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Abstract— This study investigates the electron diffusion coefficient in n-type GaAs with a low carrier 

concentration of Nd=10²¹m⁻³ using the ElectroPyroElectric (EPE) technique. This non-destructive and cost-

effective method is enhanced through a normalization procedure within our theoretical framework. Compared to 

conventional Electrochemical Impedance Spectroscopy (EIS), the EPE technique demonstrates superior reliability 

and consistensy in measuring Electronic transport parameters. Through a comprehensive experimental analysis 

of the Nyquist diagram over a frequency range from 1 Hz to 100 kHz  and modeling via the Randles equivalent 

circuit, we determine a diffusion coefficient of D=1.02×10⁻⁴ m²s⁻¹. This corresponds to a diffusion time response of 

around 0.1 ms, indicating relatively fast carrier dynamics. Although this value is lower than those reported in 

existing literature, the discrepancy is primarily attributed to boundary effects and assumptions inherent in the 

semi-infinite Warburg model. Future work will involve fitting the experimental impedance to an Open-Warburg 

model, which better reflects the physical configuration and allows for more accurate diffusion coefficient 

estimation. 
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I. INTRODUCTION 

Recent advancements in understanding charge carrier transport have emphasized its critical role in 

enhancing the performance of GaAs-based detectors, particularly under high-energy irradiation [1]. Among 

semiconductor materials, n-type GaAs (Gallium Arsenide with n-type dopants) is distinguished by its high 

electron mobility, making it a strong candidate for applications in radiation detection and advanced energy 

devices [2,3]. Due to différences in doping and carrier mobility, n-type GaAs typically exhibit a higher 

electronic diffusion coefficient than its p-type counterpart [4]. The diffusion coefficient—a key factor for 

semiconductor performance—can be assessed using Electrochemical Impedance Spectroscopy (EIS) by 

examining the Warburg impedance in the low-frequency domain of the Randles circuit [5]. Although 

effective, EIS  does not provide unique results for every material [6]. Variations in material characteristics can 

significantly alter impedance behaviors, thus affecting the Nyquist plot shape [7]. To overcome these 

limitations, the ElectroPyroElectric (EPE) method offers a robust theoretical framework for calculating 

semiconductor electrical impedance [8,9]. Unlike traditional techniques, EPE accounts for sample-specific 

attributes such as thermal properties and thickness, enabling a more tailored analysis. This study chose a thick 

n-type GaAs sample due to its low dopant density to analyze the uniqueness of its Nyquist diagram across a 

frequency range of 1 Hz to 100 kHz using the EPE methodology. The diffusion coefficient was also measured 

to examine the technique's applicability in advanced detector systems and related fields. 

II. EPE THEORY 

The pyroelectric (PE) detector features a 25 μm thick polyvinylidene fluoride (PVDF) layer. A 125μm 
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Mylar film  is meticulously placed on the PVDF sensor to prevent short-circuiting. The sample(s) under 

examination, pressed mechanically against the pyroelectric cell, consists of an n-type GaAs with a thickness 

of 440µm and a doping density of Nd = 10
21

 m
-3

, elaborated by Molecular Beam Epitaxy [10] and has a 

thermal diffusivity of Ds=3.1×10
-7

m²/s [11]. The depletion width is approximately 1.77µm, maintained to 

support electron diffusion. A 6 mm-thick copper substrate underpins the entire assembly, ensuring strong 

thermal contact and quickly enabling the pyroelectric signal to reach thermal equilibrium. The 1D model used 

in EPE theory under a temperature field produced by a periodic electrical excitation (ω=2πf) through an 

alternating current (AC) is validated in [12]. Measurements were conducted across frequencies from 1 Hz to 

100 kHz using a pulse generator and two copper electrodes set 1 cm apart , with a circular contact area 

A=2π.10
-6

m². Instrumental effects were minimized through a normalization procedure using an empty sensor 

(without the GaAs sample), allowing for the isolation of the sample’s contribution. The normalized 

configurations of the PE detector incorporated up to four layers (i), (i, m=Mylar, p=PVDF, b=substrate in 

copper), as depicted in Fig.1(a, b).  The 1D complex thermal wave vector is 
i

i
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1
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f
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being the thermal diffusion length in the material (i).  To simplify the model, extreme values of thermal 

transport coefficients were used to match the specific sensor design. The intricated electrical impedance, Zs, is 

defined as the ratio of the average pyroelectric voltage   )(pV  across the sample to the pyroelectric 

voltage  )(sensorV of the empty sensor as described by the following equation: 
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 ; where )(i  is a function dependent of σi, the thermal 

conductivity and the thickness of material (i); and Zsensor (ω) is the electrical impedance of the empty sensor, 

measured by an impedance meter in operating frequency ranges [13]. Further, the electrical impedance Zs of 

n-type GaAs at frequency f, is defined as:  Zs(ω) = Z’ + jZ”, where Z’ is the real and Z” is the imaginary 

parts of Zs.                                                                                             

         

                          (a)                                              (b) 

Fig.1 Schematic diagram showing a perspective view of the Normalization Procedure used in EPE Theory 
(a) The pyroelectric detector within the n-type GaAs. (b) The empty sensor. 

 

III. EXPERIMENTAL SET-UP 

 

Details of the EPE technique setup are provide in [12,13]. Fig. 2 illustrates the block diagram of the 

measurement system, which includes the PE cell placed within a grounded metallic enclosure acting as a 

Faraday cage. Modulated heating is applied using a pulsed voltage (Va=1 V) from a generator operating over 

the 1 Hz -100 kHz range. The EPE signals, encompassing both amplitude and phase, are measured across the 

PVDF electrodes for each configuration. These signals are convertef from current to voltage, amplified, and 
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analyzed using a lock-in amplifier. Final data processing was performed using Maple 12.0 and Microcal 

Origin 9.0. 

 

 

Fig.2 Diagram of the EPE Technique Setup 

 

IV.RESULTS AND DISCUSSIONS 

 

(a)

 

(b) 

Fig.3: (a) The real Z’ and the imaginary part Z” of electrical impedance Zs according to the frequencies. (b) The Nyquist Diagram and the Randles 
equivalent circuit of n-type GaAs by the EPE technique. 

 

Fig. 3(a) displays the sample’s impedance spectrum. At low frequencies, the real part of the impedance (Z′) is 

dominant, reflecting resistive behavior. As the frequency rises, the real part of Zs decreases because charge 

carriers become less responsive to the alternating electric field, resulting in fewer scattering events and 

reduced resistance. When the frequency exceeds approximately 7 kHz, the material shifts to purely capacitive 

behavior, with its response mainly determined by its ability to store charge carriers that can no longer keep up 

with the high-frequency alternating signal. This transition allows more current to flow while dielectric 

polarization effects lessen, as they cannot match the rapid oscillations. Fig. 3 (b) shows the Nyquist diagram 

of n-type GaAs (Z” versus Z’ on a complex plane), depicting a semicircular arc  at high frequencies 

transotioning to a linear tail at lower frequencies. The asymmetry of the semicircle is, suggests parasitic 

inductance at high frequencies, reflecting magnetic fields produced by currents in the contact or 
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semiconductor. The Randles equivalent circuit for n-type GaAs, illustrated in the top-left corner of Fig. 3 (b), 

features a series resistance Ru that represents the total  resistance to charge flow. This includes contributions 

from the GaAs material, the Cu-GaAs contact resistance, and the resistance of the pyroelectric detector, which 

is connected in parallel with the double-layer capacitance Cdl. This capacitance corresponds to the charge 

separation at the GaAs/Cu interface, influenced by the electron density in the semiconductor. 

 

The circuit also features Faradic impedance, which comprises charge transfer resistance (Rct). This resistance 

indicates the challenges related to charge injection or extraction between the GaAs and copper electrodes, 

influenced by interface quality and the Schottky barrier at the Cu-GaAs junction. This is in series with 

Warburg impedance (Zw), representing the difficulties in electron mass transport to the electrode [14]. The 

values found from Nyquist Diagram are Ru =0.7Ω and Rct=125.5 Ω. The imaginary part of the impedance, due 

to the capacitance Cdl, receives its maximum value Z”max at the frequency f0 (f0=311Hz), where Cdl = 
ctRf02

1



 = 4.1µF. In the low-frequency range, the real part Z’ can be extrapolated to cross the real axis (x-axis) at 

Z’=Ru+Rct-2σ²Cdl, where σ is the Warburg coefficient [7], with our estimated value of 1.86.10
3
Ω.s

-1/2
. Using 

the semi-infinite Warburg model, the electronic diffusion coefficient D of n-type GaAs, can be modelled 

across the GaAs/Cu interface using the  Warburg coefficient σ as: 
DCAFn

RT

222
 , where R is the gas 

constant (8.314J.mol
-1

K
-1

), n is number of the transferred electrons  (n=1), F is the Faraday’s constant 

(96485C.mol
-1

), T is the temperature (300K), C is the concentration of dopant (0.16.10
-2

mol.m
-3

) while 

A=2π.10
-6

m². This experiment yields a diffusion coefficient of D=1.02×cm²s
−1 

which gives a response 

diffusion time 
D

ls
D 2

2


   to be 0.163ms. This value is significantly lower than the expected literature value 

(D~4.3 cm²/s for a doping concentration of around 10
18

 m
−3

) [15,16]. Several factors explain this discrepancy: 

Given that the diffusion coefficient relates inversely to doping concentration as depositing at exceedingly low 

densities often results in impurities, increased defects, and inhomogeneities during sample synthesis. 

However, the main reason for the discrepancy lies in the semi-infinite Warburg model's assumptions, which 

are not valid for our setup, since the Mylar film introduces a blocking (reflective) boundary condition that 

limits diffusion across the bottom interface. The model assumes perfect or infinite diffusion domains, ignoring 

the reflective nature of the Mylar boundary. To address this, we propose adopting the finite-length (open) 

Warburg model [17], which accommodates real boundary conditions )tanh()
1

( D

D

WW j
j

RZ 


 ; 

where RW is the limiting diffusion resistance, related to carrier concentration and mobility. This model 

transitions smoothly from diffusion-dominated to capacitive behavior. For practical impedance fitting, it is 

often approximated by a parallel network RW||CW. 

While a preliminary diffusion value was extracted, a complete fitting of the experimental impedance data to 

the open Warburg model has not yet been performed. This task remains a priority and presents considerable 

complexity since accurate low-frequency measurements are needed, fitting must be performed using advanced 

tools (e.g., ZView), and nonlinear regression is required for reliable parameter extraction. Such a fit would 

allow a more precise determination of D, reflecting the true influence of mixed boundary conditions. 

 

 

V. CONCLUSIONS 

The EPE technique has been successfully applied to estimate the diffusion coefficient in low-doped n-type 

GaAs. A preliminary value was obtained using the semi-infinite Warburg model; however, discrepancies with 

literature values highlight the importance of boundary conditions and model selection. The reflective Mylar 

boundary limits diffusion and invalidates the assumptions of the semi-infinite model. 
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The Open-Warburg model, which better accounts for experimental geometry and boundary effects, represents 

a more suitable framework for extracting accurate diffusion parameters. Future work will involve full model 

fitting to validate the EPE technique's effectiveness in complex semiconductor systems. 
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