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Abstract. The reduction of the photogenerated charge carriers influence in periodically illuminated thin silicon 

membranes is investigated by using the experimental set-up of an open photoacoustic cell in the standard range 

of modulation frequencies from 20 Hz to 20 kHz. It is confirmed that the deposition of a 200nm thin film of 

titanium dioxide on the 30- and 50 m silicon membrane leads to a large increase of the thermoelastic 

component of the photoacoustic signal, which restores the flexibility lost to the membrane under the influence of 

photogenerated carriers. The effect of the thermoelastic component enhancement is analyzed by observing the 

displacement of the tested samples along the heat propagation axis, depending on the carrier density and 

temperature differences on the illuminated and unilluminated sides, for different membrane thicknesses and a 

constant film thickness. It is found that the effect of enhancement of several orders of magnitude is more visible 

in thinner membranes, due to higher ratios between the film and membrane thicknesses. 

 

Introduction 

 

It is well known that the illumination of semiconductors with a modulated light source can 

generate charge carriers that cause different types of thermal responses [1-5]. There are 

various spectroscopic methods within photothermal sciences that can be used to analyze such 

thermal responses [6-12]. In our previous articles [13-15], we showed that photoacoustics 

(PA) is a method by which different thermal responses of semiconductors can be clearly 

observed under the strong influence of photogenerated carriers, by analyzing different 

patterns of behavior of photoacoustic signals and their components. It was observed that the 

influences of carriers on the thermal response are most intense in semiconductor membranes 

having the shape of circular plates with a thickness smaller than the sample carrier diffusion 

length (so-called plasma-thin samples). A strong decrease in the amplitude of the 

thermoelastic component and a decrease in the total phase of the photoacoustic signal was 

observed as a typical pattern of the PA signal behavior in the frequency domain [13,14]. In 

practical terms, it means that the degree of bending of the illuminated semiconductor 

membrane decreases under the influence of photogenerated carriers. This is a very significant 

effect that can affect the reliability, accuracy, and sensitivity of MEMS sensors (e.g., pressure 

sensors), of which silicon membranes are an integral part [15]. Among the others, the zero 

and span calibration shifts are the most frequent errors caused by Si membrane illumination. 

They may be sufficient to cause unacceptable mistakes in the sensors operation process so 

their avoidance is the ultimate manufacturing goal. 

 One very important question also arises: is there a way to significantly reduce the 

influence of photogenerated carriers on the bending degree of illuminated semiconductor 

membranes? Our research shows that this can be done by coating the silicon membranes with 
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a thin transparent film on the membrane illuminated side. Such film should be made of a 

material that does not generate charge carriers at the light source wavelength, transparent to 

allow direct membrane excitation, having the thickness relatively large enough to be visible 

in photoacoustic measurements. Titanium dioxide (TiO2), with which we already have 

experience in working with plasma-thick samples [16,17], appears to be a good thin film 

candidate. 

 Here, we measure and analyze photoacoustic signals (amplitudes and phases) 

generated by the single- (silicon membranes 30- and 50 m thick) and two-layer samples (30- 

and 50 m thick silicon membrane substrate + thin TiO2 film of constant 200 nm thickness) 

and monitor the behavior of their thermoelastic components. This is done by using an open 

photoacoustic cell operating in the transmission configuration with modulation frequencies 

from 20 Hz to 20 kHz. The relationship between the PA signal thermoelastic component and 

the thermoelastic bending degree is studied, by using the sample displacement as a parameter 

involved in the applied theoretical model. 

 

Theoretical background 

 

 
 

Figure 1. The simplest scheme of the two-layer sample irradiated by modulated light source. l1 and l2 (l1<<l2) 

are the thicknesses of the thin film (TiO2) and substrate (Si), respectively. Rs is the sample radius, T1(z,f) is the 

temperature in the thin film and T2(z,f) is the temperature in the substrate. 

 

The thermal response of a semiconductor sample illuminated by a modulated light source is 

a consequence of several processes. The first one is the process of light absorption resulting 

in an increase in the internal energy which leads to the sample heating and temperature 

gradient formation. Due to the mentioned gradient formation, the thermal diffusion process 

starts to transfer heat through the sample periodically changing its temperature in the bulk 

and on its surfaces. At the same time, the temperature difference on the illuminated and non-

illuminated side of the sample results in the process of sample periodic, so-called 

thermoelastic bending. In addition, the generation of free carriers on the illuminated side of 

the sample results in their diffusion through the semiconductor material, periodically 

changing their concentrations within and on its surfaces. Different concentrations of carriers 
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on different sides of the sample lead to its periodic bending process, so-called plasma-elastic 

bending. 

 All of the mentioned processes are incorporated in the theoretical model of 

composite pistons [18,19], the well known model of photoacoustics. Although this model is 

basically made for single-layer samples consisting of pure arbitrary material, it can be easily 

adapted to multi-layer structures as well. The typical scheme used for thermal response 

analysis of a two-layer sample (Si substrate + TiO2 thin film) irradiated from one side by the 

modulated light source is presented in Figure 1. The presented scheme is used for the 

explanation of 1D heat transfer along the heat flow axes parallel to the sample thickness. 

The samples used in the presented investigation has cylindrical symmetry so cylindrical 

coordinates are a reasonable choice and heat transfer is assumed to take place along the z-

axes. 

The photoacoustic response of the two-layer sample irradiated with the modulated 

light source (Figure 1) [16,17,20] can be theoretically described by the total PA signal 

( )totalp f  defined with the simple equation [13, 14]: 

 

( ) ( ) ( ) ( )total TD TE PEp f p f p f p f   = + + ,                                       (1) 

 

where f is the modulation frequency, and ( )TDp f , ( )TEp f , and ( )PEp f  are the thermal 

diffusion (TD), thermoelastic (TE) and plasma elastic (PE) PA signal components, 

respectively. Using a simple 1D theoretical model [13,16,17,20] these components can be 

written as: 

 

0 2 2
TD

0

( , )
( )

g

g c

p T l f
p f

l T





= ,                                                      (2) 

 

( ) ( )0
,

0 0

2 , d
sR

c z c

p
p f rU r z r

V


 =  ,                  c = TE, PE          (3) 

 

where γ is the adiabatic constant, p0 and T0 are the equilibrium pressure and temperature of 

the air in microphone, ( )1 /g gi = + , g is the thermal diffusion length of the air; lc is the 

PA cell length, 2 2( , )T l f  is the dynamic temperature variation at the substrate rear (non-

illuminated) surface [18-20], V0 is the photoacoustic cell volume, and Uz,c(r,z) is the sample 

displacement along the z-axes. 

The Uz,c(r,z) of the two-layer sample at the back surface, z = l2, important in a 

transmission photoacoustic measurements, can be written in a general form as [16,17,20]: 

 

              ( ) ( )2 2

, , ,  T E,PE,
2

c
z c s

C
U r z R r c= − =                                        (4) 

 

where Rs is the sample radius and 

 

( ) ( )

( )
1 2 1 2 1 2 1 2 1 2 1 2 1 2

TE 2 4 2 4 2 2

1 1 2 2 2 1 2 1 2 2 1 1

2 2
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2 2 3 2
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( ) ( )

( )
1 1 1 2 2 2

PE 2 2 4 2 4 2 2

2 2 1 1 2 1 2 1 2 2 1 1

2 2
6 .

2 2 3 2

n n n n

n

E l M l N E l M l N
C d E

E l E l E E l l l l l l
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                         (5.b) 

 

Here ( ) ( )2 2

1 1 1 1 1 1 1 2 2 2 2 2 2 22 ,   2 ,T T T T T TA E l M l N A E l M l N = + = −  
1E  and 

2E  are the Young’s 

modulus of the film and substrate, respectively, 
nd  is the coefficient of electronic 

deformation and MT1 , MT2 , Mn , NT1, NT2 and Nn are defined as [16,17,20] 
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1
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2

2 2

0

, d ,

l

TN T z f z=     ( )
2

0

, d ,

l

n pN n z f z=                 (7) 

 

where 1( , )T z f  is the temperature in the thin film and 2 ( , )T z f  is the temperature in the 

substrate and ( ),pn z f  is the photogenerated minority carrier density. The 
1TM , and 

2TM  

are the first moments of the temperature change, and the 
nM  is the first moment of the 

photogenerated minority carriers change along the z-axis. The 
1TN  and 

2TN  are the average 

temperature changes and 
nN  is the average photogenerated minority carriers change along 

the z-axes. 

In the case of one-layer sample (Figure 1, substrate only) Eqs.(1-7) reduces to 

[13,14,18] 

 

( ) ( ) ( ) ( )* * * *
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Results and Discussion 

 

To check the influence of thin films on the bending degree of illuminated silicon 

membranes, we measured the amplitude A(f) and phase (f) of the photoacoustic signal 

 ( ) ( )exp ( )S f A f i f=  as functions of the modulation frequency f within the 20Hz – 20kHz 

range [13,16,17]. Measurements were carried out for two thicknesses of membranes (50 m 

and 30 m) with (Sexp) and without (S*
exp) the 200 nm-thick TiO2 thin film coating, 

illuminated with the laser diode light source having 660 nm wavelength and intensity of I0 = 

10W/m2. The results of such measurements are presented in Figure 2. All substrate samples 

used in presented investigation are made from the same n-type Si wafer (<100>, 3-5 cm) 

in the form of thin circular plates (membranes) having the radius Rs = 30 mm. The TiO2 thin 

films were deposited on Si membranes using RF sputtering technique [16]. 
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Figure 2. Experimental photoacoustic signal a) amplitude A and b) phase  of Si membranes with ( )expS f  and 

without ( )*

expS f  thin TiO2 film as a function of modulation frequencies f. 

 

 The amplitudes and phases of the measured photoacoustic signals ( )*

expS f  and 

( )expS f  shown in Figures 2.a and 2.b, respectively, were obtained using an open 

photoacoustic cell apparatus operating in the transmission mode, described in detail in our 

previous articles [13,14]. All these signals are a complex combination of the “real” 

photoacoustic signals ( )*

totalp f  (Eq.(8)) and ( )totalp f  (Eq.(1)) that come directly from the 

illuminated samples and their electronic He(f) and acoustic Ha(f) deviations caused by the 

influence of measuring instruments [13,20] (Appendix I): 

 

( ) ( ) ( ) ( )* *

exp total e aS f p f H f H f=                                        (13) 

and 

( ) ( ) ( ) ( )exp total e aS f p f H f H f= .                                      (14) 

 
Table I. Basic Si and TiO2 parameters 

obtained after signal correction procedure 

 Si TiO2 

 [105/m] (2.6+0.2) (1.8+0.4) 

DT [10-6m2/s] (9.0+0.1) (3.9+0.5) 

T [10-6/K] (2.6+0.2) (11+2) 

k [W/mK] (150+2) (10+3) 
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The influence of measuring instruments can be simply described as electronic filtering 

(He) which reduces the signal amplitude in the low-frequency range, and acoustic filtering 

(Ha) which generates typical signal peaks at higher frequencies (Figures 3&4, Appendix I), 

usually recognized as shaped, or tailored, microphone frequency response [21]. The measured 

signals ( )*

expS f  and ( )expS f  are corrected by the well-known procedure of recognizing and 

removing He and Ha [13,21] in order to obtain ( )*

totalp f , ( )totalp f  and corresponding 

basic sample parameters: coefficient of optical absorption , thermal diffusivity DT, 

coefficient of thermal expansion T, thermal conductivity k. The results of such procedure are 

presented in Table I. They are in accordance with the literature values obtained by different 

methods [22-25] and our previous research [13,16]. Other important parameters, like Young’s 

modulus of the film ( )1 280 GPaE =  and substrate ( )2 137 GPaE = , the coefficient of 

electronic deformation ( )31 39.0 10  mnd −= −   and photogenerated carriers lifetime 

( )66 10 s −=   are taken from the same literature [13,16,22-25]. 

Based on the composite piston theory [18], obtained ( )*

totalp f  and ( )totalp f  are 

disassembled into three signal components – TD, TE and PE, whose amplitudes and phases 

are shown in Figures 3.a, c & 4a, c in the case of single-layer (Si membranes, Eqs.(8-12)), 

and Figures 3b, d & 4b, d in the case of two-layer systems (Si membrane + thin TiO2 film, 

Eqs.(1-7)). 

 

 
Figure 3. Experimental (asterisks) and corrected (solid line) total photoacoustic signals along with the 

corresponding components (dashed lines) for the amplitudes A of the Si membranes without ( )*

expS f  (a,c) and 

with ( )expS f  (b,d) a thin TiO2 film, as functions of the modulation frequency f. 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/5.

00
79

90
2



7 

 

The changes in the mutual relationships of the photoacoustic signal components are 

clearly visible in Figures 3&4. They are caused by the deposition of a thin TiO2 film on both 

membrane thicknesses. Larger mutual relationship changes are detected in the case of the 

thinner substrate (30 m), where the amplitude of the total signal decreases at higher 

frequencies more intensely (up to 35% lower values) in the case of the two-layer system 

(Figure 3.b) compared to the pure silicon (Figure 3.a). In the case of the thicker substrate (50 

m) total amplitude decrease is much lower: up to 5% lower values in the case of the two-

layer system (Figure 3.d) at middle frequencies compared to the pure silicon (Figure 3.c). At 

the same time total phase in pure silicon (Figure 4.a,c) at higher frequencies increases, but in 

the case of a two-layer system (Figures4.b,d) total phase decreases. One can conclude that 

explained effects of the total PA amplitudes and phases behavior in frequency domain are 

more intense in the case of thinner substrates [13,14]. 

Comparing Figures 3.a,c & 3.b,d, it is obvious that the amplitude of the thermoelastic 

component (blue dashed line) undergoes the greatest changes: a) for pure silicon, under the 

action of photogenerated carriers, TE amplitude at low frequencies drops to ~ 10-7 (Figure 

3.a) and ~ 10-6 (Figure 2.c), changing its functional dependence at higher frequencies [13,14]; 

b) TE amplitude of the two-layer system increases up to ~ 10-1 (Figure 3.b) and ~ 10-2 (Figure 

3.d) at lower frequencies, decreasing in the entire frequency domain up to ~ 10-4 (Figure 3.b) 

and ~ 10-5 (Figure 2.d) at higher frequencies. For clarity, in Figures 3.b and 3.c, the 

thermoelastic components of the pure silicon samples are marked with dashed gray lines so 

that the increase in the thermoelastic component, which is indicated by arrows, should be 

more noticeable. 

In phases (Figure 4), as in amplitudes, the thermoelastic component (blue dashed line) 

suffers the largest changes, which are indicated by the arrows in Figures 4.b and 4.d, where 

the dashed gray line represents the thermoelastic component phase of pure silicon samples 

(Figures 4.a and 4.c). 
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Figure 4. Experimental (asterisks) and corrected (solid line) total photoacoustic signals along with the 

corresponding signal components (dashed lines) for the phases  of the Si membranes without ( )*

expS f  (a,c) 

and with ( )expS f  (b,d) a thin TiO2 film, as functions of the modulation frequency f. 

 

 Analyzing Eqs. (3&11) one can conclude that presented thermoelastic component 

amplitude behavior in all cases (Figures 3) was guided by the displacements of the sample 

along the z-axis ( ),TE ,zU r z . Following such behavior the results of ( )*

,TE ,zU r z  (Eq.(10.a)) 

and ( ),TE ,zU r z  (Eqs. (4-6)), for both substrate thicknesses, in the case of z = l2 and r = 0 in 

the whole range of modulation frequencies are presented in Figure 5, where clear differences 

can be seen between “pure” and “coated” membranes.  

 

 
Figure 5. Thermoelastic displacements of the a) 30 m and b) 50 m Si membranes with ( ),TE ,zU r z  and without 

( )*

,TE ,zU r z  a thin TiO2 film, as functions of modulation frequency f. 

 

 In the generalized scheme, displacements of membranes of different thicknesses with 

and without a thin film (Figure 5) can be simply represented as in Figure 6. Regardless of the 

thickness of the substrate, the ( ) ( )*

,TE ,TE, ,z zU r z U r z  ratio will always apply. 
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Figure 6. Schemes of the thermoelastic displacement of the irradiated Si membranes with ( ),TE ,zU r z  and 

without ( )*

,TE ,zU r z   a thin TiO2 film (blue line), where photogenerated electrons ( –n) and holes (+p) are present.  

 

To find the cause of differences between ( )*

,TE ,zU r z  and ( ),TE ,zU r z  one need to 

analyze the changes in 
TEC  values (Eq.(5.a)). It is obvious that these changes depend on the 

mutual relationships between 
1TM , and 

1TN , and 
2TM  and 

2TN . Changes in the first 

moments and/or average temperature changes can lead to the changes in 
TEC , and thus in 

( ),TE ,zU r z  changes. The first moments and average temperatures depend on the temperature 

distribution in the sample, and temperature distribution depends on the density distribution of 

the photogenerated carriers. This is the reason why one can attribute all changes in 

( )*

,TE ,zU r z  and ( ),TE ,zU r z  behaviour to changes in differences of the photogenerated carrier 

densities 
*

pn , pn , and temperatures 
*

2T , 2T , at the substrate surfaces (illuminated, 

z=0, and nonilluminated, z=l2)  defined by  

 

( ) ( )* * *

20p p pn n n l   = − , ( ) ( )20p p pn n n l   = − , 

and 

( ) ( )* * *

2 2 20 sT T T l = − , ( ) ( )2 2 20 sT T T l = − . 

 

 The analysis results are presented in Table II, where all carrier densities (Appendix 

II) and substrate temperatures (Appendix III) corresponds to the calculated sample 

displacements ( )*

,TE 20,zU l  and ( ),TE 20,zU l  (Figure 5), for both substrate thicknesses l2 and 

three characteristic modulation frequencies (100-, 1000- and 20000 Hz). One must always 

bear in mind that ( ) ( )1 20 0T T=  (Figure 1) is one of the boundary conditions for temperature 

calculations (Appendix II). 

 The results presented in Table II show that the film deposition on substrate reduces 

the differences in carrier density ( )*

p pn n     and temperatures ( )*

2 2T T    on the 

illuminated and unilluminated sides of the sample. These reductions indicate a decrease in the 

influence of free carriers, i. e. an increase in the degree of bending (flexibility) which is the 

main goal of this work. The influence of carrier and temperature decrease on ( ),TE 20,zU l  is 

larger at lower frequencies, while at higher ones, such influence is reflected through the 

dominant mutual relationship between 
2TM  and 

2TN : the impact of the film becomes 

insignificant.  Also, ( ),TE 20,zU l  is larger for thinner substrates, which is expected, since 

3

,TE 2zU l−  (Eqs.(4),(5)&(10)). 
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Table II. Temperatures at sample surfaces (Illuminated and nonilluminated), their differences and ratios, 

together with sample displacements of Si and Si+TiO2 at characteristic modulation frequencies. 

 

2 30 μml =  

f 

(Hz) 

*

pn  

(1018m-3) 

pn  

(1018m-3) 

*

2T  

(10-10K) 

2T  

(10-10K) 

( )*

,TE 20,zU l  

(10-13m) 

( ),TE 20,zU l

 (10-13m) 

100 3.08353 2.97450 -14.99 -13.573 0.1232 609.41 

1000 3.08345 2.97442 -155.92 -141.16 0.1381 152.96 

20000 3.05548 2.94744 -2926.2 -2636.7 1.2131 2.3370 

2 50 μml =  

f 

(Hz) 

*

pn  

(1018m-3) 

pn  

(1018m-3) 

*

2T  

(10-10K) 

2T  

(10-10K) 

( )*

,TE 20,zU l  

(10-13m) 

( ),TE 20,zU l

 (10-13m) 

100 4.90665 4.73315 -12.67 -4.21 3.065 132.52 

1000 4.90637 4.73288 -138.26 -43.7 2.5486 13.4 

20000 4.80161 4.63183 -1626.9 -101.3 3.3993 4.43 

 

 

Conclusions 

 

 The enhancement of the thermoelastic component of the photoacoustic signal 

measured by using an open photoacoustic cell for plasma-thin silicon samples with a thin 

layer of TiO2 has been studied. The photoacoustic theory for two-layer samples consisting of 

a substrate in the form of 30- and 50-m thick Si membranes, and a 200 nm-thick TiO2 film 

has been used in the data analysis. These substrate thicknesses are smaller than the diffusion 

length of the heat carriers, while the film is thick enough to be well visible for photoacoustic 

measurements. It has been found that the TiO2 film enhances both the amplitude and phase of 

the thermoelastic component of the photoacoustic signal of the entire two-layer system. This 

enhancement is a direct consequence of the sample displacement along the heat propagation 

axis, such that larger displacements are obtained for the thinner substrate (30 m). This is 

reasonable as the displacement of a two-layer sample is inversely proportional to the 

(thickness)3 of the substrate. Based on the analysis of the photogenerated carrier densities and 

temperature differences at the illuminated and nonilluminated sides of the samples, for three 

characteristic modulation frequencies, it has been shown that the displacement of two-layer 

samples is larger than that of the single-layer ones. The TiO2 film, therefore, suppresses the 

influence of the photogenerated carriers and enhances the bending of the sample described by 

the thermoelastic component of the photoacoustic signal. The obtained results thus show that 

the loss of flexibility of Si samples induced by photogenerated carriers can be overcome by 

depositing a thin transparent TiO2 film on the illuminated Si side, which can be useful for 

developing MEMS and the electronic industry in general. 
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Appendix I. The influence of measuring instruments on the photoacoustic signal 

 

The photoacoustic signal generated by the sample excited by the modulated light source 

contains various influences of the instruments used in its measurement. A detailed analysis 

determines that such influences arise mostly from the microphones used in measurements and 

accompanying electronics. These effects are reflected in signal distortion due to different 

types of filtering at low and high frequencies [13,21].  

 At low frequencies (< 1 kHz), the PA signal is distorted in a way typical for the high-

pass filters: amplitude decrease and phase increases with decreasing frequencies (Figure 7). 

The degree of distortion is described by the cascade connection of the RC low-pass filters. 

Each filter corresponds to one instrument with characteristic RC values. Therefore, low-

frequency filtering of photoacoustic signals is called electronic filtering described by the 

( )eH f  function [13,21]: 

 

( ) 1 2

1 2(1 ) (1 )

c c
e

c c

H f
i i

 

 
=− 

+ +
,                                (A1) 

 

where 2 f = , f is the modulation frequency, ( )
1

1 1 1 12c cf R C 
−

= =  and 

( )
1

2 2 2 22c cf R C 
−

= =  are the time constants and RC characteristics of the microphone (A1) 

and signal processing electronics (2) (usually the sound-card or lock-in). 

 

 
Figure 7. Typical signal distortion (red line) of the a) amplitude A and b) phase   for modulation frequencies f < 

1 kHz. 

 

 At high frequencies (> 1 kHz), the PA signal is distorted in a way typical for the low-

pass filters: sharp jumps and falls of amplitude and phase values occur which gives typical 

peak structure responses (Figure 8). The size and shape of peaks with characteristic 

frequencies and dumping factors are described by the sum of low-frequency RCL filters. 

Since the peaks are a typical high-frequency microphone response caused by its acoustic 

characteristics, filtering in the high-frequency region is called acoustic filtering described by 

the function Ha(f ) [13,21]: 

 

( )
2 2

3 4

2 2 2 2

3 3 3 4 4 4

c c
a

c c c c c c

H f
i i

 

         
= +

+ − + −
,                     (A2) 
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where 
k  is the damping factor (k = c3,c4), 3c  is the microphone cut-off frequency and 4c  

is the characteristic frequency which depends on the geometry of the microphone body. 

 

 
 
Figure 8. Typical signal distortion (red line) at high-frequencies with a) amplitude A and b) phase  behavior at 

modulation frequencies f > 1 kHz. 

 

Characteristic PA signal distortion ( )eH f  and ( )aH f  parameters calculated from our 

presented and previous measurements [13], used here to draw Figures 7 & 8, are presented in 

Table III. 

  
Table III. Characteristic PA signal distortion He and Ha parameters used to obtain figures 7 & 8. 

 

Characteristic frequency fc1, (Hz) 25 

Characteristic frequency fc2, (Hz) 5 

Characteristic frequency fc3, (Hz) 9400 

Characteristic frequency fc4, (Hz) 14700 

Damping factor c 0.6 

Damping factor c 0.08 

 

Appendix II. Periodic carrier densities in Si substrate 

 

Within the photoacoustics, photogenerated carrier density calculations are based on the Fick’s 

second law of diffusion, assuming that electrons and holes are generated in pairs as identical 

particles neglecting their electrical nature. Considering that the used Si membranes (Figure 1) 

are the low-level injection n-type semiconductors (minority carriers are used to explain 

carrier dynamics), the dynamic part of the 1D diffusion equation (important for sound wave 

generation) that explains carrier transport in membranes can be written in the form [13-15]: 

 

( ) ( )2

0

2 2

d , ,
,

d

p p βz

p

n z f n z f βI
e

z L εD

 
−− = −                                           (B1) 

 

where ( )
1/2

/ 1 2p pL L i f = +  is the complex excess carriers diffusion length, 

p p pL D =  is the excess carrier diffusion length, i is the complex unit, ( ),pn z f  is the 
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photogenerated minority (holes) dynamic density component, pD  is the holes diffusion 

coefficient, and 
p  is their lifetime. The solution ( ),pn z f  of the Eq.(17) is given by [13-

15]: 

 

( ) / /z L z L z

pn z A e A e Ae  − −

+ −= + − ,                                          (B2) 

 

where 
0 ( )pA I εD β= , and the integration constants A are defined by [13-15]: 

 

( ) ( )
( ) ( )

2 2

2 2

/

2 2

/ /

2 2

l L l

D D

l L l L

D D D

v v s e v v s eA
A

v v s e v s e



 

−

 −

 − −
=

+ − −
,                                    (B3) 

 

depending strongly on the relative ratio of the characteristic diffusion speeds LDv pD /=  and 

pβ βDv = . 

 

Appendix III. Periodic temperature distributions in the thin TiO2 film and Si substrate 

 

Periodic temperature distributions in the thin film (1-TiO2) and substrate (2-Si) illuminated 

by the modulated light source (Figure 1) can be obtained solving the thermal-diffusion 

equations in the form [16,17,20]: 

 

 
( )

( ) ( ) 1

2

1

1 1 1 02

1 1

, 1
, 1 z

T

T z f i
T z f β R I e

z D k

 −


− = − −


,                          (C1) 

and 

( )
( ) ( ) 2

2

2 2 2
2 22

2 2 2

,
, ,

g g β z

p

ε ε εT z f β I
T z f n z f e

z k τ k ε
 −

−
− = − − 


,                        (C2) 

 

where  = 2f , f is the modulation frequency, I0 is the incident light intensity, 

( )( ) 1 1

1 2 01 1 β lI R R e I−= − − , R1 is the film reflection coefficient, R2 is the substrate reflection 

coefficient, 1 1/ Ti D =  is the film complex thermal diffusivity, DT1 is the film thermal 

diffusion coefficient, 2 2/ Ti D =  is the substrate complex thermal diffusivity, DT2 is the 

substrate thermal diffusion coefficient, k1 is the thin film heat conduction coefficient, k2 is the 

substrate heat conduction coefficient, 1 is the film absorption coefficient, 2 is the substrate 

absorption coefficient, and ( ),pn z f  is the photogenerated minority carrier dynamic density 

component (Eq.(18)). 

 The general solutions of Eqs.(17,18) can be written in the form [20]: 

 

( ) 1 1 1

1 1 2 3, z z β zT z f Ae A e A e − −= + + ,                                         (C3) 

and 

( ) ( )2 2 2

2 1 2 3 4, ,z z β z

pT z f B e B e B n z f B e − −= + + + ,                              (C4) 

 

where the constants A3 , B3 and B4 are given as: 
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16 

 

( )
1 0 1

3 2 2

1 1 1

1β I ( R )
A

k β 

−
= −

−
, 

3
2

2 2 2 2

1

g

p

ε
B

k τ
L



= −
 

− 
 

, 

 

 
( )( )

( )

1 1

2 1 2 0 3
4 2 2

22 2

1 1 β l

g

p

ε εβ R R e I B
B

D kε β 

−  −− −
= − −  −  

. 

 

Constants A1, A2, B1 and B2 can be found solving the boundary conditions [20]: 

 

a) 
( )

1

1

1

,
0

z l

T z f
k

z
=−


− =


,   b) ( ) ( )1 20, 0,T f T f= , 

 

c) 
( )

( )
( )2 1

2 F 1

0 0

, ,
0,p g

z z

T z f T z f
k s n f ε k

z z
= =

 
− = −

 
, 

 

d) 
( )

( )
2

2

2 R 2

,
,p g

z l

T z f
k s n l f ε

z
=


− = −


,                                   (C5) 

where Fs  and Rs  are the substrate surface recombination speeds at the front ( )0z =  and rear 

( )2z l=  surfaces, respectively. Based on our previous investigations [13-17,20], the analysis 

of the two-layer optical properties shows that the multiple optical reflections can be neglected 

in the Si substrate [13], but must be taken into account in the case of thin TiO2 film. This is 

the reason why the film reflection coefficient R1 is calculated here using [16,17]: 

 

( )
1 1

1 1

2
2

1 F F R 2

F R

1
1

l

l

e
R r r r

r r e





−

−
= + − 

−
,                                       (C6) 

 

where rF and rR are the front and rear thin film reflectivity coefficients, respectively. 
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