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Abstract—We present the non - destructive electro-pyroelectric (EPE) technique for simultaneously measuring
thermal parameters and electrical AC resistivity in bulk semiconductors at room temperature. Conventional
characterization methods often suffer from laser-induced heating artifacts and complex calibration procedures,
which limit their accuracy and efficiency. In response, our approach utilizes a 25 pm PVDF sensor combined with
frequency-modulated Joule heating to generate thermal waves, employing two complementary configurations:
Front EPE (FEPE) and Inverse EPE (IEPE). The FEPE mode enables precise direct measurements of thermal
conductivity (x) and diffusivity (D), while the IEPE configuration integrates broadband AC impedance
spectroscopy to determine electrical resistivity (p). Validation on MBE-grown Cr-doped GaAs confirms that the
measured parameters closely match theoretical predictions, thereby demonstrating that the EPE technique is both
reliable and cost-effective. The findings strongly suggest that this methodology not only overcomes the limitations
of conventional approaches but also holds significant promise for advancing semiconductor characterization in
emerging high-frequency applications.
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diffusivity, electrical resistivity, non-destructive testing, frequency-modulated Joule heating

I. INTRODUCTION

This work employs the non-destructive and cost-effective ElectroPyroElectric (EPE) Technique [1] to
simultaneously measure thermal conductivity, thermal diffusivity, and electrical resistivity in semiconductor
substrates. Traditional methods such as photopyroelectric (PPE) approaches [2] are hampered by laser-
induced heating artifacts and complex infrared calibration, while techniques like lock-in thermography (LIT)
[3] struggle with phonon scattering challenges inherent in Raman thermometry. In contrast, the EPE technique
uses a 25 um thick polyvinylidene fluoride (PVDF) pyroelectric detector pressed against the sample and
heated via frequency-modulated Joule heating (ranging from 0.1 Hz to 50kHz). A 125 um Mylar film is
interposed to avoid short-circuiting, ensuring that the measured temperature primarily reflects that of the
sample. This paper details the theoretical basis, experimental implementation, and validation of the EPE
method, illustrating its effectiveness as an alternative characterization tool for advanced semiconductor
engineering.

The methodology is structured around two complementary configurations of the EPE technique. In the Front
EPE (FEPE) configuration, the heating electrodes are in direct contact with the PVDF sensor. This
arrangement is specifically optimized for obtaining direct measurements of thermal conductivity and
diffusivity. Transitioning to the Inverse EPE (IEPE) setup, the sample itself serves as the heating transducer.
Herein, the FEPE-derived thermal parameters are incorporated into a comprehensive AC impedance model
that enables the extraction of electrical resistivity. In both configurations, the experimental conditions are
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carefully controlled within a specified frequency range (FEPE: 0.1 Hz to 100 Hz; IEPE: 200 Hz to 50 kHz),
ensuring consistency and reproducibility throughout the measurement process.

Il. THEORETICAL MODEL OF EPE DETECTION

The electro-pyroelectric (EPE) configuration, schematically represented in Fig. 1, is made of five adjacent
layers: air (a), sample (s), Mylar layer (g), PVDF film (p) and backing (b). Mylar layer was chosen to create
close thermal contact between the sample and the PVDF sensor, ensuring that the temperature measured by
the PVDF sensor reflects mainly the sample's temperature rather than external influences [4]. In the
PyroElectric system, the propagation of thermal waves is intricately governed by the thermal diffusion length
(u), which is variable through a straightforward adjustment of the modulation frequency (f); u denotes the
penetration depth of the thermal wave through the PyroElectric (PE) cell layer. Given the uniform heating of
the sample, our approach considers a one-dimensional (1-D) heat treatment, treating the spatial average
Pyroelectric voltage (¥, (w)) as a function of frequency modulation f.
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Fig. 1.a Schematic view of the Front detection configuration of PE cell. Fig. 1.b Schematic view of the Inverse detection configuration of PE

cell.

The expression for the pyroelectric signal is derived by solving the heat equations across the various layers of
the theoretical model, as detailed in our previous work [5]-[6]. Optimization of the parameter set concerning
the PE cell design can be achieved by analyzing two specific detection configurations within the EPE
technique. The first configuration, known as the Front EPE (FEPE), involves heating electrodes in direct
contact with the sensor (Fig. 1.a). Accordingly, the second referred to as the Inverse EPE (IEPE), places the
heating electrodes in direct contact with the sample (Fig. 1.b). To maintain the experimental conditions, we
have imposed a frequency range from 100mHz to 100Hz. The spatial average pyroelectric voltage (V' (w)) in
Front detection is given by the following equation:
- B 1 A,SAP(W) Ty, T,TI2
W)= = G, ¥ DGwea + D < CyCapCus
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In equation (1), ¢ (w) represents the electrical heating power, I, denotes the current intensity, t,, stands for the
detector’s electrical time-constant, and t;;, refers to the detector’s thermal time-constant. Additionally, the
electrical pulse duration 7 (1us) is assumed to be sufficiently brief to neglect additional heat losses and
satisfies the condition 7 < 7, < 7y,. The coefficients 4, A, , S, Cyp, Cpand Cy;,s respectively represent the
pyroelectric parameter of the PVDF sensor, the gain of the amplifier, the surface area of the sample, the
specific heat capacity of the detector, the pyroelectric material capacitance, and the specific heat capacity of
the sample. D; and [; represent the thermal diffusivity and thickness of medium i (wherei =a, s, g, p, b). The

thermal diffusivity D; correlated with the thermal conductivity K; as follows: D; = pKé , Where p;c; is the
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specific heat volume. y; is the thermal diffusion length of medium i, defined by o; = m .
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1/2 o
2 by = Ki9% is the thermal transport coefficient, and Z,(w) represents the electrical impedance of the
D; J K]'O',' p
PVDF sensor. It is revealed that the FEPE configuration, in this specific case, serves as a sensitive and reliable
tool for concurrently assessing the thermal conductivity (K;) and thermal diffusivity (Dg) of substrates.
However, obtained thermal values from the analysis of the studied sample in FEPE case, are incorporated into
the Inverse EPE detection method, applying the limit case for a thermally thick sample (ug > Lg).
Consequently, a frequency range was imposed from 200 Hz to approximately 50 kHz. The expression of the
spatial average pyroelectric voltage (Vp’ (w)) in Inverse detection is provided by the following equation:
2 1
(V5 (w)) = X Zs(w) )

X
(Wre+tD)(wrep+Dapl,  (bgs+1)(bpg+1)

In Eq.2, Z,(w) represents the complex electrical impedance of the sample, expressed as follows:
Z,w) = | Zsw)| exp (—jpz, (@) = 2' = jz"

where | Z;(w)| denotes the amplitude of the sample’s electrical impedance, while ¢, (w) represents the phase
of the sample’s electrical impedance. Z' and Z'’ correspond, respectively, to the real and imaginary parts of
Z as a function of frequency f. From the experimental curves of the IEPE signal, which provide amplitude
and phase information of AC impedance across frequencies f, ranging from 200 Hz to approximately 50 kHz,
the complex impedance diagram (Z" = f(Z")) of the sample is depicted. In the IEPE setup, the complex
impedance of the sample is determined as a function of frequency, and subsequent AC to DC conductivity
extrapolation is performed to yield the intrinsic electrical resistivity. The AC electrical conductivity cac can

be determined using the following equation: o,, = ;—A. Here, L represents the distance between electrodes (L

= 1.5 cm), and A denotes the cross-sectional area (4 = 1.5 cm?). Ultimately, the DC conductivity (resistivity
respectively) is obtained through extrapolation at zero frequency from AC investigations.

I11. EXPERIMENTAL SET-UP

Figure 2 presents the schematic diagram of the experimental setup used for EPE detection, as described in
references [1]-[5]. In the EPE technique, the measurement process involves uniformly heating the samples
using a sine-wave generator configured to produce electrical pulses, modulated at a specified frequency (f).
The PVDF sensor is mounted on a 6 mm thick copper heat sink and connected to a current-to-voltage
converter. The experimental setup is designed to be flexible, enabling the measurement of both the amplitude
and phase of the photoacoustic (PE) signal across a modulation frequency range of 0.1 Hz to 50 kHz using a
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Fig. 2 The EPE Experimental set-up.
IV. RESULTS AND DISCUSSION:
The experimental validation focused on Cr:GaAs substrates, where Chromium doping enhances thermal

stability, crucial for applications in 5G/6G systems [7]. The Cr:GaAs sample (360um thick, [Cr]=10'¢ cm?)
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was grown by molecular-beam epitaxy (MBE)[8]. Figure 3. a show that the experimental curves remain stable
at low frequencies, as the PVDF sensor operates as a resistive dipole until reaching 10 Hz, after which a slight
decrease in signal amplitude occurs. This gradual reduction at higher frequencies indicates the anticipated
dissipation of thermal waves due to phonon scattering, thereby confirming the sensitivity of the FEPE mode.
The provided thermal parameters—«; = 52 + 1.2 W/m-K and D, = (0.33 + 0.08) cm?/s—align closely (within
5% deviation) with first-principles predictions. The results are in good agreement with those documented in
the literature at room temperature (~300K) [9]-[10].
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Fig. 3.c Electrical AC conductivity vs. frequency obtained from the IEPE configuration.

Having established the reliable measurement of the thermal parameters using the FEPE configuration, we now
turn to the Inverse EPE (IEPE) setup to integrate these thermal measurements into an impedance framework
for the precise determination of electrical resistivity. Fig. 3.b presents the real part (Z') of the response in the
IEPE setup for the analyzed sample over a modulation frequency range of roughly 200 Hz to 50 kHz. The
IEPE mode provided a detailed frequency-dependent behavior of the real component of the electrical
impedance, Z'. The decrease in Z' with increasing frequency suggests notable capacitive effects that influence
electrical conduction. To elaborate on these results, Fig. 3.c depicts the natural logarithm of the AC electrical
conductivity (Lnaac) changes across the operational frequency spectrum. The obtained electrical resistivity (o
= 17.78 £ 0.45 S/m, p = 0.056 £ 0.001 Q-m) aligns with the anticipated behavior of ideal semi-insulating
substrates. Compared to undoped GaAs, the increased electrical conductivity in Cr-doped GaAs suggests the
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potential for exploring alternative doping strategies to enhance electron mobility. The literature value for
undoped GaAs is approximately 1 S/m, and existing studies indicate that the conductivity has increased by
more than 50% [11]. Although the moderate resistivity of Cr-doped GaAs restricts its use in active layers, its
thermal-electrical properties make it highly suitable for thermal interface layers in 5G massive MIMO
antennas, radiation-hardened substrates for satellite payloads, and THz modulators that rely on ultrafast carrier
trapping via Cr** defects.

V. CONCLUSIONS

The EPE methodology can be tailored to integrate novel material systems suitable for next-generation
electronics and advanced semiconductor substrates exceeding 10 um in thickness with doping densities
ranging from 10 to 10'® cm™. Its rapid measurement acquisition, high precision, and cost-effectiveness
enhance its scalability for industrial applications. Future research should focus on optimizing the thermal and
electrical characteristics of 2D materials integrated with wide-bandgap semiconductors to support emerging
technologies such as 6G and quantum computing [12]. These improvements are anticipated to stimulate
further debate and innovation in the field, providing a robust platform for developing more advanced
semiconductor devices.
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