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Abstract
This paper presents the newmethodof computationof the optical absorption coefficient
spectra from the normalized photoacoustic amplitude spectra of thin semiconductor
samples deposited on the optically transparent and thermally thick substrates. The sim-
ple equation for computations of the optical absorption coefficient spectrum from the
normalized photoacoustic amplitude spectrum is derived and discussed. This model
applied for computations of the optical absorption coefficient spectrum of thin germa-
nium samples, deposited on the transparent glass substrate, from their photoacoustic
spectra proved its correctness and usefulness.

Keywords Optical absorption coefficient spectra · Photoacoustics · Photothermal
spectroscopy · Thin semiconductor films

1 Introduction

The photoacoustic spectroscopy is often used for investigations of optical properties
of thick and thin semiconducting layers. A lot of papers describe PA spectra of thin
solar cells materials of the type: CuInGaSe [1, 2], CuInSe [3, 4], CdTe [5], CdS [6,
7], CdZnS [8] and In2S3 [9].

Some PA results concern investigations of thin SiC layers [10], or other thin layers
[11]. A lot of papers describe PA spectra characteristics of thin porous layers on silicon
[12]. Many papers describe PA spectra of thick semiconductor samples especially of
mixed crystals [13, 14]. PA spectroscopy is also used for investigations of differently
treated surfaces of silicon samples [15].
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The problem with the application of the photoacoustic spectroscopy method, for
investigations of thin layers, is that for small values of the optical absorption coef-
ficient, the influence of multiple reflections of light should be taken into account.
This problem was analyzed theoretically and experimentally, among others, in papers
[16–18]. In these papers, the mathematical equations for the photoacoustic signals in
the presence of the reflections of light are presented and discussed. The expression for
the photoacoustic signal of the samples in the presence of the multiple reflections of
light was also presented in paper [19].

Themain goal of photoacoustic spectroscopic investigations of thin layers presented
in the literature [1–9] was to determine the energy gap of thin semiconductor layers
or their optical absorption coefficient spectrum, and to extract their optical parameters
depending on the technological parameters of deposition of the layers.

The goal of this paper is to present a new method of computation of the optical
absorption coefficient spectra from the photoacoustic amplitude spectra. It can be
applied for thermally thin semiconductor layers deposited on the optically transparent
and thermally thick substrates. The two cases are analyzed: when the optical reflection
coefficient Ropt can be neglected and when it cannot be neglected. The influence of
the value of this parameter on the computed optical absorption coefficient spectra is
also presented and discussed.

2 Theoretical Model

For the thermally and optically thick samples, the optical absorption coefficient spec-
trum can be computed from the normalized photoacoustic amplitude spectrum q
[20–22] by Eq. 1.

β � 1

μ
· q

2 + q · √
2 − q2

1 − q2
(1)

where β is the optical absorption coefficient, μ= (α/π ·f)1/2 is the thermal diffusion
length, α is the thermal diffusivity, f is the frequency of modulation of the intensity
of light.

For thin samples, the formulae for computations of the optical absorption coefficient
spectrum from the normalized photoacoustic amplitude spectrum q, in two specific
cases, were derived and are presented below.

2.1 Multiple Reflections of Light in the Sample can be Neglected

The temperature of the front (illuminated) surface of the sample on the optically
transparent and thermally thick substrate can be described by Eq. 2. It was derived in
paper [23].

TF �
(
1 − Ropt

)
β

λσ(1 − R · exp(−2σd))

(
1 − exp(−(β + σ)d)

β + σ
+

R · exp(−2σd) · (1 − exp(−(β − σ)d))

β − σ

)

(2)
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where d is the thickness of the sample, σ is the parameter defined as σ � (1+ i)/μ, λ
is the thermal conductivity, R= (es−eb)/(es+eb) is the thermal reflection coefficient
between the sample and the backing, and es and eb are the thermal effusivities of the
sample and the glass backing, respectively. Ropt is the optical reflection coefficient of
the sample.

For a large value of the optical absorption coefficientβ, when the sample is optically
opaque, i.e., β·d�1 and the optical penetration depth is smaller than the thermal
diffusion length, i.e., β−1 <μ, Eq. 2 can be presented as:

Tsat �
(
1 − Ropt

)
(1 + R · exp(−2σd))

λσ(1 − R · exp(−2σd))
. (3)

It is the case of the saturation of the temperature T sat. The normalized amplitude
of the PA signal is defined as:

q �
∣∣∣∣
P

Psat

∣∣∣∣ �
∣∣∣∣
T

Tsat

∣∣∣∣ (4)

where P is the periodical component of the gas pressure in the PA chamber, Psat is the
periodical component of the gas pressure in the PA chamber for the large value of the
optical absorption coefficient.

The normalized amplitude of the PA signal can be expressed by Eq. 5.

q �
∣∣∣∣

β

1 + R · exp(−2σd)

(
1 − exp(−(β + σ)d)

β + σ

)
+

R · exp(−2σd) · (1 − exp(−(β − σ)d))

β − σ

∣∣∣∣. (5)

The problem is that, in a general case, it is not possible to extract the value of the
optical absorption coefficient β from the value of q in the analytical form from Eq. 5.
It can be computed only with the numerical methods.

For thin layers however, Eq. 5 can be transformed to a much simple form if the
following conditions are fulfilled for the sample: 1/β <μ and d/μ�1 and the optically
transparent substrate is thermally thick. The first condition means that the optical
penetration depth 1/β of the sample is smaller than its thermal diffusion length μ. The
second condition means that the sample is thermally thin.

Then, Eqs. (2), (3) and (5) can be presented as (6–8), respectively:

T � 1 − exp(−βd)

λσ(1 − R)
(1 + R) (6)

Tsat �
(
1 − Ropt

) · (1 + R)

λσ(1 − R)
(7)

q � 1 − exp(−β · d). (8)

In this simple model, the value of the optical absorption coefficient β can be deter-
mined from the value of the normalized PA amplitude q by Eq. 9.

β � − ln(1 − q)

d
. (9)
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Fig. 1 a Theoretical normalized
PA amplitude spectrum q (thick
solid line) computed with Eq. 5.
The parameters taken for
computation are: d=0.5 μm,
α=0.01 cm2·s−1, f �36 Hz,
and the optical absorption
coefficient spectrum was given
by Eq. 10. b Optical absorption
coefficient spectra: thick solid
line—given by Eq. 10, thin solid
lines—computed with formula
(1) for thermal diffusivities
α=0.001, 0.01, 0.1 cm2·s−1,
respectively. Circles, in Fig. 1a,
are normalized amplitude data
taken for computation, and in
Fig. 1b, are optical absorption
coefficient values computed with
Eq. 9 in a model of thin solid
sample
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Let us consider theoretically an example thin semiconductor layer of the thickness
d=0.5 μm, deposited on a thermally thick transparent substrate. The thermal diffu-
sivity of this layer is α=0.01 cm2·s−1, and its optical absorption coefficient spectrum
is given by Eq. 10. Frequency of the modulation of the intensity of the illuminating
light in the PA simulation, taken for computations, f=36 Hz. Thermal diffusion length
equals to μ=90 μm.

β(hν) � 3.33 · 104 · 1

hν
· (hν − 0.22)3. (10)

This one Eq. 10 describes well the optical absorption coefficient spectrum of a
semiconductor sample with indirect electron type transitions for photon energies hν
larger than the energy band gap, and theUrbach absorption tail for hν below the energy
band gap.

The results of computations of the normalized PA amplitude spectrum and the
optical absorption coefficient spectra are presented in Fig. 1a, b, respectively.

When we take the values of the q parameter, marked as circles in Fig. 1a, from the
spectrum of the normalized PA amplitude computed in a full model (Eq. 5) (solid line
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Fig. 2 Spectrum of the
normalized PA amplitude q
computed by Eq. 5 for different
values of the thermal reflection
coefficient R between the thin
sample and the glass substrate
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in Fig. 1a) and compute the corresponding values of the optical absorption coefficient
β in a simplified model (Eq. 9), we get values of β presented as circles in Fig. 1b.
One can see a perfect fit of the values of β computed with a simplified model (Eq. 9),
and assumed, theoretical absorption coefficient spectrum computed with Eq. 10 (thick
solid line in Fig. 1b).

Optical absorption coefficient spectra computed by Eq. 1, in a model of a thermally
and optically thick sample for different values of thermal diffusivities, are presented
as thin lines in Fig. 1b. They show that such computed optical absorption coefficient
spectra are incorrect.

The conditions of the correctness of this approach: d/μ�1 and 1/β <μ are fulfilled
in the whole optical range presented in Fig. 1.

The dependence of the normalized photoacoustic amplitude q on the thermal reflec-
tion coefficient R between the thin layer and a transparent substrate is presented in
Fig. 2. As one can see from this figure, the normalized PA amplitude q does not depend
on the value of the parameter R. It means that the normalized PA amplitude spectrum
is independent of the thermal parameters of the transparent backing. What is more,
the normalized PA amplitude spectrum is independent of the thermal parameters of
the thin layer.

2.2 Multiple Reflections of Light in the Sample can not be Neglected

2.2.1 Different Values of the Optical Reflections Coefficients

The temperature of the front (illuminated) surface of the sample is given by equation:

T � (1 − R1)(TF + R2 exp(−βd)TR)

(1 − R1R2 · exp(−2βd))
(11)

where R1 is the optical reflection coefficient of the interface air–layer, R2 is the optical
reflection coefficient of the interface layer–glass backing, TF , TR are the temperatures
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of the illuminated side of the layer (Front) and the opposite side of the layer (Rear)
when optical reflections coefficients R1 �R2 �0.

Equation (11) is extended for two different values of the optical reflection coeffi-
cients, of the model presented in [17].

TF and TR are given by equations:

TF � β

λσ(1 − R · exp(−2σd))

(
1 − exp(−(β + σ)d)

β + σ
+

R · exp(−2σd) · (1 − exp(−(β − σ)d))

β − σ

)

(12)

TR � β exp(−σd)

λσ(1 − R · exp(−2σd))

(
R · (1 − exp(−(β + σ)d))

β + σ
+
1 − exp(−(β − σ)d)

β − σ

)
(13)

when the conditions β�1/μ and d/μ ≈0 are fulfilled, one gets:

TF � (1 − exp(−βd))(1 + R · exp(−2σd))

λσ(1 − R · exp(−2σd))
� (1 − exp(−βd))(1 + R)

λσ(1 − R)
(14)

TR � (1 − exp(−βd))(1 + R) exp(−σd)

λσ(1 − R · exp(−2σd))
� (1 − exp(−βd))(1 + R)

λσ(1 − R)
. (15)

Then, for this case TF �TR and the temperature T is given by Eq. 16.

T � (1 − R1)(1 + R2 exp(−βd))

(1 − R1R2 · exp(−2βd))
TF � (1 − R1)(1 + R2 exp(−βd))

(1 − R1R2 · exp(−2βd))

(1 − exp(−βd))(1 + R)

λσ(1 − R)
(16)

T for the large optical absorption coefficient β, when βd�1 is denoted as T sat and is
given by Eq. 17.

Tsat � (1 − R1)(1 + R)

λσ(1 − R)
. (17)

Then, the normalized PA amplitude q is given by Eq. 18.

q � (1 + R2 exp(−βd))(1 − exp(−βd))

(1 − R1R2 exp(−2βd))
. (18)

2.2.2 Equal Values of the Optical Reflections Coefficients R1 and R2

In this case, the temperature T , T sat and the normalized PA amplitude q are given by
Eqs. (19–21), respectively. Equal values of the optical reflection coefficients R1 and
R2 are denoted as Ro.

T � (1 − Ro)(1 + R0 exp(−βd))TF(
1 − R2

o exp(−2βd)
) � (1 − Ro)(1 + Ro exp(−βd))

(
1 − R2

o · exp(−2βd)
)

(1 − exp(−βd))(1 + R)

λσ(1 − R)

(19)

Tsat � (1 − Ro)(1 + R)

λσ(1 − R)
(20)

q � (1 + Ro exp(−βd))(1 − exp(−βd))
(
1 − R2

o exp(−2βd)
) � 1 − exp(−βd)

1 − Ro exp(−βd)
. (21)
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Fig. 3 a Normalized PA
amplitude q for sample with Ro
�0 (dashed line) and Ro �0.5
(solid line) computed by Eqs. 11
and 10. b The optical absorption
coefficient spectra computed by
Eq. 22 for different values of Ro
�0, 0.4 and 0.9 (diamonds,
circles, squares, respectively). A
thick solid line is the optical
absorption coefficient
characteristics used for
calculation of q given by Eq. 10
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In this case, the optical absorption coefficient can be computed from the normalized
PA amplitude by equation:

β � − 1

d
ln

(
1 − q

1 − Roq

)
. (22)

The influence of the value of the optical reflection coefficient on the normalized
PA amplitude spectrum and on the computed optical absorption coefficient spectrum
is presented in Fig. 3.

As one can see, when the optical reflection coefficient Ro of the sample is known,
the optical absorption coefficient spectrum computed by Eq. 22, from the normalized
PA amplitude spectrum, fits very well to the assumed optical absorption coefficient
spectrum. Comparison of the results of computations of the optical absorption spectra
by Eqs. 9 and 22 shows that for thin semiconductor samples when Ro is in the range
of 0.2–0.36 the error of computations of the optical absorption coefficient spectra is
smaller than 15 %.
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Fig. 4 Experimental spectra of
the normalized photoacoustic
amplitude q obtained for two
thin Ge samples, i.e., S1
(diamonds) and S2 (circles).
Frequency of modulation f �
36 Hz
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3 Experimental Results

The method described above was next applied for investigations of the optical absorp-
tion coefficient spectra of thin germanium layers evaporated on a glass substrate. The
experimental normalized amplitude photoacoustic spectra of germanium samples are
presented in Fig. 4.

Thicknesses of germanium layers were determined from the positions of the inter-
ference maxima on the normalized photoacoustic amplitude spectra, using Eq. 23.
This equation can be found elsewhere, e.g., [24, 25].

d � 1

2n

(
pλmλm+p

λm − λm+p

)
(23)

where λm, λm+p are the wavelengths of the mth and (m+p)th minima/maxima, p is
the number of oscillations between the two extrema (p=1 between two consecutive
minima or maxima); n is the refractive index, assumed as a constant between the
extrema used for calculations.

For sample S1 λm �1050 nm, λm+p=1680 nm, p �1,
For sample S2 λm �1180 nm, λm+p=1640 nm, p �1,

The thickness d1 �320 nm of S1 sample and thickness d2 �492 nm of S2 sample
were determined by Eq. 23.

The optical absorption coefficient spectrum of germanium layers is presented in
Fig. 5 as a thick solid line.

The optical absorption coefficient spectra of germanium layers were computed by
Eq. 9.

The Tauc plot characteristics, (β·hν)0.5 versus the energy of photons hν, for the
optical absorption coefficient spectrum of a thin germanium layer are presented in
Fig. 6.

The solid line represents the characteristics for the indirect electron type transitions
of type β·hν =A·(hν −Eg)2. From the fitting of theoretical curve to the experimental
data, the parameters A=3·105 eV−1·cm−1 and Eg �0.79 eV were determined for the
energy of photons hν >0.8 eV.
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Fig. 5 Optical absorption
coefficient spectra of thin
germanium layers, and the
average optical absorption
coefficient spectrum. Diamonds
and circles are computed data
for samples S1 and S2,
respectively. The thick solid line
is the average optical absorption
coefficient spectrum of the thin
germanium layers
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Fig. 6 The Tauc plot
characteristics of the average
optical absorption coefficient
spectrum of a thin germanium
layer for energies of photons
above 0.8 eV
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Fig. 7 Comparison of the optical
absorption coefficient spectra of
thin germanium layers, obtained
with the photoacoustic method
(solid line), and the literature
optical absorption spectra,
shown in references [26]
(circles) and Ref. [27]
(diamonds), for monocrystal and
amorphous germanium,
respectively
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The comparison of the experimental optical absorption coefficient spectrum,
obtained for germanium samples with the presented photoacoustic method, and the
literature data is presented in Fig. 7.

The results showed in references [26] and [27] were obtained with optical
reflectance and transmittance methods for monocrystal and amorphous germanium
samples, respectively.
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4 Conclusions

This paper presents the new practical equations for computations of the optical absorp-
tion coefficient absorption spectra from the experimental normalized PA amplitude
spectra. The equations were derived under the several conditions. The thin semicon-
ductor film is deposited on the optically transparent and thermally thick substrate. It
is thermally thin, and its optical penetration depth in the thin layer is smaller than
its thermal diffusion length. The literature analysis shows that these conditions are
fulfilled for majority of investigated thin films deposited on the glass substrates. This
model applied for investigations of thin germanium layers deposited on the transparent
glass substrate proved its correctness and usefulness. The obtained experimental opti-
cal absorption coefficient spectrum of a thin germanium layer is in a good agreement
with literature [27] spectrum of thin amorphous germanium layers obtained with the
purely optical methods.

Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 Interna-
tional License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if changes were made.
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