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ABSTRACT

Based on the experimental and theoretical signals of an open photoacoustic cell operating with modulation frequencies from 20 Hz to
20 kHz, a significant contribution of photogenerated excess carriers on the thermal and thermoelastic responses of an n-type silicon plate is
observed for the very first time. This is achieved by comparing the measured amplitude and phase of the photoacoustic signal with their
corresponding theoretical thermoelastic counterparts, for high enough modulation frequencies mainly. It is shown that the amplitude of the
thermoelastic component of plasma-thin samples varies about two orders of magnitude with respect to the corresponding one of
plasma-thick samples. Furthermore, we find a maximal temperature difference ΔT =− 35 nK between the illuminated and non-illuminated
sample surfaces, which shows that thin silicon plates with excess carriers could be used as heat sinks.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0015657

I. INTRODUCTION

As is well-known, the light–matter interaction in semiconduc-
tors leads to light absorption followed by a non-radiative excitation
state resulting in the sample temperature rise.1–3 If the energy of a
photon is equal to or greater than the bandgap of the illuminated
material, the photon excites an electron into the conduction band
and generates an electron–hole pair.2,3 These pairs are called photo-
generated or excess carriers, their density takes its highest value at
the illuminated surface, where the majority of light is absorbed,2,3

and, therefore, they induce various effects in semiconductors.4–6

Photogenerated excess carriers can change the heat transport
dynamics and temperature profiles inside semiconductors.7–13 In
photoacoustics (PA), for instance, some theoretical studies showed
that the number of photogenerated excess carriers generated in
both n- and p-type semiconductors illuminated with a modulated

light source increases with the light absorption, and they are able to
significantly change the temperature distribution at the surface and
inside the materials.14–18 The experimental observation of these
effects still remains a challenge due to the separate analysis of
either the amplitude or phase of the PA signal in a relatively short
range of modulation frequencies.19–23 The simultaneous monitor-
ing of both of these signals in a wide interval of modulation fre-
quencies is thus desirable to observe the effects of photogenerated
excess carriers.

In our recent theoretical studies of n-type silicon circular
plates,22,23 we noticed that the impact of photogenerated excess car-
riers on their PA response depends mostly on the semiconductor
surface quality determined by the surface recombination speed s,
the sample thickness l, and the carrier diffusion length Lp ¼

ffiffiffiffiffiffiffiffi
Dpτ

p
,

with Dp being the diffusion coefficient of the minority carriers with

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 128, 095103 (2020); doi: 10.1063/5.0015657 128, 095103-1

Published under license by AIP Publishing.

https://doi.org/10.1063/5.0015657
https://doi.org/10.1063/5.0015657
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0015657
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0015657&domain=pdf&date_stamp=2020-09-03
http://orcid.org/0000-0002-0330-3600
http://orcid.org/0000-0003-4414-6442
http://orcid.org/0000-0003-2696-3879
http://orcid.org/0000-0002-6728-8868
http://orcid.org/0000-0001-9463-4597
mailto:sanja.aleksic@elfak.ni.ac.rs
https://doi.org/10.1063/5.0015657
https://aip.scitation.org/journal/jap


lifetime τ. Favorable conditions for the observation of this impact
were found when the illuminated sample surface is passivated
(s1 ! 0), while the non-illuminated one remains active (s2 � 0).22

In this latter case, the PA response of plasma-thin semiconductors
(l/Lp , 1) was found to be completely different than that of
plasma-thick ones (l/Lp . 1).23 More importantly, the modulated
temperature component Ts(l) at the non-illuminated back surface
of a plasma-thin sample can be higher than the corresponding one
Ts(0) at its illuminated front surface, within a wide range of modu-
lation frequencies.23 In other words, the excess carriers of plasma-
thin samples can be used to remove the absorbed light energy from
the illuminated surface and transfer it to the non-illuminated one,
and, therefore, these materials could become efficient heat sinks.
On the other hand, taking into account that the amplitude of the
thermoelastic (TE) component of the PA signal of plasma-thin
samples is significantly attenuated at low modulation frequencies
(f < 1 kHz) and exhibits a typical peak-like shape at high ones
(f > 1 kHz),22,23 the bending of these materials can show up at high
modulation frequencies, mainly.

In the present work, the theoretical observations reported in
our previous articles22,23 for the influence of the excess carrier are
experimentally studied by means of an open-cell PA experimental
setup operating in the transmission configuration.21–23 The
amplitude and phase of the PA response of n-type silicon plates
of different thicknesses are measured for modulation frequencies
ranging from 20 Hz to 20 kHz and their values are found to be in
good agreement with theoretical predictions. For plasma-thin
samples, the expected amplitude attenuation of the TE signal is
observed along with the dominant thermal diffusion (TD) com-
ponent of the total PA signal. Based on the analysis of the PA
signals at the illuminated and non-illuminated sample surfaces,
the fingerprints of the excess carriers on the PA response are
confirmed.

II. EXPERIMENTAL SETUP

The measurements were carried out with an open-cell experi-
mental setup24–26 using three Si circular plates of radius Rs = 4mm
and thicknesses l1 = 150 μm, l2 = 85 μm, and l3 = 30 μm; as samples
mounted directly on top of a microphone. All plates were prepared
from the same non-degenerated n-type Si wafer (3–5Ω cm, ⟨100⟩ ori-
ented) having the electron concentration of n0 ¼ 9� 1020 m�3.29

The samples thus obtained were excited with a laser diode emitting
light at 656 nm with an intensity of I0 = 10W/m2 and photon
energy ε greater than the Si bandgap εg . The absorption coefficient
of our Si samples at the diode wavelength is β ¼ 2:58� 105 m�1.
The laser beam intensity was modulated with a homemade current
modulator in the frequency range of 20 Hz–20 kHz, which was
monitored by a BPW34 photodiode of high speed and accurate
radiant sensitivity. The irradiated plate surface was polished, while
the back was etched. Data acquisition was performed by using an
Intel 82801Ib/ir/ih hd PC audio controller, and the amplitude and
phase of the PA signal detected by a Jin In Electronics Co. model
ECM30 electret microphone were extracted by means of a software
emulating a lock-in amplifier.

A schematic diagram illustrating the main components of
our open-cell PA experimental setup is depicted in Fig. 1. The

transmission configuration was adopted to assure 1D heat
conduction along the uniformly irradiated plate, which allows
using simple theoretical models to interpret the obtained experi-
mental data. Taking into account that frequency response of
the microphone and accompanying electronics has bandpass
(electronic filter) characteristics that depend on the design, manu-
facturing, and diaphragm properties, we applied a standard signal
correction procedure27,28 to obtain undistorted signals accurately
representing the physical characteristics of the considered
samples.

III. SIGNAL CORRECTION PROCEDURE

The measured open-cell PA response Sexp(f ) can be repre-
sented in the following form:29

Sexp(f ) ¼ Aexp(f )exp[iwexp(f )], (1)

where Aexp(f ) andwexp(f ) are its respective amplitude and phase, i
is the complex unit, and f is the modulation frequency. In an ideal
case, Sexp(f ) is equal to the “true” PA signal δptotal(f ) generated by
the investigated sample. Unfortunately, noise and signal distortion
often mask δptotal(f ), so their analysis is an unavoidable task in
accurate and precise PA measurements.27,28

Main types of noise in PA measurements are flicker noise
NFN(f ) and coherent signal deviations NCSD(f ). Flicker noise is typ-
ically generated by the random and nonreducible microphone
noise. Coherent signal deviations, on the other hand, represent
unwanted coherent disturbances originated by the LED current
modulation system and they can, fortunately, be avoided or sub-
tracted. The main types of PA signal distortions are originated by
the filtering of instruments used in measurements, usually micro-
phone and PC sound card (lock-in emulator). At relatively low
modulation frequencies, electronic filtering dominates as a main
source of distortion due to the instrumental RC characteristics.
These filtering effects can be accounted for using a first-order high-
pass filter described by a cascade system transfer function, which

FIG. 1. Scheme of the open photoacoustics cell used in our experiments under
the transmission configuration.
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can be written as follows:27,28

He(f ) ¼ � f
(f1 þ if )

� f
(f2 þ if )

, (2)

where f1 and f2 are the characteristic frequencies of the microphone
and sound-card, respectively. At relatively high frequencies, on the
other hand, acoustic filtering becomes the main source of distor-
tion. Usually, one or two peaks emerge due to the acoustic
resonances closely connected to the microphone geometry and
microphone membrane features. Taking into account that the
transfer functions of physically different systems can be identical,
the acoustic properties of the microphone can be represented by
the following series of second-order low-pass filters:28

Ha(f ) ¼ f 23
f 23 þ f3δ3if � f 2

þ f 24
f 24 þ f4δ4if � f 2

, (3)

where f3 and f4 are the characteristic frequencies of the first and
second peaks of the microphone, while δ3 and δ4 are their corre-
sponding dumping factors.

Taking into account the main types of noise and signal distor-
tions, it is clear that the correction of Sexp(f ) is needed to obtain
δptotal(f ). If we measure and subtract NCSD(f ), assuming that
NFN(f ) is negligible, the values of Sexp(f ) can be fitted with Sfitt(f )
given by27,28

Sfitt(f ) ¼ δP(f ) �H(f ), (4)

where H(f ) ¼ He(f ) �Ha(f ) is the instrumental disturbance and
δP(f ) is the assumed undistorted signal (δP(f ) � δptotal(f )). In
general, the frequency dependence of δP(f ) can be modeled as the
power law δP(f ) � f n, where n is a given exponent equal to nA for
the amplitude and nw for the phase. These latter two parameters
can be found by linearizing the expressions forAexp(f ) andwexp(f )
in Eq. (1).

To find the sample properties, one has to fit δP(f ) to the
δptotal(f ) function determined by the well-known composite piston
theoretical model, which, for semiconductors as the n-type Si
considered in this work, establishes that19–21,27–29

δptotal(f ) ¼ δpTD(f )þ δpTE(f )þ δpPE(f ), (5)

where

δpTD(f ) ¼
γgp0

ffiffiffiffiffiffi
Dg

p
lcT0

ffiffiffiffiffiffiffiffiffi
2πif

p Ts(l), (6)

δpTE(f ) ¼ αT
γp0
V0

3πR4
s

l3

ðl

0

x � l
2

� �
Ts(x)dx, (7)

and

δpPE(f ) ¼ dn
γp0
V0

3πR4
s

l3

ðl

0

x � l
2

� �
δnp(x)dx, (8)

are the thermal-diffusion δpTD(f ), thermoelastic δpTE(f ), and plas-
maelastic δpPE(f ) components of the PA signal. Here, γ is an adia-
batic ratio, V0 is the photoacoustic cell volume, p0 is the ambient
pressure, Ts(x) is the dynamic component of the temperature distri-
bution across the sample thickness due to its periodical heating
(see the Appendix), Ts(l) is the dynamic temperature component at
the back sample surface, and δnp(x) is the dynamic component of
the photogenerated minority carrier density across the sample.
According to Eqs. (5)–(8), the adjustment of δP(f ) to δptotal(f ) can
lead to the determination of the sample properties, such as the
thermal diffusivity DT, the excess carrier bulk lifetime τ, the coeffi-
cient of thermal expansion αT, the surface recombination speeds at
illuminated (s1) and nonilluminated (s2) surfaces, the coefficient of
electronic deformation dn, the diffusion coefficient of minority
carriers Dp, etc.

IV. RESULTS AND DISCUSSION

The measured values of Aexp(f ) andwexp(f ) are shown in
Figs. 2(a)–2(f ) for three samples with thicknesses l1, l2, and l3. In
general, Sexp(f ) (black asterisks) accounts for the combination of
the undistorted PA signal [δPtotal(f )] of the sample (red line)
and the instrumental disturbances represented by H(f ) (black
arrows).27,28 Note that the amplitude curves exhibit pretty much
the same shape for all thicknesses and modulation frequencies,
while the phases do differentiate among them at high enough fre-
quencies. Thinner samples exhibit a higher peak on the phase.

According to Fig. 2 and our experience, H(f ) is the main
cause of the δptotal(f ) distortions. The filtering influences of both
He(f ) andHa(f ) on the amplitude and phase of Sexp(f ) are indicated
in Figs. 2(a)–2(f ) with black arrows.

The ln Sexp(f ) values (Fig. 2—asterisk) are linearized with Sfitt(f )
(Fig. 2—blue dashed line) for all thicknesses to nA ¼ �1:5, for
amplitudes A(f ), and nw ¼ �0:5, for phases w(f ). Simultaneously,
deviation parameters are calculated with He(f ) andHa(f ) and are pre-
sented in Table I.

Rectifying Sfitt(f ) by removing all detected He(f ) andHa(f ) dis-
tortions, an undistorted signal δP(f ) is obtained (Fig. 2—red line)
as an accurate representation of the “true” δptotal(f ) signal, whose
amplitude and phase generated by the investigated Si circular plates
are analyzed.

Adjusting δptotal(f ) to δP(f ) by using a composite piston theo-
retical model [Eqs. (5)–(8)] leads to the sample parameter evalua-
tion presented in Table II.29 They are the same for all three
samples, due to the fact that they are made up of the same wafer.29

Based on these results, it is interesting to notice that the calcu-
lated value of excess carrier diffusion length is
Lp ¼

ffiffiffiffiffiffiffiffi
Dpτ

p � 85 μm. It means that the Si sample thickness of l2-
= 85 μm, used previously as the randomly chosen sample,27 can be
considered here as the boundary thickness between plasma-thick
(l1 = 150 μm) and plasma-thin (l3 = 30 μm) samples.23
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FIG. 2. (a), (c), and (e) Amplitudes
Aexp( f ) and (b–f ) phases wexp( f ) of the
measured Sexp, fitted Sfitt, and
assumed undistorted PA signals δP as
the functions of modulation frequency f.
The scales for Aexp( f ) and wexp( f ) are
the same for all thicknesses l to
emphasize their differences.

TABLE I. Measuring system characteristic parameters.

Parameter Value

Microphone characteristic
frequency, f1 (Hz)

25 ± 1

PC sound card
characteristic frequency, f2 (Hz)

15 ± 1

Microphone characteristic, first peak frequency,
f3 (kHz)

9.4 ± 0.1

microphone characteristic
Second peak (cut-off) frequency, f4 (kHz)

14.7 ± 0.2

First peak damping factor, δ3 0.60 ± 0.05
Second peak damping factor, δ4 0.08 ± 0.01

TABLE II. Parameters of silicon samples.29

Parameter Value

Thermal diffusivity, DT (m2 s−1) (9.0 ± 0.1)×10−5

Excess carrier bulk lifetime, τ (s) (6.0 ± 0.2)×10−6

Coefficient of thermal expansion,
αT(K

−1)
(2.6 ± 0.2)×10−6

Surface recombination speed at
illuminated front, s1 (m s−1)

(2.6 ± 0.2)

Surface recombination speed at
non-illuminated back, s2 (m s−1)

(24 ± 3)

Diffusion coefficient of minority
carriers, Dp(m

2 s−1)
(1.2 ± 0.1)×10−3

Coefficient of electronic deformation,
dn (m

3)
(–9.0 ± 0.2)×10−31
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Now the (a) amplitudes A(f ) and (b) phases w(f ) and all of
its δpTD(f ), δpTE(f ), and δpPE(f ) components are defined
[Eqs. (5)–(8)] and depicted in Figs. 3(a)–3(f ).

Analyzing Figs. 3(a)–3(f ), one can conclude that typical pat-
terns of PA response curves (amplitudes and phases) exist, which
can be used to recognize the sample thickness. The δptotal(f ) ampli-
tude curves look almost the same for all thicknesses, so the analysis
of PA components must be taken into the count. In the case of
plasma-thick samples, amplitudes of δpTD(f ) and δpTE(f ) compo-
nents have an intersection such that δpTD(f ) dominates at lower
and δpTE(f ) dominates at higher frequencies. Intersection does not
exist in plasma-thin samples; δpTD(f ) dominates at all frequencies.
As we predicted in our previous article,22,23 the influence of excess
carriers as heat carriers can be clearly seen as a strong attenuation
of the δpTE(f ) amplitude in plasma-thin samples at lower frequen-
cies (<1 kHz) followed by its amplification, e.g., the formation of
the peak-like structure (peak beginning in our case) at higher

frequencies (>1 kHz) [Figs. 3(a)–3(e)]. In other words, the ratio of
thick δp150TE (f ) and thin δp30TE(f ) thermoelastic amplitudes is almost
two orders of magnitude (δp150TE (f )/δp

30
TE(f ) � 102), much larger

than in the “no carriers” escenario (δp150TE (f )/δp
30
TE(f ) � 1:2).22,23

This fact indicates that the investigated silicon plate, under given
experimental conditions, loses its flexibility. At the same time, the
δptotal(f ) phase curves follow some patterns by changing the slopes
at higher frequencies [Figs. 3(b)–3(f )]; from negative (plasma-
thick) to positive (plasma-thin samples). This is a direct influence
of δpPE(f ) on δptotal(f ) at higher frequencies, detected for the first
time in our experiments. This is the only case where we have a
direct influence of excess carriers as charge not heat carriers on our
PA response.

It is interesting to take notice that the δpPE(f ) component
does not change significantly when a sample thickness change,
either in amplitude or in phase. The δpTD(f ) component changes
slightly only in the case of plasma-thick samples, at higher

FIG. 3. The results of (a), (c), (e)
amplitudes A( f ) and (b), (d), and (f )
phases w( f ) of δptotal and its compo-
nents δpTD, δpTE, and δpPE as a func-
tion of modulation frequencies f, in the
case of different sample thicknesses l.
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frequencies where it does not affect δptotal(f ). This is the reason
why we try to find the correlation between excess carrier existence
and PA response changes using the strongly attenuated δpTE(f ) com-
ponent. Knowing that PA responses are generally proportional to the
temperature changes in the sample, and temperature changes are
strongly influenced by δnp(x), temperature distribution Ts(x) calcu-
lations (Appendix) can be used to confirm mentioned correlation
and possible causality. The most efficient way to present the temper-
ature distribution fluctuations due to excess carrier influence is to
calculate Ts(0), Ts(l) and their amplitude ratios Ar ¼ AT(0)/AT(l)

and phase differences Δw ¼ wT(0) � wT(l). The amplitude ratios and
phase differences are used here as a part of long-established signal
normalization procedures applied to find small fluctuations unable
to see on the logarithmic scale. They afford a measure of departure
from the “standard” response. In our case,23 the “standard” response
would imply Ar � 1 and Δw � 0 (Ts(0) . Ts(l)).

Using experimentally obtained τ, DT, s1, s2, andDp and the
well-known theoretical model (Appendix) in the whole photoacoustic
frequency domain (20Hz–20 kHz), Ar and Δw frequency responses
for all investigated sample thicknesses are depicted in Fig. 4.

According to Fig. 4, Ar � 1, Δw � 0 (Ts(0) . Ts(l)) for a
plasma-thick sample (“standard” response, l1 = 150 μm—red line,
peak-like behavior), while Ar � 1, Δw � 0 (Ts(0) , Ts(l)) for a
plasma-thin one (“non-standard” response, l3 = 30 μm—black line).
The transition between plasma-thin and plasma-thick samples is
given by the blue line obtained for l2 = 85 μm= Lp (“standard”
response). The boundary thickness Lp can thus be recognized as the
smooth curve without a peak-like behavior that follows the growing
trend of the plasma-thick regime. These results are consistent with

our previous theoretical predictions about the frequency responses of
Ar and Δw as functions of the sample thickness.23

Here, we must pay attention to the possible important effects
of the multiple reflections of the modulated light beam on the tem-
perature field of the sample. These effects are strongly determined
by the product βl between the absorption coefficient (β) and thick-
ness (l) of the sample29–31 such that they are significant at the illu-
minated (non-illuminated) sample surface for βl � 2 (βl � 5)
only.31 In our case, the absorption coefficient of our Si samples is
β = 2.58 × 105 m−1 at the wavelength of 660 nm (red) of the used
light source. This yields values βl > 5, for the three samples consid-
ered in our experiments (βl1 � 39, βl2 � 22 and βl3 � 8), and,
therefore, the semi-infinite sample approximation used in the
present work is well justified.

To clarify the results shown in Fig. 4, temperature difference ..
is more suitable to use. The results of ΔT for all sample thicknesses
are depicted in Fig. 5(a); (1) ΔT . 0 ) Ts(0) . Ts(l) in the case of
plasma-thick (red solid line) and Lp thickness sample (blue solid
line), (2) ΔT , 0 ) Ts(0) , Ts(l) in the case of plasma-thin
samples (black solid line) in the whole photoacoustics frequency
domain. Note that presented result (ΔT , 0) is visible only under
the conditions when the illuminated sample surface is passivated
(s1 ¼ 2 m/s) and non-illuminated is not(s2 ¼ 24 m/s). Any other
combination (s1 ¼ s2, s1 . s2) will not yield the ΔT , 0
effect.22,23 In the frequency range under consideration, the maximal
temperature differences are ΔTmax

150 ¼ 80 � 10�8 K for plasma-
thick samples and ΔTmax

30 ¼ �3:5 � 10�8 K for plasma-thin ones.
The results depicted in Figs. 4 and 5 confirm our assumption that
plasma-thin samples at given frequencies can be considered like

FIG. 4. The results of (a) amplitude
ratios Ar and (b) phase differences Δw
between front T(0) and rear T(l)
sample surface temperatures in the
case of plasma-thick (150 μm),
plasma-thin (30 μm), and carrier diffu-
sion length (Lp = 85 μm) sample thick-
nesses, as a function of modulation
frequencies f.

FIG. 5. The results of (a) temperature
differences ΔT and ΔT* and (b) ampli-
tude behavior of δptotal, δp*total, δT(x)*,
and |ΔT(x)| as a function of modulation
frequencies f.
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efficient heat sinks, using excess carriers as heat carriers to remove
the absorbed light energy from the illuminated surface and transfer
it to the non-illuminated one, where they release it in the process
of recombination. During such transport, Ts(0) decreases because
the front surface of the sample does not accelerate the recombina-
tion, and a large number of carriers manage to escape from it to
the sample volume. At the same time, Ts(l) increases because carri-
ers that have escaped from the illuminated surface reach the non-
illuminated one (thin samples) and recombine there quickly
because the surface is non-passivated, i.e., there are a large number
of dangling bonds that contribute to a higher recombination
efficiency.

The most illustrative depiction of the δpTE(f ) component cor-
relation with ΔT changes is given in Fig. 5(b), where the amplitudes
of plasma-thick (δp150TE (f ), ΔT150) and plasma-thin samples
(δp30TE(f ), jΔT30j) are given as a function of the modulation fre-
quency f. Knowing that ΔT changes are a direct consequence of the
excess carrier influence, theoretically predicted causality between
the excess carrier existence and the thermoelastic component atten-
uation in the frequency domain is clearly proved.

V. CONCLUSIONS

Based on the comparison of experimental and theoretical pho-
toacoustics signals obtained within the modulation frequency range
of 20 Hz–20 kHz, the significant influence of photogenerated excess
carriers on the thermal and elastic properties of n-type silicon
plates have been uncovered and analyzed. It has been found that
the excess carriers, acting as heat carriers, are the cause of the ther-
moelastic bending of samples. For plasma-thin samples, the effect
of the plasmaelastic component on the total photoacoustic signal
has been detected for the first time, at high enough modulation fre-
quencies. Furthermore, we have found that the ratio between
plasma-thick and plasma-thin amplitudes of the thermoelastic
component is around two orders of magnitude greater than its
value in the “no carriers” scenario. A maximal temperature differ-
ence of −35 nK has been found between the illuminated and non-
illuminated sample surfaces, which show that thin silicon plates
with excess carriers could efficiently be used as heat sinks. This
latter fact could find potential applications in the electronic indus-
try (component design), environmental chemistry (thin-films anal-
ysis), or MEMS (sensor sensitivity). These results are also expected
to hold qualitatively for other types of non-degenerated semicon-
ductors (doping below 1024 m3 for both n- or p-type Si),32 as the
excess carriers that act as heat carriers, generate the thermoelastic
bending of samples.
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APPENDIX: TEMPERATURE DISTRIBUTION IN
SEMICONDUCTOR SAMPLE–“CARRIER” SITUATION

Figure 622,23 depicts a semitransparent semiconductor plate of
thickness l and absorption coefficient β, uniformly illuminated at a

front surface x ¼ 0 by a light source of modulated intensity I.
Inside the sample, according to the Beer–Lambert law, I is given by
I(x, t) ¼ I0[1þ cos(ωt)]e�βx , where I0 ¼ Ia(1� R)/2, Ia is the inci-
dent light intensity, R is the plate optical reflectivity, t is the time,
ω ¼ 2πf , and f is the modulation frequency. If the energy of a light
source photon ε ¼ hν is equal to or greater than the bandgap εg of
the n-type semiconductor (ε ¼ hν � εg), the absorbed photons
will generate excess carriers, namely, holes (minority carriers) and
electrons (majority carriers) with the same number densities
δnp and δnn, respectively.

After they are generated, both types of excess carriers diffuse
from regions of a high density to ones of a low density, changing
the temperature distribution within the semiconductor and on its
surfaces. In the case of n-type semiconductors, carrier diffusion
and recombination processes are driven by the minority carrier
density given by22,23

δnp(x) ¼ Aþex/L þ A�e�x/L � Ae�βx , (A1)

where A ¼ I0/(εDpβ), L ¼ Lp/
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(1þ iωτ)

p
, Lp ¼

ffiffiffiffiffiffiffiffi
Dpτ

p
is the

excess carrier (holes) diffusion length characterized by their diffu-
sion coefficient Dp and lifetime τ, and the integration constants A+

are defined by22,23

A+¼ A
vD

vβ(vD + s2)e+l/L � vD(vβ � s2)e�βl

(vD þ s2)el/L � (vD � s2)e�l/L
, (A2)

depending strongly on the relative values of the characteristic
diffusion speeds vD ¼ Dp/L and vβ ¼ βDp (vβ . vD). In deriving
Eq. (A2), only periodic component of the excess carrier density is
considered as the quantity of interest in PA and PT similar detec-
tion techniques. To simplify the calculation and intensify the excess
carrier effects, the sample front surface (Fig. 6, ..) is assumed to be
highly passivated (s1 ¼ 0), while the back non-illuminated surface
(x ¼ l) is assumed to be nonpassivated (s2 � 0).

The excess carrier density δnp(x) is related to the periodic
component of the temperature field Ts(x). A standard “thermal
source” approach in semiconductors, used in our calculations,
implies a 1D thermal diffusion equation that can be written in the

FIG. 6. Scheme of the n-type semiconductor excited with a light source of mod-
ulated intensity.22,23
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form20,22,23

d2Ts(x)
dx2

� σ2Ts(x) ¼ � ε� εg
kε

βI0e
�βx � εg

kτ
δnp(x): (A3)

The total solution of Eq. (A3) is given as follows:23

Ts(x) ¼ Tterm(x)þ Tsr(x)þ Tbr(x), (A4)

where thermalization, surface, and bulk recombination com-
ponent are defined with20,23

Tterm(x)¼ I0
k

ε�εg
ε

β

β2�σ2
b
cosh[σ(x� l)]�e�βl cosh(σx)

sinh(σl)
�e�βx

� �
,

(A5)

Tsr(x) ¼ εg
kσ

s2δnp(l)cosh(σx)

sinh(σl)
, (A6)

and

Tbr(x) ¼ εgB1

τkσ2

B2eσx þ B3e�σx

2sinh(σl)
� 1
c2 � 1

δnp(x)

B1
þ b2 � c2

b2 � 1
e�βx

� �� �
:

(A7)

Here b ¼ β/σ, c ¼ (Lσ)�1, σ ¼ (1þ i)/μ being the complex
heat diffusion coefficient, μ ¼ ffiffiffiffiffiffiffiffiffiffiffiffi

DT/πf
p

the thermal diffusion
length of the semiconductor, and DT the thermal diffusivity, while
the integration constants Bn (n ¼ 1, 2, 3) are defined as20,23

B1 ¼ � βI0
εDp(β

2 � L�2)
,

B2 ¼ B4e
�σl þ B5,

B3 ¼ B4e
σl þ B5,

and

B4 ¼ �c

1
B1

[δnp(l)� δnp(0)cosh(l/L)]� cosh(l/L)þ e�βl

sinh(l/L) � (c2 � 1)
� b
b2 � 1

,

B5 ¼ c

1
B1

[δnp(l)cosh(l/L)� δnp(0)]� 1þ e�βlcosh(l/L)

sinh(l/L) � (c2 � 1)
þ be�βl

b2 � 1
:

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES
1S. Bialkowski, Photothermal Spectroscopy Methods for Chemical Analysis (John
Wiley, New York, 1996).
2S. S. Li, “Excess carrier phenomenon in semiconductors,” in Semiconductor
Physical Electronics, edited by S. S. Li (Springer, New York, NY, 2006).
3D. K. Ferry, Semiconductors, Bonds and Bands (IOP Publishing Ltd, Bristol,
2013).
4I. Lashkevych, O. Titov, and Y. G. Gurevich, “Recombination and temperature
distribution in semiconductors,” Semicond. Sci. Technol. 27, 055014 (2012).
5S. Volz, Microscale and Nanoscale Heat Transfer (Topics in Applied Physics)
(Springer, 2010), ISBN: 978-3642071584.
6M. Kaviany, Heat Transfer Physics, 2nd ed. (Cambridge University Press,
Cambridge, 2014), ISBN: 978-1-107041783.
7D. Foumier, A. C. Boccara, A. Skumanish, and N. M. Amer, “Photothermal
investigation of transport in semiconductors: Theory and experiment,” J. Appl.
Phys. 59, 787 (1986).
8A. Rosencwaig, “Thermal wave characterization and inspection of semiconduc-
tor materials and devices,” in Photoacoustic and Thermal Wave Phenomena in
Semiconductors, edited by A. Mandelis (Elsevier Publishing Company, 1987),
pp. 97–135.
9Yu. G. Gurevich and I. Lashkevych, “Sources of fluxes of energy, heat, and
diffusion heat in a bipolar semiconductor: Influence of nonequilibrium charge
carriers,” Int. J. Thermophys. 34, 341 (2013).
10Yu. G. Gurevich and J. E. Velázquez-Pérez, “The role of non-equilibrium
charge carriers in thermoelectric cooling,” J. Appl. Phys. 114, 033704 (2013).
11A. Mandelis, R. Bleiss, and F. Shimura, “Highly resolved separation of carrier-
and thermal-wave contributions to photothermal signals from Cr-doped silicon
using rate-window infrared radiometry,” J. Appl. Phys. 74, 3431 (1993).
12J. Batista, A. Mandelis, and D. Shaughnessy, “Temperature dependence of
carrier mobility in Si wafers measured by infrared photocarrier radiometry,”
Appl. Phys. Lett. 82, 4077–4079 (2003).
13K. M. Gupta, and Nishu Gupta, “Carrier transport in semiconductors,” in
Advanced Semiconducting Materials and Devices, Part of the Series Engineering
Materials (Springer International Publishing, Switzerland, 2016), pp. 87–144.
14M. Pawlak, “Photothermal, photocarrier, and photoluminescence phenomena
in semiconductors studied using spectrally resolved modulated infrared radiome-
try: Physics and applications,” J. Appl. Phys. 126, 150902 (2019).
15L. C. M. Miranda, “Theory of the photoacoustic effect in semiconductors
influence of carrier diffusion and recombination,” Appl. Opt. 21, 2923 (1982).
16A. Sablikov and V. B. Sandomirskii, “The photoacoustic effect in semiconduc-
tors,” Phys. Status Solidi B 120, 471 (1983).
17E. Marín, H. Vargas, P. Diaz, and I. Riech, “On the photoacoustic characteriza-
tion of semiconductors: Influence of carrier recombination on the thermodiffu-
sion, thermoelastic and electronic strain signal generation mechanisms,” Phys.
Status Solidi A 179, 387–402 (2000).
18A. Pinto Neto, H. Vargas, N. E. Jxite, and L. C. M. Miranda, “Photoacoustic
characterization of semiconductors: Transport properties and thermal diffusivity
in GaAs and Si,” Phys. Rev. B 41, 9971 (1990).
19D. M. Todorovic, P. M. Nikolic, M. D. Dramicanin, D. G. Vasiljevic, and
Z. D. Ristovski, “Photoacoustic frequency heat-transmission technique: Thermal
and carrier transport parameters measurements in silicon,” J. Appl. Phys. 78,
5750 (1995).
20D. M. Todorović, P. M. Nikolić, A. I. Bojičić, and K. T. Radulović,
“Thermoelastic and electronic strain contributions to the frequency transmission
photoacoustic effect in semiconductors,” Phys. Rev. B 55(23), 15631–15642
(1997).
21D. M. Todorović and P. M. Nikolić, Semiconductors and Electronic Materials,
Progress in Photothermal and Photoacoustic Science and Technology (Optical
Engineering Press, New York, 2000), pp. 273–318.
22D. K. Markushev, D. D. Markushev, S. Galović, S. Aleksić, D. S. Pantić, and
DМ Todorović, “The surface recombination velocity and bulk lifetime influences
on photogenerated excess carrier density and temperature distributions in n-type

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 128, 095103 (2020); doi: 10.1063/5.0015657 128, 095103-8

Published under license by AIP Publishing.

https://doi.org/10.1088/0268-1242/27/5/055014
https://doi.org/10.1063/1.336599
https://doi.org/10.1063/1.336599
https://doi.org/10.1007/s10765-013-1416-0
https://doi.org/10.1063/1.4813514
https://doi.org/10.1063/1.354542
https://doi.org/10.1063/1.1582376
https://doi.org/10.1063/1.5114719
https://doi.org/10.1364/AO.21.002923
https://doi.org/10.1002/pssb.2221200203
https://doi.org/10.1002/1521-396X(200006)179:2%3C387::AID-PSSA387%3E3.0.CO;2-Y
https://doi.org/10.1002/1521-396X(200006)179:2%3C387::AID-PSSA387%3E3.0.CO;2-Y
https://doi.org/10.1103/PhysRevB.41.9971
https://doi.org/10.1063/1.359637
https://doi.org/10.1103/PhysRevB.55.15631
https://aip.scitation.org/journal/jap


silicon excited by a frequency-modulated light source,” Facta Univ. Ser. Electron.
Energ. 31, 313–328 (2018).
23D. K. Markushev, D. D. Markushev, S. M. Aleksic, D. S. Pantic, S. Galovic,
D. M. Todorovic, and J. Ordonez-Miranda, “Effects of the photogenerated
excess carriers on the thermal and elastic properties of n-type silicon excited
with a modulated light source: Theoretical analysis,” J. Appl. Phys. 126, 185102
(2019).
24D. D. Markushev, J. Ordonez-Miranda, M. D. Rabasovic, M. Chirtoc,
D. M. Todorovic, S. E. Bialkowski, D. Korte, and M. Franko, “Thermal and
elastic characterization of glassy carbon thin films by photoacoustic measure-
ments,” Eur. Phys. J. Plus 132, 33 (2017).
25M. D. Rabasović, M. G. Nikolić, M. D. Dramićanin, M. Franko, and
D. D. Markushev, “Low-cost, portable photoacoustic setup for solid samples,”
Meas. Sci. Technol. 20, 095902 (2009).
26D. D. Markushev, J. Ordonez-Miranda, M. D. Rabasović, S. Galović,
D. M. Todorović, and S. E. Bialkowski, “Effect of the absorption coefficient of
aluminium plates on their thermoelastic bending in photoacoustic experiments,”
J. Appl. Phys. 117, 245309 (2015).

27D. D. Markushev, M. D. Rabasović, D. M. Todorović, S. Galović, and
S. E. Bialkowski, “Photoacoustic signal and noise analysis for Si thin plate: Signal
correction in frequency domain,” Rev. Sci. Instrum. 86, 035110 (2015).
28S. M. Aleksić, D. K. Markushev, D. S. Pantić, M. D. Rabasović,
D. D. Markushev, and D. М. Todorović, “Ëlectro-acoustic influence of the mea-
suring system on the photoacoustic signal amplitude and phase in frequency
domain,” Facta Univ. Ser. Phys. Chem. Technol. 14(1), 9–20 (2016).
29D. M. Todorovic, M. D. Rabasovic, D. D. Markushev, and M. Sarajlic, J. Appl.
Phys. 116, 053506 (2014).
30I. Lashkevych, “The general finding technique of effective parameters for non-
uniform solids,” Ukr. J. Phys. 51(1), 47–55 (2006). http://archive.ujp.bitp.kiev.
ua/index.php?item=j&id=75.
31M. A. Zambrano-Arjona, J. Ordonez-Miranda, R. A. Medina-Esquivel,
F. Peñuñuri, P. Martinez et al. “Effect of the multiple reflections of a light beam
on the thermal wave field of a sample of finite thickness,” J. Appl. Phys. 111,
094915 (2012).
32S. Wang, Fundamentals of Semiconductor Theory and Device Physics
(Prentice-Hall International, Inc., 1989), pp. 265-287, ISBN: 0-13-344425-2.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 128, 095103 (2020); doi: 10.1063/5.0015657 128, 095103-9

Published under license by AIP Publishing.

https://doi.org/10.2298/FUEE1802313M
https://doi.org/10.2298/FUEE1802313M
https://doi.org/10.1063/1.5100837
https://doi.org/10.1140/epjp/i2017-11307-2
https://doi.org/10.1088/0957-0233/20/9/095902
https://doi.org/10.1063/1.4922718
https://doi.org/10.1063/1.4914894
https://doi.org/10.2298/FUPCT1601009A
https://doi.org/10.1063/1.4890346
https://doi.org/10.1063/1.4890346
http://archive.ujp.bitp.kiev.ua/index.php?item=j&id=75
http://archive.ujp.bitp.kiev.ua/index.php?item=j&id=75
https://doi.org/10.1063/1.4717115
https://doi.org/10.1002/zamm.19910711114
https://aip.scitation.org/journal/jap

	Experimental photoacoustic observation of the photogenerated excess carrier influence on the thermoelastic response of n-type silicon
	I. INTRODUCTION
	II. EXPERIMENTAL SETUP
	III. SIGNAL CORRECTION PROCEDURE
	IV. RESULTS AND DISCUSSION
	V. CONCLUSIONS
	DATA AVAILABILITY
	References


