent agreement between theoretical predictions
and experimental measurements, with thinner elements consistently
outperforming thicker ones. Detectivity drops as thickness increases.
This behavior aligns with general findings in detector physics, where
increased thickness can improve absorption but often at the cost of
slower response and reduced detectivity due to increased noise and
thermal inertia.53,54 The supplementary material (Table S3) sum-
marizes key parameters (e.g., D∗ and NEP) at 10 and 80 Hz for
both geometries at room temperature, reinforcing the consistency
between experimental and theoretical results under varying opera-
tional conditions. Both geometries (coupled and uncoupled) show
good agreement (errors <2%), but uncoupled geometry presents a
slightly larger scatter in terms of responsivity, whereas detectivity
aligns very well in both cases (errors ∼1%), although with moderate
scatter.

V. CONCLUSION
This investigation demonstrates significant advances in pyro-

electric detector optimization for synchrotron x-ray applications
through systematic variation in material properties, thermal geome-
tries, and readout electronics. Current amplification consistently
outperformed voltage follower configurations across all tested mate-
rials and geometries, with improvements in detectivity approach-
ing five-fold. While TGS exhibited the highest responsivity and
lowest NEP among tested materials, practical considerations favor
LiTaO3 for its superior thermal stability and reliability under intense
synchrotron radiation.

The thickness-dependent studies of LiTaO3 reveal a clear
inverse relationship between crystal thickness and detector perfor-
mance, with 100 μm elements achieving detectivity values exceeding
108 cm Hz1/2 W−1, representing a significant improvement over
previously reported results. The observed performance enhance-
ments were consistent with theoretical predictions based on ther-
mal and electrical modeling, validating our approach to detector
optimization.

Thermal geometry proved crucial to performance optimiza-
tion, with uncoupled configurations particularly advantageous for
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thinner elements at lower frequencies, where thermal isolation
maximizes temperature fluctuations, while coupled geometries offer
more consistent frequency response characteristics beneficial for
broadband applications. The close agreement between experimental
results and theoretical predictions across all configurations provides
a robust foundation for future device engineering.

These findings establish pyroelectric detectors as viable alter-
natives for synchrotron beam intensity measurement and spec-
troscopy applications, particularly where conventional detectors
face limitations such as flux saturation, cooling requirements, or
non-requirement of spectroscopic energy resolution. The strate-
gic combination of material selection, geometric configuration, and
readout electronics enables optimization for specific synchrotron
measurement scenarios, including high-flux beam characteriza-
tion, time-resolved intensity monitoring, and applications requiring
radiation-hard detectors. Comparison of the various detectors that
are extensively used in synchrotron application are compared and
given in the supplementary material.

SUPPLEMENTARY MATERIAL

See the supplementary material for detailed preamplifier circuit
design using the ADA4530-1 transimpedance amplifier and com-
prehensive performance data tables for TGS, LiTaO3, and LiNbO3
pyroelectric x-ray detectors in synchrotron beamline applications. It
also includes comparison of the various detectors that are extensively
used in synchrotron application.
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