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The paper presents the results of the experimental study of thermal transport of semiconductor materials by 

photoacoustic (PA) gas-microphone (GM) technique. Special attention is paid to the importance of PA cell design 

and normalization of the informative signal, as necessary conditions for minimizing the extraneous noise or signal 

caused by both the PA cell geometry and the contribution of electronic components of the experimental set-up. The 

presented PA technique allows quick and contactless estimating of the semiconductor materials thermal 

conductivity in a non-destructive way. In particular, the configuration of the PA cell presented in this work allows 

analyzing the influence of the level of boron doping impurity on the thermal transport of monocrystalline silicon is 

proposed. The obtained results are in good agreement with the known literature data and are relevant from a 

practical point of view due to the importance of silicon usage in modern technological applications. 
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Introduction 

The thermal conductivity value is one of the main 

functional parameters of material science required when 

dealing with the industrial fabrications of high-efficiency 

thermoelectric devices and for the desired thermal 

management of nanostructured semiconductor materials 

obtained from the investigated bulk wafers [1, 2]. It is 

worth noting that the peculiarities of thermal transport in 

solids can be sensitive to a number of factors. Among 

them are the impurities, dislocations [3], the influence of 

the different boundaries between the interfaces [4, 5], the 

presence of the local elastic stresses [6], etc. [7,8]. 

Therefore, the quite fast and flexible diagnosis of thermal 

conductivity and related values is significant for studying 

the nature and checkup the behavior of semiconductor 

materials before and after various structure manipulations. 

Various experimental techniques are successfully 

applied to study thermal transport in different types of 

materials. For steady-state thermal methods one should be 

careful with control of heat losses and temperature 

fluctuations that may affect the results during the 

measurements. The methods with transient or periodic 

sample heating [9], are also used for the determination of 

thermal parameters. Among them the main ones are the 3-

ω method [10], the laser flash method [11], photoacoustic 

(PA) technique with piezoelectric [12, 13] and gas-

microphone (GM) registration configurations.  

The main advantage of PA technique among other 

methods is its low-cost and flexible unique detection 

system for various samples that allow non-contact and 

non-destructive testing and estimating material thermal 

properties [5,14,15]. Since, the PA response formation is 

based on the heating of the sample caused by incident 

electro-magnetic radiation, the usage of PA technique can 

overcome a typical source of errors characteristic to 

contact-based thermal measurements. Contrary to GM 

technique, the thermophysical properties of the material 

by the piezoelectric method can be performed in vacuum, 

and in a wider range of temperatures, as well as the 

modulation frequencies. Nevertheless, the analysis of the 

PA response for piezoelectric PA method is more 

complicated and requires the information about the 

mechanical properties of the sample [16, 17]. Thus, the PA 

GM technique is one of the most promising methods for 
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the evaluation of thermal properties of solid 

homogeneous, layered, or nanostructured materials. 

At the same time, it should be emphasized that it is 

necessary to obtain and take into account the information 

about the photoacoustic GM cell effects, as well as other 

sources that potentially affect the behavior of the 

informative response formation from the sample and its 

further registration. The purpose of this work is to analyse 

and interpret information about the physical features of the 

PA signal formation, and on this basis to optimize the PA 

GM cell in order to determine the thermal conductivity of 

semiconductor structures, and, as an example, to 

demonstrate the effectiveness of this technique to study 

the contribution of the doping level on the thermal 

conductivity of monocrystalline silicon (Si). 

I. Experimental details 

The measurements of PA signal were performed for 3 

series of boron-doped p-type (100)-oriented 

monocrystalline Si samples that vary by the thickness and 

doping level (see Table 1). 

Thermal conductivity measurements of the Si samples 

were carried out at room temperature. A typical 

experimental setup of PA method used in this work is 

shown in Fig. 1. All the samples were alternately placed 

on the bottom of the inner space of PA cell with built-in 

electret microphone Panasonic WM61A. Continuous-

wave single-mode green laser (λ = 532 nm) was used as a 

heating source was modulated by a square signal from 

AFG1062 Tektronix arbitrary waveform generator. The 

initial output optical power of laser 500 mW was reduced 

by normal filters to the desired values and controlled by 

laser power meter. The informative signal obtained from 

the PA cell was compared with the reference one from 

generator by the lock-in nanovoltmeter Unipan 232B to 

extract the amplitude of the PA signal. Additionally, an 

oscilloscope was connected to the interface of the lock-in 

amplifier for data acquisition and visual control of the 

experimental details. 

A typical PA GM cell is realised as a small container 

for the sample under study with mounted optically 

transparent window and a microphone for registration of 

the thermally induced pressure changes inside the inner 

gaseous space of the cell during the non-stationary 

irradiation of sample surface. Both the optimal design of 

the PA cell and its calibration represent a crucial point for 

the success in thermal properties measurements of solids 

[18, 19]. The PA cell used in this work was made from 

aluminum that have an extremely weak optical absorption 

for the laser beam used, and have an inner space volume 

of 16 x 8 x 3.1 mm3, where 3.1 mm is a “baking material 

– to – window” distance. Compared with existing PA cell 

counterparts [20-23], the proposed GM cell configuration 

is optimal for thermal conductivity study of the samples 

taking into account the following important factors: 

- PA signal amplitude is inversely proportional to 

inner volume of PA cell; 

- the inner space reduction of the PA cell should be 

limited by the dimension of the electret microphone; 

- samples are analyzed in a non-contact non-

destructive manner; 

- the ability to simultaneously place a sample for 

research and reference material with well-established 

properties in the cell should be realized (the area of each 

Table 1 

 

Characteristics of the investigated Si samples 

Sample № Thickness, µm Doping level, cm-3 
Density, 

kg/m3 

Heat capacity,  

J/(kg К) 

1 515 1019-1020 

2330 680 2 440 1019-1020 

3 260 1015 

 

 
Fig. 1. Schematic view of the main components of experimental set-up: 1 – 532 nm laser, 2 – waveform generator, 

3 – PA GM cell with phantom power supply, 4 – lock-in nanovoltmeter. 
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sample mounted in the proposed PA cell can reach 

8 x 8 mm2); 

- the dimensions of the cell should be made to 

minimize the contribution of the effect of the PA cell walls 

and window acting as possible heat sinks on the 

informative signal; 

- it is necessary to shift the resonant frequencies of the 

cell as far away from the operating frequencies as possible 

to study the thermal properties of the samples. 

The 515 µm homogeneous black carbon was used as 

a reference sample for calibration of PA cell to remove the 

possible additional parasitic signals during the main 

experiments (see Fig. 2).  

According to the one-dimensional model proposed by 

the Rosencwaig and Gersho [24], it could be predicted that 

the amplitude-frequency characteristics (AFC) for 

thermally thick high-absorbing reference sample should 

have a constant slope of «-1» while increasing the 

modulation frequency. However, the observed AFC 

behavior differs markedly from the theoretical one at both 

high and low frequencies.  

The deviation of experimental results from the theory 

at low frequencies can have a number of reasons. In this 

case, the PA signal may include the contribution from 

effects that are related to the PA cell instrumental factors 

(heat-sink effects, optical properties of PA cell material, 

etc.), as well, as the microphone used (sensitivity loses, 

measurement-damaging design features for the 

microphone durability, etc.) and the electrical circuits of 

measuring equipment. 

On the other hand, even a simple PA cell exhibits its 

own acoustic resonances that mainly dependent on its 

characteristic dimensions. Other possible sources of the 

resonance like a diaphragm of the detector microphone 

should not be ruled out. Moreover, increasing the 

modulation frequency results in a signal-to-noise ratio 

decreasing. Thus, any experimental measurement of PA 

response should be carefully analyzed and calibrated 

before the fitting procedure by the theoretic model, 

especially at both the low and high frequencies. 

It should be noted that the calibration coefficients 

from measurements of black carbon at different laser 

irradiation powers and the height of the calibration sample 

correlate well enough and can be used for normalization 

of PA signal obtained from Si samples. However, the 

small-amplitude difference of PA response caused by the 

extra volume appearance inside the PA cell if we place a 

smaller sample should be also taken into account. 

II. Results and discussion 

In this work the measurements of the PA signal 

generated by the Si sample’s irradiation with output 

optical power 145 mW were performed in non-resonant 

frequency range – from 10 Hz to 1500 Hz (see Fig. 3). For 

analysis of the obtained experimental results, a thermal 

wave formalism was used [25]. Due to this approach, the 

excited by non-stationary light thermal perturbation can be 

represented as a rapidly damped heat wave that can be 

characterized by the following equation: 

 

 𝜆𝑇 =  √𝐷𝑇 (𝜋𝑓)⁄ , (1) 

 

where 𝜆𝑇 , - the thermal wave wavelength, DT - the thermal 

diffusivity of the sample, 𝑓 – the modulation frequency, 

respectively. 

Thus, in case when for Si sample with a thickness 𝑙𝑆𝑖  

a characteristic frequency (“bending frequency”), at which 

𝜆𝑇~𝑙𝑆𝑖  belong to the diapason of frequencies under 

investigation, as a result this frequency will divide the 

 
 

Fig. 2. Experimental PA AFC obtained for reference black carbon sample during its irradiation by green laser with 

output power 72 mW The solid line represents the theoretical dependence predicted by the Rosencwaig and 

Gersho model [24] for carbon sample. The error of the experimentally obtained frequency response is within the 

points shown on the graph (here and in the following figures). 
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AFC of the PA response into the low-frequency and high-

frequency regions that differ by the slope of the function. 

The high-frequency region that is above bending at a 

certain frequency corresponds to the situation when 𝜆𝑇 <
𝑙𝑆𝑖 , and implies that thermal perturbation is localized 

within the Si sample. 

On the other hand, for low modulation frequencies, 

the value of the wavelength is more than 𝑙𝑆𝑖 and, thus, the 

thermal perturbation behavior on the bottom Al side of the 

PA cell that is in thermal contact with the sample will also 

influence the PA signal formation. Thereby, the 

experimental evaluation of such a bending frequency 

allows one to obtain thermal conductivity of Si sample 

𝐾𝑆𝑖= 𝐷𝑇  𝑐𝑆𝑖 𝜌𝑆𝑖  from the following expression: 

 

 𝐾𝑆𝑖 = 𝜋 𝑓𝑏 𝑙𝑆𝑖
2  𝜌𝑆𝑖  𝑐𝑆𝑖  ,(2) 

 

where  𝑓𝑏  is the bending frequency, 𝑐𝑆𝑖 is the specific 

heat of Si sample, 𝜌𝑆𝑖  is the density of Si sample, 

respectively. 

Thus, the observed in AFC bending frequencies 

(78 ± 6) Hz for Sample 1, (118 ± 5) Hz for sample 2, (390 

± 15) Hz for Sample 3, allow to obtain the corresponding 

thermal conductivities (see Table. 2). To simplify the 

calculations, an approximation was taken into account, 

according to which the doping level of impurity does not 

affect the volumetric heat capacity of the samples. 

(𝜌𝑆𝑖  𝑐𝑆𝑖). 

The approach presented above explains the behavior 

of the PA AFC slopes on a double logarithmic scale and 

allows one to find the thermal conductivity of the sample. 

Nevertheless, more precise analysis of the obtained AFCs 

is based on the calculation of the variable temperature 

component (θ) distribution in one-dimensional 

approximation according to the following equation, as 

described earlier in [28, 29]: 

 

 
𝑑2𝜃

𝑑𝑧2 −
2𝜋𝑓𝑐𝜌𝑖

𝐾
= 𝐼0(1 − 𝑅)𝛼 ∙ 𝑒𝑥𝑝 (−𝛼𝑧), (3) 

 

where K, c, and ρ are the thermal conductivity, heat 

capacity and density of the sample, respectively; 𝐼0 is the 

intensity of absorbed light; R, and 𝛼 are the reflectivity 

and absorption coefficient of the sample at the considered 

wavelength of irradiation source, respectively.  

Considering the adiabatic boundary conditions the 

pressure fluctuations inside PA cell can be evaluated as 

follows: 

 
 

Fig. 3. Normalized experimental results (dots) of the AFC of PA response formation from the Si samples, 

treated by model calculations (represented by lines). 

 

Table 2 

 

Comparative characteristics of experimentally obtained thermal conductivity values of the Si samples with 

findings from the literature. 

Sample 

K, W/(m K) 

Based on bending 

frequency analysis 

Obtained by model 

calculations 
Literature data [26, 27] 

1 102 ± 9 100 ± 10 110 

2 114 ± 8 110 ± 10 110 

3 133 ± 8 130 ± 10 130 

 

 



Optimized Photoacoustic Gas-Microphone Cell… 

 325 

 

 𝜌(𝑓)~ ∫ 𝜃(𝑓, 𝑧) 𝑑𝑧 = −
∞

0
𝜃(0)√

𝐾𝑔𝑎𝑠

𝑖 2𝜋𝑓 𝑐𝑔𝑎𝑠𝜌𝑔𝑎𝑠
 (4) 

 

where θ (0) – is the temperature on the surface of the 

sample, 𝐾𝑔𝑎𝑠, 𝑐𝑔𝑎𝑠,   𝜌𝑔𝑎𝑠 are the thermal conductivity, 

heat capacity and density of the isolated gas (air).  

Taking into account the known laser irradiation 

power, volumetric heat capacity and optical absorption 

coefficient of monocrystalline silicon at a wavelength of 

532 nm [30], the thermal conductivity of the samples can 

be calculated by varying its value to achieve the maximum 

possible correlation between the experimentally obtained 

AFC of the PA signal and theoretically calculated with 

finite difference method based on equation (4) (see Fig. 4). 

Informative markers for the approximation procedure are 

the amplitude and change of the inclination angle of the 

experimentally obtained AFC of PA response.  

The obtained thermal conductivity values when the 

experimental and theoretical results qualitatively correlate 

with each other for each series of samples (see Fig. 3), are 

shown in Table 2. Therefore, the calculated coefficients of 

thermal conductivity of the studied samples using both 

approaches are in a good agreement with the known 

reference data from literature [26, 27]. 

Conclusion 

The paper presents the thermal conductivity 

evaluation of semiconductor materials by means of the 

photoacoustic gas-microphone technique. It is shown that 

the method requires a carefully constructed photoacoustic 

cell with sensitive and precisely manufactured 

components. It has been proven that the calibration 

process of the photoacoustic signal from a material with 

known thermophysical properties in the manufactured cell 

is an important first step before providing a study of the 

photoacoustic response from the samples. To determine 

thermal conductivity values of the studied samples, a 

comprehensive methodology to the analysis of the 

frequency response of the amplitude of the photoacoustic 

signal based on the thermal wave approach is proposed. In 

particular, it was used to study the thermal conductivity 

dependence of silicon wafers on the boron doping level. It 

is shown that the obtained results are in good agreement 

with the literature data. Thus, the presented configuration 

of the photoacoustic cell allows studying the features of 

thermal transport of a wide range of semiconductor 

materials in a cheap, quick and contactless non-destructive 

way. 
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П.О. Ліщук  

Оптимізована фотоакустична газомікрофонна комірка для контролю 

теплопровідності напівпровідникових матеріалів 

Київський національний університет імені Тараса Шевченка, Київ, Україна, pavel.lishchuk@univ.kiev.ua 

В роботі представлено результати дослідження особливостей теплового транспорту 

напівпровідникових матеріалів фотоакустичним (ФА) газомікрофонним (ГМ) методом. Акцентується увага 

на важливості проектування ФА ГМ комірки та нормування інформативного сигналу, як необхідних умов 

мінімізації паразитних сигналів, спричиненими як особливостями геометрії ФА комірки, так і внеском від 

електронних компонентів експериментального стенду. Представлена ФА методика дозволяє швидко та 

безконтактно неруйнівним способом оцінювати значення коефіцієнту теплопровідності 

напівпровідникових матеріалів. Зокрема, в рамках даної роботи пропонується конфігурація ФА комірки, 

яка дозволяє проводити аналіз впливу рівня легуючої домішки бору на особливості теплового транспорту 

монокристалічного кремнію. Отримані результати добре узгоджуються з відомими літературними даними 

та є актуальними з практичної точки зору, оскільки розуміння теплового транспорту у таких структурах є 

важливим аспектом їх використання в сучасних технологічних застосуваннях. 

Ключові слова: фотоакустичний газомікрофонний метод, коефіцієнт теплопровідності, 

монокристалічний кремній, леговані напівпровідники. 

mailto:pavel.lishchuk@univ.kiev.ua

