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ABSTRACT

Optical losses are the major drawback to overcome in the solar energy industry and development. Conversion of solar radiation into heat
accounts for over 80% of the incident solar energy, which is driven by several aspects like the chosen design and encapsulation of the
devices, built-in materials, and the mismatch between the solar spectrum and the active cell’s bandgap energy. Photoacoustic (PA) and pho-
tothermal (PT) methods are characterization techniques based on the heat generation after the illumination of a material and respective
detection. Since the beginning of the solar panel industrial development, these methods have been successfully applied to evaluate the pho-
tovoltaic efficiency of devices and the thermophysical parameters of related materials. Here, we present the state-of-art of application of
these PA and PT methods to characterize solar cell devices and their built-in materials. Historical aspects, conceptual mechanisms of the
basic phenomena, and perspectives on their application for energy-conversion measurements in the new frontier of solar cell research will
be discussed.
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I. INTRODUCTION

The photovoltaic effect was discovered by Edmond Becquerel
in the year 1839. He observed electrical effects produced by the
influence of the sun rays illuminating the chemical reactions that
took place when two liquids come into contact.” As he used two
platinum electrodes, one in each of these liquids, and these two
electrodes themselves experienced the effects of radiation, he ran
out another experiment to observe electrical effects produced by
the influence of the sun rays illuming, in a non-uniform way, two
platinum electrodes in an electrochemical cell.” In this second
experiment, he was careful to avoid the electric current produced
by the difference of temperature between these two electrodes, as a
consequence of the non-uniform illumination, i.e., avoiding ther-
moelectricity produced by the caloric component of the sun rays.’
In that time, the sun rays were assumed to be composed of three
kinds of radiation: chemical, visible, and heating,*

During many decades, E. Becquerel and a great number of
investigators have been studying the photovoltaic effect using dif-
ferent materials for the electrolytes and for the electrodes, as well as
using the “dry” or “wet” cell types.” Among the numerous works,
some of them were considered as a milestone for this research area,
such as the discovery of the selenium’s photoconductivity in
1873%” and the photoelectric effect in 1887.° Between 1875 and
1878, a better understanding about the action of the sun rays on
selenium was achieved.”'” After that, in 1880, Alexander Graham
Bell invented and made improvements on the selenium cells,'!
shown in Fig. 1, and applied this selenium cell in his new inven-
tion, the photophone, still in the year 1880,'> shown in Fig. 2.

During the experiments with the photophone, still in 1880,
A. G. Bell discovered the “photophonic phenomena” (nowadays
“photoacoustic effect”). It was discovered when he focused the sun
rays, modulated at audible frequency, on a rubber diaphragm of a
hearing tube, as shown in Fig. 3, taking off the photophone appara-
tus: the speaker, the selenium cell, the battery, and the telephone
receiver.'” In 1881, more experiments were carried out by A. G.
Bell to better understand this new phenomena (photophonic phe-
nomena) and details can be found elsewhere.'”

Also, with the continuum progress in producing a “dry” sele-
nium cell, the first practical solar cell, based on the photoconduc-
tivity of selenium, was made in 1883."*

In 1888, the photoelectric effect was observed and studied on
electrostatically charged bodies'” and the first solar cell based on
the photoelectric effect was made.'® Still in 1888, using the already
well-known thermopile,'” the first solar cell based on the thermo-
pile was made.'"® However, the conversion efficiency of all these
kinds of solar cells was very low and no practical/commercial use
was developed. The photoelectric effect was finally explained by
A. Einstein in 1905."” Almost half-century was necessary for the
first silicon solar cell to be invented in the Bell’s Laboratory,”’ as
shown in Fig. 4. Finally, in 1954, a milestone event was the inven-
tion of the first single crystal silicon solar cell with 6% photovoltaic
efficiency, at Bell Labs.”' This invention was patented in 1957.”
Since that time, a p-n junction was the basis of the development of
“dry” solar cells. On the other hand, the development of “wet”
solar ce!lf 7h)ad a continuous improvement until the end of the 1970
decade.”” ™
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FIG. 1. Two types of selenium cells: (a) a disk form to be used at the lens
focus and (b) a cylinder form to be used in a parabolic reflector mirror with the
selenium cell at its focus. Adapted from Refs. 11 and 12.

Nowadays, solar cells are given a considerable environmental,
economic, and scientific attention toward gaining large scale of
worldwide energy production.”’’™”" The technological advances in
the last decades resulted in silicon-based solar panels with a
working life of about three to four decades and the new emerging
technologies the so-called “third generation solar cells’ based on
tandem, perovskite, dye-sensitized, organic, as well as spectral con-
verters.”’ The photovoltaic efficiency is a paramount parameter
attracting the attention of many researchers in the scientific com-
munity. For example, for silicon-based commercial panels, a
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FIG. 2. The photophone invented by A. G. Bell in 1880. Sun rays are reflected
in the mirror diaphragm, vibrating with the voice of a speaker, and being
received by the selenium cell apparatus. The electrical oscillating signal from
the selenium cell is detected by a circuit with a battery and telephone receiver.
Adapted from Ref. 12.

significant part of the incident sunlight energy is converted into
heat due to the mismatch between the silicon bandgap and the sun-
light spectrum, as illustrated in Fig. 5(a), accounting for a nowadays
losses over 80% of the incident solar energy.”’ In this scenario,
from the scientific and technological point of view, the photoacous-
tic (PA) and photothermal (PT) methods are of great importance
to evaluate the solar cell energy-conversion processes since these
methods are based on the detection of the induced heat in a
sample as a consequence of their lighting excitation. Therefore,
these methods are paramount in the evaluation of the photovoltaic
efficiencies of the devices and the thermophysical parameters of
related materials. Here, we present the state-of-art of application of
these PA and PT methods to characterize solar cell devices and
their built-in materials. Historical aspects, conceptual mechanisms
of the basic phenomena, and perspectives on their applications for
energy-conversion measurements in the new frontier of solar cell
energy research will be discussed.

For the sake of organization and historical aspects, first, in this
tutorial we focus on the PA and PT study on the initial photovoltaic

Sun light
///4/ rubber
/a diaphragm
///2// ‘\
mirror | - 8

distant hearing

tube

modulator
apparatus

Photophonic Phenomena

FIG. 3. The “photophonic phenomena.” The sun rays are interrupted by an
apparatus that modulates these rays at audible frequencies. Focusing this modu-
lated sunlight on the surface of the rubber diaphragm of a hearing tube, a
sound was heard. Adapted from Ref. 12.
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devices. After that, the methods are discussed in terms of the
energy-conversion measurement in the new generation of solar cell
materials such as those containing sensitizer-activator ions dedicated
to convert ultraviolet and visible lights into the near-infrared, illus-
trated in Fig. 5(b), known as spectral converters, 126424750

Il. PHOTOACOUSTIC SPECTROSCOPY (PAS)
56

The photoacoustic spectroscopy (PAS) technique’™° was used,
for the first time, for the determination of photovoltaic energy-
conversion efficiency in a-Si solar cell, in the end of 1970 decade.”
After that, in the next two decades, many works based on photoacous-
tic and/or photothermal techniques have been applied for the analysis
of power loss mechanisms in solar cells;*™ the characterization of
photovoltaic cells;""** the energy balance analysis of photovoltaic
cells;” the study/understanding the photoacoustic signal in solar
cells;” ™ among other works. In this way, photoacoustic and photo-
thermal methods were successfully developed as photocalorimetric
techniques for the characterization of photovoltaic devices. In the last
two decades, many parameters were obtained/monitored using the pho-
toacoustic technique, such as: the optical absorption spectrum; *~"*
optical absorbance;’” the bandgap energy;”"””” the interface recombina-
tion velocities;”* carrier recombination time and thermal diffusivity,”
among other parameters considered in the development of solar cells.

One particular characteristic of the PAS is that the effective
thickness of the sample that contributes to the photoacoustic signal
is defined by the thermal diffusion length (u;), the light penetration
depth (£g=1/B), in which B is the optical absorption coefficient, as
shown in Fig. 6. The evaluation of these parameters allows the use
of the technique to perform depth profile analysis and energy
transfer processes in a sample. In the case of semiconductors, bulk
and surface absorption, below and above the bandgap, respectively,
can be decoupled with this method. This feasibility of the methods
is of great importance to study layered samples to access each layer
property and the relation to the device performance.

A. PAS pioneering characterization of a photovoltaic Si
solar cell after Cahen (1978)

The first photoacoustic characterization of photovoltaic
devices was done by Cahen in 1978."" He used a commercial

o
S
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thermal diffusion length (us), the light penetration depth
(), and the sample thickness ().

silicon solar cell as a sample. Applying the resistance load over the
Si photovoltaic cell, the power output (a more recent current-
voltage characteristic curve for Si solar cell can be found else-
where’®) and the relative photoacoustic signal were monitored. The
results are shown in Fig. 7(a). In the theoretical model used, for the
photoacoustic determination of photovoltaic energy-conversion
efficiency, was assumed that only photovoltaic process took place
and, for a specific resistance load L, the photoacoustic signal, S(L),
was given by’

S(L) = Bpac[1 — y(@)], (1)
in which B, is the fraction of light absorbed by the sample in the
photoacoustic cell (PA cell) and y(L) is the energy-conversion effi-
ciency for the photovoltaic process, for a specific resistance load R;.
Therefore, more is the photovoltaic efficiency (or power output)
less is the heat generated by nonradiative de-excitation and less is
the detected photoacoustic signal. This can be observed in Fig. 7(a),
where the optimal load obtained was R, =5.1 Q. The photovoltaic
conversion efficiency is zero for the extremely high resistance load
[open circuit, “oc,” y(oc) = 0] and, from Eq. (1), the photoacoustic
signal for the open-circuit condition is equal to the fraction of light
absorbed by the Si Solar cell in the PA_gell, S(oc) = Bac. Thus, the
energy-conversion efficiency is given by’

1
y(L) = [%] [S(oc) — S(L)].

2

A remark should be made here about the convenient way that
7(L) has been measured. The photoacoustic signals S(oc) and S(L)
were measured under identical illumination conditions, because the
sample is not taken out of the PA cell. In the designed PA cell,
used in this work, Fig. 7(b), the sample constitutes the backing wall
(i.e., the wall opposite to the frontal optical window). Details of this
kind of photoacoustic cell have been presented elsewhere.”” The
values obtained for the photoacoustic signals were for the open-
circuit S(oc) =54 units and for the optimal load resistance S
(5.1) =44.5 units. Using these values in Eq. (2), y(5.1) =0.175, ie.,
17.5% of energy-conversion efficiency for the illumination condi-
tions used (IR and near-UV filtered incident Xe light), with
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FIG. 7. (a) Amplitude of the photoacoustic signal and electrical output power as a function of resistance load over the silicon photovoltaic cell. The modulation frequency used
was 540 Hz. Details of the experimental condition can be found elsewhere;” (b) the cut view of the PA cell used in this experiment. Adapted from Refs. 57, 59, and 77.

incident intensity on the PA cell of 160 mW cm?”.”” This work illus-
trates the application of photoacoustic spectroscopy to characterize
photovoltaic devices. After that, Cahen and collaborators point out
that: (1) the PA signal is a result of two contributions, i.e., (i) the
heat generated by the recombination of photogenerated carriers
and (ii) the heat generated by the recombination of injected carri-
ers;”* (2) there are changes in the maximum I-V characteristics
(power output) and in the minimum amplitude of the PA signal
curves when the Si solar cell is potentiostatically loaded or resis-
tance loaded;”® (3) the mechanism of power loss (or power dissipa-
tion) in the Si solar cell can be separated by the relation between
the illuminated area (inside or outside of PA cell) and the detected
area of the PA cell, in PA signal as a function of applied

photovoltage (or load resistance) on solar cell;’””*” and (4) the
mechanism of power loss (or power dissipation) in the Si solar cell
can be separated by the variation of the distance between the illumi-
nated area (outside of PA cell) and the detection area (area of PA
cell) at a fixed modulation frequency or for a fixed distance and vari-
ation of the modulation frequency, due to the lateral direction effects
of the thermal diffusion and the electronic carrier diffusion.””

The most traditional experimental setup used nowadays for
the PAS is illustrated in Fig. 8. It contains a Xe lamp for modulated
excitation intended to do spectroscopic measurements, having a
monochromator, a mechanical chopper, optics for alignment and
removal of superior order of diffractions, a microphone and the
data acquisition electronic and software. The additional non-
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modulated excitation light, usually lasers or LEDs, can be used for
several applications of photophysics and energy-conversion pro-
cesses,”” as will be used later on.

11l. PHENOMENOLOGICAL ASPECTS OF THE PA AND PT
TECHNIQUES

Photothermal techniques include a broad spectrum of
methods. In general, the thermal wave (TW) vs carrier density
waves (CDWs) concept is the principal issue to be considered to
understand the heat transport phenomena in electronics materials,
especially for solar cells, in which the knowledge of the nature of
the light conversion in excitation phenomena or carrier generation
and the consequent diffusion of carriers is an essential issue. The

TUTORIAL scitation.org/journall/jap

standard thermal wave methodology, which is the base for the
majority of PA and PT techniques using a source of modulated
light, could address a part of this problem, dealing with modulated
electric fields in an electronic medium, but many other phenomena
may occur in the bulk or surface and play important roles in the effi-
ciency of converting light to electric current, especially in the solar
cells intended to be discussed here. This subject was recently discussed
in a condensed way by Mandelis, emphasizing the derivations of the
diffusion-wave fields in an easy-to-follow manner. He introduced
some new mathematical concepts about the so-called carrier-density
fields as a contributing wing allied to the thermal wave field for elec-
tronics materials when impinged by modulated light.*'

The concept of diffusion-wave fields (DWFs) was proposed as
a new understanding of the photothermal generation of free carri-
ers, with a suitable mathematical formalism to solve analytically
the problems connecting experiments of characterization for elec-
tronic devices using these methods. It stands that the DWF must
take into account all electronic properties allied to the heat transfer
in the medium, specifically to treat the electronic carriers using the
concept of carrier-density field or carrier-diffusion field (CDW),
which essentially differs from the traditional thermal-wave field
(TWF). It treats a diffusion current of particles (electrons and
holes) rather than considers it as continuous dissipative energy.
The DWF was considered as taking place under modulated excitation
of the free carriers. Combining both DWF with TWF under the same
modulated source, the “thermo-electronic effect” arises and should be
considered in any problem of electronic transport involving characteri-
zation of electronic materials, demanding, therefore, the definition for
a new wavenumber, conceptually proposed as

o. = [(1 + wr)/D)1], 3)

defined as dependent on the modulation of light (), the average life-
time of carrier’s recombination (t) and diffusivity of carriers (D) in
the electronic diffusion length [L, = ((D*)-7] 12y while for the conven-
tional diffusion in the TW, the wavenumber is defined as

o4 = [(iwr)/a]'?, (4)

with & being the semiconductor thermal diffusivity.

Invoking the early experiments on solar cell characterization,
one can see that the statement of Mandelis®' on the new wavenum-
ber concept was already there but not yet understood or fully
explained. After Cahen’s”” work applying PA cells for photovoltaic
efficiency characterization of a-Si solar cells, Nordal/Kanstad used
the radiometry method (PTR) in 1985°%” and following them, Faria
et al. used the pyroelectric method (PPE) in 1986° and both of
them called attention over the necessary precaution on doing abso-
lute measurements of photovoltaic conversion efficiency using pho-
tothermal methods. It was further demonstrated that the
photoacoustic method proposed by Cahen is only applicable if
effects as luminescence, Joule heating of carriers and photochemis-
try processes, among others could be neglected. Using the photo-
pyroelectric method (PPE) compared to photoacoustic (PA), Mello
et al.®" pointed out that PPE senses the Joule effect in a “heat sink”
style, while the PA senses only the contribution that reaches the
frontal surface of the solar cell, being the diffusing heat toward the
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back interface or to the borders and then completely dissipated.
Further, Riette et al.”* using the non-contact method of photother-
mal beam deflection (PTD) better described such dissipation
effects, and concluded that both internal losses are not sensed by
the PA method and PTD can provide both the optimal internal
load resistance and conversion efficiency.

These experiments since performed in a relative low modula-
tion frequency (fewer hundred Hz) are compatible with heat dissi-
pation characterization in electronics materials, which is not true
for much higher modulation frequencies (several dozen kHz) con-
ditions in which contribution from carriers’ recombination effect
and carriers’ diffusion are most likely to be present. In this case,
CDW and TW concepts should be considered in the analysis of
any photothermal experiment that aims to characterize solar cells
using a high modulation frequency.

IV. BANDGAP DETERMINATION BY PAS

Photoacoustic spectroscopy has been extensively used in the
characterization of optical properties of semiconductors.””**~*” The
mechanisms responsible for the generation of the photoacoustic
signal depend directly on the energy used in the measurements and
are particularly distinct when the photon energy is above or below
the bandgap energy (Eg).f’/l’“’g” If the absorbed energy (hv) is
higher than Eg, an excess of photo-injected carriers with energy hv
—E, in the conduction band is created and information regarding
the carrier transport properties can be assessed. Followed by
de-excitation due to electron-phonon collision, this process releases
the excess of energy to the lattice, diffusing through the sample.
This chain of events eventually restores equilibrium by recombina-
tion with the holes in the valence band.

PAS has been used for in situ measurements of surface prop-
erties of metal electrodes,”’ semiconductor electrode reaction,”” and
quantum and energy efficiencies of the surface of a semiconduc-
tor.”” Mandelis et al. have continuously contributed to the photo-
thermal spectroscopy characterization of semiconductors over the
past decades. Photothermal deflection and photoacoustic detections
have been used for monitoring internal quantum and energy effi-
ciencies and nonradiative energy-conversion channels in semicon-
ductor photoelectrochemical cells.”* ™" An all-optical deep-level
photothermal spectroscopy was used for detecting the effects
induced by thermal transport to and from the band edges and for
the characterization of deep-level generating defects in
semiconductors.”’ "’ Frequency-domain photoluminescence, and
lock-in thermographic imaging and infrared frequency-domain
photocarrier radiometry were used to characterize a variety of
silicon-based solar cells'”’~""” and to study charge carrier recombi-
nation processes and sub-bandgap energy states in colloidal
quantum dots thin films.'**~"%

The bandgap energy of semiconductors is a key parameter for
the electronic and optoelectronic areas®”*”**'%~''" and its value
can be obtained using different qualitative approaches. The direct
bandgap energy is usually obtained from the absorption edge of a
linear fitting in the plot of the square of the absorption coefficient
vs the photon energy.''” For indirect bandgap determination, the
plot of the square root of the product between the absorption coef-
ficient and the phonon energy vs the photon energy''’ is used.
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However, sample preparation conditions, purity of the raw materi-
als and surface optical finishing interfere in the determination of
the absolute value of the optical absorption coefficient in the
region where the bandgap occurs.*>'"” Several optical methodolo-
gies have been used to detect optical absorption spectra, including
PAS and photoreflectance spectroscopies.”*™""''* Conventional
PAS is limited when the nonradiative recombination in the band
edge is minimized, while with the photoreflectance techniques
usually the fluorescence cannot be separated from the probe light.

By exciting the sample with continuous laser energy above and
below the bandgap, PAS has also been used to determine the energy
of the bandgap directly from the experimental optical absorption
spectra of a bulk single crystal Pbl, and of a thin film 4H-SiC
crystal.”” The experimental setup used was a photoacoustic spec-
trometer with the samples placed in a conventional photoacoustic
cell,'” as schematically illustrated in Fig. 8. The light source was
obtained from a 1000 W Xe lamp and was modulated at a frequency
of 20 Hz. In the original work,”” an Ar" ion laser tuned at 457 and
514.5nm was used as a continuous light source, while a He-Ne
laser was used at 632.8 nm. The photoacoustic spectra were recorded
while the samples were excited only by the modulated light and by
modulated light under continuous light excitation at a fixed wave-
length. The signal variation with and without continuous excitation
was also investigated by maintaining the wavelengths of the modu-
lated and continuous light sources fixed and collecting the photoa-
coustic signal as a function of time, by turning the continuous light
on and off. The same effects observed in the spectra were measured
in the time response regime of the photoacoustic signal when the
modulated and continuous wavelengths are maintained fixed.

Figure 9 shows the photoacoustic spectra of lead iodide (Pbl,)
with or without excitation by continuous laser light as a function of
photon energy, obtained from Ref. 73.

The spectrum of the non-irradiated sample with laser shows an
onset of the optical absorption band around 2.3 eV. By assuming the
bandgap value as the photon energy at the absorption edge,
Eg=(2.35£0.05) eV can be identified as the fundamental bandgap
energy. However, if the optical bandgap is evaluated from the plot of
the square of the absorption coefficient vs the photon energy,''®
E,=(228%0.01)eV. In this manner, the correct value of the
bandgap energy is difficult to be established due to the uncertainties
in the determination of the absolute value of the optical absorption
coefficient in the bandgap edge. Thus, by excitation with continuous
light, as shown in Fig. 9, the generated photoacoustic signal varies
for energies higher and lower than E,, but they can be considered the
same in the region where the non-irradiated and irradiated continu-
ous light spectra crosses. The crossing of the spectra can be assumed
as the value of the bandgap energy, i.e., E,=(2.33 £0.01) eV.

The decreasing/increasing the photoacoustic signal under con-
tinuous light excitation was demonstrated by monitoring the PAS
signal as a function of time at fixed modulated and continuous
excitations. The same effects observed in the spectra were observed
in the time response regime of the photoacoustic signal. The
increase of the signal occurs when the modulated light is fixed at
1.96eV (632.8nm) and the continuous light fixed at 2.72eV
(457 nm). The time dependent signal is qualitatively described in
Fig. 10(a) (bottom). During the time the continuous excitation is
off, when only the modulated light (632.8 nm) is incident on the
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FIG. 9. Photoacoustic signal of Pbl, as a function of photon energy, obtained
from Ref. 73. The crossing of the spectra with and without continuous excitation
determines the bandgap energy E,=2.33 eV. Continuous line shows the signal
of the non-irradiated sample, and the dashed line shows the signal obtained for
the sample irradiated at 2.72 eV (457 nm, 40 mW).

sample, the photoacoustic signal is low since the absorbed energy is
not sufficient for the electrons to reach the conduction band.

Under continuous excitation, the photoacoustic signal increases
and may be explained as follows. When continuous light with energy
higher than the bandgap is incident, the excited electrons are pro-
moted to the conduction band. Then, the continuous-light-induced
free carriers absorb the modulated light resulting in an intraband tran-
sition. As a consequence of the higher probability of the modulated
light to be absorbed by the excess of free carriers, a higher photoa-
coustic signal is generated. This mechanism may dominate the signal
generation. The proposed simplified model to explain the thermal
generation channel of the PAS signal under continuous excitation is
illustrated in Fig. 10(a).

0. (a)

()

(U] (Iv)

PAS signal

time (s)
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The decrease of the photoacoustic signal occurs when the mod-
ulated light is fixed at 2.41 eV (514.5 nm) and the continuous light at
2.72 eV, shown schematically in Fig. 10(b). With the continuous light
off, the modulated light is sufficient for exciting the electrons to the
conduction band and from there they decay non-radiatively to the
valence band generating the photoacoustic signal. When the continu-
ous light is incident, some conduction electrons (free carriers) may
absorb energy at the conduction band inducing an intraband transi-
tion. The thermal generating channel in this situation is proposed in
Fig. 10(b). In this process, there is an increase in the nonradiative
relaxation time and since the photoacoustic signal is inversely pro-
portional to the time of the recombination processes, the generated
signal decreases. As the continuous light is off, the photoacoustic
signal recovers its original value in both cases.

This experiment is simple to perform, widening the number
of available methods for the study of the energy transfer processes
and bandgap determination in semiconductors and solar cells.

A. Measurement of thin film thickness by PAS

The thin film thickness in the nanoscale regime is an impor-
tant parameter toward understanding the functionality of many
devices. There are several methods to make the measurements, like
x-ray diffractometry, ellipsometry, and spectrophotometry.
However, these techniques sometimes are of high cost and present
limitations. Photoacoustic spectroscopy was recently developed for
thin film thickness measurements considering the condition in
which the photoacoustic spectrum provides a pattern of interfer-
ence fringes as a result of light multireflection in the air/film and
film/substrate surfaces,''” as illustrated in Fig. 11.

Adding both waves, the interference effects result in an inten-
sity of the reflected light given by''”'"®

Ig = Ip1 + Iz + 2v/Ip1Ig2c086, (5)

in which Iz; = R;Iy and Iz, = Ry(1 — Ry)I are the intensities of
the reflected light at the interface air/film and film/Substrate,
respectively. R; and R, represent the reflection coefficients on the
interfaces and & is the phase difference between the reflected waves,

(b)

(n

U]

PAS signal

LI

time (s)

FIG. 10. Simplified model for the thermal generation channel of the PAS signal under the excitation of continuous and modulated light. (a) Probe light modulated at
632 nm (with an energy lower than the bandgap): I—continuous light with energy higher than the bandgap at 457 nm impinges the sample and promotes the electrons to
the conduction band. Il—intraband transitions occur as the modulated light is absorbed by the free carriers. Il-IV—as a consequence, the fast decay induces greater
thermal effect, resulting in higher PS. (b) modulated light with energy higher than the bandgap: |—light modulated at 514.5 nm promotes the electrons to the conduction
band, ll—the continuous light is absorbed in the conduction band, increasing the nonradiative relaxation time, reducing the PAS signal (route Ill).
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FIG. 11. Multireflection waves in a thin film deposited over a substrate.

given by
4
6= 7” ng Lcos6,. 6)

Here, 6, is the refraction angle of the incident ray, L is
the film thickness and 7, is the film refractive index at the
wavelength A.

The refractive index values for the film as a function of A can

be measured using the interferometric technique''”'*” and can be
given by Cauchy’s equation as
C G

Considering normal incident light (6, =0) and non-
absorbent film (transparent), the reflection coefficients and the
phase difference can be written as'”'

—1\?2
Ry = (nf ) , (8a)
ny +1

~ (np — ng)* + k2

=", (8b)
Py e R
4
5= TﬂnfL, (8¢c)

in which ng and kg are the refraction index and the extinction coef-
ficient of the substrate, respectively.

As a result, the light intensity at the substrate surface (Ig) is
obtained by subtracting the reflected intensity (Ir) from the inci-
dent one (Iy). Thus, since the photoacoustic signal is proportional
to the light intensity that reaches the film surface, it is given by

SPAS = SO [1 - (Rl + Rz(l - R]) + 2\/ R1R2C086)], (9)

in which S, is the photoacoustic signal measured for the substrate
without the film, while R;, R,, and & are given by Eq. (8).
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Therefore, by performing curve fitting to the experimental photoa-
coustic spectrum, using Eq. (9), the thin film thickness L value can
be obtained, which is the unique adjustable parameter.

Figure 12 shows an example of this measurement performed in
a glass thin film deposited in the c-Si substrate.''” The open and solid
black circles are the PAS spectra from the substrate and the sample
with the thin film, respectively. The red line is the simulation obtained
using Eq. (9). The theoretical model fits the experimental fringes pro-
viding in this case a thickness of 620 nm. This range of thickness is
difficult to be measured by x-ray diffraction measurements, confirm-
ing that the PAS method is complementary to other techniques.

V. PT METHODS FOR DOWNCONVERSION
INTERPRETATION IN THE SOLAR CELLS WITH
SPECTRAL CONVERTERS

It has been reported that UV-Vis to near-infrared downcon-
version (DC) in luminescent materials, notably those co-doped
with rare-earth (RE) ions, can contribute to improving the effi-
ciency of conversion of light to electricity in Si solar cells.”
Depending on the used RE ions, a cooperative energy transfer
(CET) mechanism can be possible, which converts the not useful
UV-Vis energy of the Sun in an useful near-infrared one. In this
case, a quantum cutting of the absorbed UV-Vis radiation by an
activator ion can excite two sensitizer ions, giving rise to the possi-
bility of emissions in the near-infrared region. In these processes,
the evaluation of luminescence/heat generation rate is of outmost
importance. The thermal lens (TL) and thermal mirror (TM) tech-
niques are sensitive and important photothermal methods to quan-
titatively investigate the energy-conversion processes since they
measure the fraction of the light energy converted into heat after
the material being illuminated. In addition, these methods allow
the determination of thermophysical properties like thermal diffu-
sivity and thermal conductivity, relevant in the working condition
since each degree of variation in the surrounding temperature the
panel efficiency reduces about 1%.

PAS intensity (a.u.)

film L=620nm
N R IR R R R N
300 400 500 600 700 800 900 1000
Wavelength A (nm)

FIG. 12. Photoacoustic spectra (PAS) of the (o) c-Si substrate and (-) glass thin
film deposited on the c-Si substrate. The solid line shows the PAS theoretical
simulation using Eq. (9).
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A. Brief introduction of thermal lens spectrometry

The term “thermal lens” comes from the fact that a lens-like
optical element is created after a laser impinges on a semi-
transparent liquid or solid sample. When a TEM,, Gaussian profile
laser beam (the excitation beam) illuminates the sample, the
sample is heated by the absorbed excitation laser energy, resulting
in a radial temperature gradient. Since the refractive index of the
sample changes with temperature, a radial refractive-index gradient
is created, forming a lens-like optical element, the so-called thermal
lens. The propagation of a TEMg, Gaussian laser beam (the probe
beam) passing through the TL will be affected, causing the varia-
tion of the spot size and then intensity distribution of the probe
beam. The information on the optical and thermophysical proper-
ties of the sample can be obtained by measuring these variations,
including the fraction of energy converted into heat.

The experiment arrangement and theory of TL spectroscopy
have both evolved considerably since it was first developed. Early
experimental devices used one laser beam to excite and probe the
TL. Hu and Whinnery demonstrated that a sensitive TL detection
could be achieved using a converging lens to form a beam waist at
one confocal distance (namely, Rayleigh length) before the
sample.'”” Later, dual-beam experimental arrangements emerged,
which used separate laser beams for exciting and probing the
TL.'*” There are two kinds of dual-beam TL experimental arrange-
ments. One is mode-matched, in which the spot sizes of the excita-
tion and probe beams in the sample are the same. The other is
mode-mismatched, wherein the spot sizes are different. The
mode-mismatched arrangement was found to be more sensitive
than the mode-matched one,'** since in this arrangement the
sample is usually positioned at the waist of a focused excitation
beam, where the power density of the excitation beam and the ther-
mally produced refractive-index gradient are at a maximum.
Taking full advantage of geometric and spatial aspects of a
mode-mismatched configuration, Marcano et al. maximized the TL
signal using an expanded and collimated probe beam, while
keeping the sample at the waist of a focused excitation beam.'*”

In a mode-mismatched dual-beam TL experiment, shown in
Fig. 13, the probe beam propagates collinearly with the excitation
beam and radiates continuously, and the illumination of the excita-
tion beam is controlled by a shutter. After the shutter is opened at
time ¢ =0, the time-resolved probe beam intensity (transient) I,(2)
at its beam center at the detector plane is'*>'*’

O1L,
2

L(t) = I,(0) (1—

X tan_l{ 2mV }2)
[(1+2m) + V2[t/)] + 1+ 2m+ V2 [ )’
(10)

; _ _PBlods
with 20’11 = dokr  dD’
oy,

V= o (RLIP—FZLZ . Here, B, L, j—}, kr, a, denote the absorption

t. = ?/(4a), m = (wiplw)’, and

(attenuation) coefficient at the excitation beam wavelength A.,,
sample thickness, thermo-optic coefficient (namely, ds/dT is the
temperature coefficient of the optical path length) at the probe
beam wavelength A,, thermal conductivity, and thermal diffusivity
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of the sample, respectively. ¢ is the rate (percentage) of the
absorbed excitation beam energy converted into heat, given by'**

)"ex
(Aem)’

p=1-n (11)

where (A,,,) is the average emission wavelength and 7 is the fluores-
cence quantum efficiency. w, and w,, are the spot sizes of the excita-
tion and probe beams, respectively. . is a characteristic thermal time
constant. Ry, and Z, are the radius of curvature of the probe beam at
the sample location and the distance between the sample and the detec-
tor plane, respectively. I,(0) is the probe beam intensity at time ¢=0.
For liquid samples ds/dT = dn/dT."” The experiments can be done in
the time resolved mode by both pulsed and/or CW lasers and in the
steady-state conditions. The most used experimental setup configura-
tion is shown in Fig. 14. It contains excitation and probe lasers, optical
lenses and mirrors for beam divergence and spot sizes control, detec-
tors for triggering and signal measurement. Further details can be
found elsewhere."”""”!

Figure 15 illustrates a TL transient obtained from a tellurite
glass sample with a CW laser excitation at 514.5 nm and excitation
power of 40 mW. The curve fitting with Eq. (10) provides two
parameters, f. and 67, which are related to the thermophysical
properties of the samples. When the sample is luminescent, the
parameter 07y, provides the fraction of incident energy converted
into heat (¢), expressed in Eq. (11).

When the measurement time f>> ¢, the steady-state TL
signal S(c0) can be defined as'*

I,(00) — 1,(0)

S(o0) =
1,(0)
2
(2 N (12)
2 1+2m+ V2

Let Q(m, V) = %, and if %tan_1 (%) < 1, Eq. (12)

becomes
S(00) &~ —Bprtan” ' [Q(m, V)]. (13)

When 2m > 1 and 2m > V2%, Q(m, V)~ V,"””” and Eq. (13)
turns out to be

§(00) ~ —Orrtan " (V). (14)

Equations (13) and (14) exhibit that the maximum steady-
state TL signal is S(o0) ~ —Z07y.
A steady-state TL experiment arrangement can be optimized.

To find the roots for %:%5—%:0, let %:O,

which leads to the optimized V;'*

Vopr = £V/1+ 2m. (15)

The + solutions correspond to the situations where the sample is
positioned, respectively, after and before the probe beam waist.
When the probe beam is a collimated Gaussian laser beam,
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FIG. 13. A schematic diagram of the geometric positions of laser beams in a
mode-mismatched dual-beam TL experimental arrangement.

Ry — 00, and, therefore,
nw?, /1 1 w?
V:—”’(—+—>:—‘P. (16)
B Ry Z) a2z

Combining Egs. (15) and (16), one may find the optimized Z,
for the steady-state TL signal S(c0) with a collimated Gaussian
probe laser beam to be

s o3,
o T 2m

The model proposed in Eq. (10) for the TL signal intensity
works very well in the case of low optical absorption samples, small

17)
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phase shift, and assuming negligible heat flux from the sample to
the adjacent medium. In order to overcome these limitations, more
complete models were recently proposed.'”*™'”" Also, the descrip-
tion of the optical path in solid samples presents a simple form
only in the plane stress or plane strain approximation, which limits
the application for very thin or thick samples. A generalized theo-
retical model was obtained for the optical path change overcoming
the limitation of plane stress or plane strain approximations. The
obtained expression of the optical path change is related to the
temperature profile in a relatively simple manner for all classes of
absorbing optical materials, correlating optical path change to
thermo-optical-mechanical properties of solid materials.'**'*’

Under the possibility of using the TL technique for quantita-
tive measurements and also due to its high sensitivity, this method
is useful to evaluate the fraction of the absorbed light energy that is
converted to heat in both real solar cells and their built-in materi-
als, as follows.

B. Energy transfer and activator-sensitizer rate
equations for hybrid solar cells

Besides the study of solar cell physical process, the photother-
mal techniques have been successful applied to study the spectral
conversion of solar spectra, as illustrated in Fig. 5. Normally,
silicon absorbs only a small part of the total incident solar energy
due to the spectral mismatch between its absorption band and the
solar spectra [Fig. 5(a)]. The practical efficiency of silicon solar
cells would be much improved by an efficient so-called downcon-
version (DC) of the UV-visible part of the solar spectrum to the
near-infrared (NIR) region considering that silicon has maximal
response at ~1.1 eV (~1000 nm). Similarly, an upconversion (UC)
process would convert low energy photons to higher energies, since
these below bandgap energy photons are not absorbed by silicon.
Rare earth (RE)-doped materials are known for their capability of

Pulsed Second harmonic HeNe laser Lo f=
excitation @ 532nm @632.8nm 2 f=0.30m
- M2
Nd : YAG laser >
@ 1064nm L4 f=0.75m
Continuous £=0.075m R M1
excitation L3 L4
OPSL laser > 'Y
7W @ 532nm
Chopper . .
PP !PD TM-reflection signal sample
Osciloscope | PD
trigger —
99 M5
Pinhole +filter © TL - transmission signal
@632.8nm
107,108

FIG. 14. Experimental setups for CW or pulsed lasers in the mode-mismatched configuration for the TL and TM methods.
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FIG. 15. Characteristic TL transient signal for a tellurite glass sample.

DC and UC due to energy transfer processes by a pair of ions. An
example of DC in a RE-Yb** spectral converter is the co-doped
aluminosilicate glasses promoting emission around 980 nm, as
illustrated in Fig. 5(b).”>"'”'** One RE ion (Eu** or Nd>") acts as
an absorption center and transfer energy to Yb>". In this case, Eu**
and Nd”* were chosen to efficiently absorb the UV and visible
light, respectively, as shown by the purple and green absorption
spectra in Fig. 5(b). Yb** is the best acceptor ion for silicon solar
cells, because its emission (~980nm) matches well to the Si
absorption (bandgap ~1.1eV). In this DC processes, Eu** and
Nd*" are called activators and Yb>' the sensitizer ions. In this
paper, a few examples will be presented showing that photothermal
techniques can have a crucial role in the quantitative characteriza-
tion of these processes.

Before considering the use of the TL technique to study energy
conversion in these spectral converter systems, the rate equations
involving the energy transfer processes in DC luminescence are
shown for the Te**-Yb*>* co-doped tellurite glasses. Subsequently,
the Nd**-Yb** co-doped low silica calcium aluminosilicate glasses
(LSCAS) are studied with the measurement made with the TM tech-
nique, which differs from TL by detecting the probe beam reflection
on the sample surface instead of its transmission.

Figure 16 schematizes a partial energy level diagram for an
activator/sensitizer ions pair, in which a CET mechanism is possi-
ble. As can be noticed, the DC mechanism is strongly correlated
with non-radiative transitions (wavy lines), which are responsible
for heating the material. In this sense, TL and TM methods have
been used to quantify the fraction of the absorbed energy that is
converted into heat, ¢, from where the efficiencies of the DC
process can be monitored." "' **

As mentioned before, among the REs widely investigated,
Yb** has been explored as the main sensitizer, mainly due to its
broad emission band at around 980 nm, which corresponds to the
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FIG. 16. Partial energy level diagram of an activator (Te**) ion and two sensi-
tizer (Yb®") ions. The solid arrows and the wavy lines represent the radiative
and non-radiative transitions, respectively. The dash arrows indicate the cooper-
ative energy transfer (CET) mechanism for the near infrared quantum cutting
emission under UV-blue excitation.

maximum spectral response range of Si solar cells.”’ Depending on
the activator, the energy absorbed is governed by the 4f-4f parity
forbidden transitions, whereby only a small portion of the solar
spectrum is involved in the spectral conversion process. Efforts
have been made to use activator ions that exhibit wide absorption
band in the UV-Vis region, as such those governed by the 4f-5d
allowed transitions (Ce>* and Eu®", for instance)," """ or by tran-
sition metals like Cr*" and Te*".'*>'*! For these materials, the CET
efficiencies are known to be higher due to their energy states
configurations. The scheme in Fig. 16 can be used to represent
different activator/sensitizer ions pair, such as Ce**/Yp*,
Eu2+/Yb3+,144 and Te4+/Yb3+.141

With the figure, it is possible to realize that an efficient CET
process can contribute reducing the fraction of the absorbed energy
that is converted into heat, mainly when the activator ion has not
high luminescence quantum efficiency. Accordingly, an increase in
the sensitizer concentration ion can contribute to this reduction,
turning the system interesting to be applied in hybrid solar cells to
increase the conversion efficiency of the solar energy into the elec-
tric one.

Few studies had used PT methods to verify the thermal depen-
dence on activator/sensitizer ions pairs. In order to obtain an
expression for the fraction of the absorbed energy that is converted
into heat (¢), Fig. 16 is considered to write the following rate equa-
tions for the populations in the excited states of the activator (Ny4;)
and sensitizer (Ng;) ions:

dN, 1
A — () 0a0Nao — Aar1Nay — kNaj (Nip)?
dt Eexe
— Wa1Nay, (18a)
dN,
o = 2kNa (Nso)* — AsiNsi — WsiNsi, (18b)
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with o, being the absorption cross section from the fundamental
state of the activator ion, [ is the pump intensity and E,,, the exci-
tation energy, Nao (Ngp) and Nu; (Ns;) the population at the fun-
damental and excited states of the activator (sensitizer) ion,
respectively, A; and W; are the radiative and non-radiative decay
rates for each “i” state, and k is the probability of CET. The popula-
tions of N4; and Ny, excited states were obtained under steady-
state conditions, giving

40N a0, (19a)

1 1
NAI - <_> ’
Eexe) Agi + k(Ngo)™ + Way

Ne — ( e ) 2k(N5o)’
7 \Baxe /) [Aa1 + k(Nso)* + Warl(Ast + Way)

040Nao. (19b)

The total heat (H) generated in the sample is determined
adding all the non-radiative decays indicated in Fig. 16, Ws, as
follows:

I
H= (Eexc - EA1~>A0)
Eex

+ 2Ws1Ns1 Es1 .50, (20)

>0'A0NA0 + WaiNa1Ea1 a0

in which E4;_, 40 and Eg;_g are the energy of the radiative transi-
tions in the activator and sensitizer ions, respectively. By substitut-
ing Eq. (19) into (20), the fraction of the absorbed energy
converted into heat can be written as

H Aex
=1- 0 + HCET)—M )
em) A1

Ae

(Aem)s1

=0T
Ngoloao

+ 4ncer(1 — ng) (21)

In this equation, the excitation and emission energies were
written in terms of their wavelengths (4., and A.,, respectively),
and the efficiencies were defined as

Na1 = An 3 , (22a)
Aa1 + k(Ngo)™ + Way
k(Ngp)?
Ncer = 2 3 > (22b)
Aar + k(Ngo)™ + Wy
and
Agy
nNg =——+—. (22¢)
ST Ag + Wy

With this approach, measuring ¢ values with PT methods, the
sample luminescence quantum efficiency can be determined.'*
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C. TL technique for measuring the absorbed energy
converted into heat (¢) in Te**/Yb®* co-doped tellurite
glass

In order to verify Eq. (21), the fraction of the absorbed energy
converted into heat (¢) was calculated for the Te**/Yb>* co-doped
tellurite glass, and the obtained result is plotted in Fig. 17 as a func-
tion of the Yb>" sensitizer ion concentration. There is a good agree-
ment between the calculated values and the experimental data
determined by the TL method."*" As expected, a reduction in the
heat generation as a function of the Yb®" concentration was
observed as a consequence of energy transfer from the Te*" to the
Yb**, as illustrated in Fig. 16.

D. TM for measuring the absorbed energy converted
to heat (¢) in Nd®>*/Yb®" co-doped LSCAS

Another rare-earth co-doped system with efficient DC mecha-
nisms is the Nd>*/Yb>". Figure 18 schematizes the energy level
diagram for this system. As noticed, one UV-blue excitation
photon is absorbed by the activator ion followed by different ways
to transfer this absorbed energy to two sensitizers, as indicated by
dashed arrows. These cross-relaxation mechanisms, CRs, can
reduce the non-radiative rates which, consequently, affect the frac-
tion of the absorbed energy converted into heat in the material
increasing the DC luminescence to ~980 nm.

In order to obtain an expression for the fraction of the
absorbed energy that is converted into heat (¢), considering all the
non-radiative and radiative transitions indicated in Fig. 18, the rate
equations for the Nd**/Yb** co-doped system was solved, following

0.75 T T T T T T T T
—l— Experimental
—Q@— Calculated with Eq. 21

0.70

0.65

o
c
o
T 060F
GCJ r
o 055F
o -
§ 0.50 |
T TF
045 -_I ) | ) | ) | ) |
0 1 2 3 4

Yb®* concentration ( mol% )

FIG. 17. Heat generation for Te**/Yb" co-doped tellurite glass as a function of
the Yb** concentration. The experimental results were obtained by exciting the
glasses at 360 nm, and the calculated data were obtained with the literature
values:"" (Aom)a1 = (em)1o =6450M,  (Zem)st = (Aem)vo = 10030, and
a1 =11 =0.64. The ncer=0.28, 0.38, and 0.86 and 7s1 =17y, =0.94, 0.88,
and 0.70 were used for the samples with 1, 2, and 4 mol. % of Yb*,
respectively.
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FIG. 18. Partial energy level diagram of the activator (Nd*") and two sensitizer
(Yb®") ions. The solid arrows and the wavy lines represent the radiative and
non-radiative transitions, respectively. The dashed arrows indicate the cross
relaxation (CR) mechanism.

the steps described above, and the obtained results are (for com-
plete detail on the math procedure and the terms in the equation,
please see S1 in the supplementary material)

(P _ 1 7] ex 77 A‘EX
=1-—1a —
(Aem) 4240 (Aem) a2—a1
Aex
— (M2 + 7May)
(Aem) a1 a0

ex

+ [ + M (1 — 142)]12(1 — 11) (23)

<l€m>SIHSO

To test this system, we used Nd>*/Yb>* co-doped LSCAS glass
and the thermal mirror (TM) technique, as follows in the next
section.

E. Thermal mirror background

In addition to the TL technique, another pump-probe photo-
thermal method was recently developed taking into account the use
of a laser-induced optical path change. Instead of monitoring the
transmitted probe beam through the sample, this method monitors
the probe beam reflected off on the sample surface. In allusion to
TL term, this method was nominated as thermal mirror
(TM)."**='*° The TM effect manifests when a laser beam shines on
a material surface and part of the absorbed optical energy is con-
verted into heat. The heating presents a radial gradient, followed by
a displacement profile. The sample surface displacement induces a
phase shift on the probe beam wavefront reflected off on the
surface, as presented in Fig. 19.

TM is generally applied in mode-mismatched dual-beam
experiments. The probe beam is continuously radiating on the
sample and propagates almost collinearly with the excitation beam,
whose exposure is controlled by a mechanical shutter. Only the
central portion of the probe beam is monitored by a detector in the
far field. After the shutter is opened at time t = 0, the time-resolved

TUTORIAL scitation.org/journall/jap

Detector plane

~._Probe beam (7
h.::,.::

z Sample

(o T De
®p

N
N
A 4

FIG. 19. A schematic diagram of the geometric positions of laser beams in a
mode-mismatched dual-beam TM experimental arrangement.

probe beam intensity is evaluated. The method was already pre-
sented in different experimental setups, using Gaussian and top-hat
radial intensity distribution,’'*>"**"*" with continuous (CW) and
pulsed lasers."”"'**"'** Also, the theory was extensively studied,
approaching different experimental conditions, and different kinds
of materials.'”"'*77">?

Thermal mirror follows the same theoretical procedure used
to obtain the TL model. The temperature profile is determined by
solving the heat conduction differential equation; however, TM has
the advantage of being applicable also in high absorbing materials
(opaque materials). In this sense, choosing the most adequate
source term, three different optical absorption domains can be
obtained solving the heat conduction differential equation, the low
absorption approximation (LAM), the Beer’s law absorption atten-
uation, and the high absorption approximation (HAM)."'

The temperature change induces a deformation in the sample
surface, which can be described by the thermoelastic equation in
quasistatic approximation, given by'*’

(1-=2v) V’u+V(V.u) =21 +v) ar VI(r, z, t), (24)

with the boundary conditions at the surface, o,,|,_, =0 and
02|, = 0, which are the normal stress components. The displace-
ment vector is defined by u, ar is the linear thermal expansion
coefficient, and v is the Poisson ratio of the material.

Since the method uses cylindrically symmetrical beams, the
solution may be obtained in cylindrical coordinates, by introducing
the scalar displacement potential and the Love function.””" A full
analytical model is not available; however, a simple model can be
achieved by regarding some experimental configurations, and
sample geometries. For instance, considering a sample much larger
than the excitation beam, and in the low absorption regime, the
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displacement in z is obtained,

t 27/ 2 172
u; (r,0,t) = —ar (1+v) ToJ (”—we)
0

1+ 217/t,
—r?/w? r?lw?
e | ¢\ dr, 25
x exP(l +21/tc> 0 (1 +21’/tc> ! 25
with
P
1, = 2P @ (26)
TCpHp

where the parameters are the same as specified in the TL model.
Here ¢, and p are the specific heat and density of the sample,
respectively, and I,(z) is the n-order modified Bessel function of
the first kind.

The sample surface displacement acts as an optical element,
causing a phase shift to the reflected probe beam
@ = (47/Ap) u,(r, 0, t), which in the case of low absorption model
is given by **"*!

Dpan (g, 1) = OrmV2r a)e{eXP <1+¢2/

gm
142 ) I [ ——
x {( +2gm + 2t/k) °(1+21/t5>

am
2gml; | ———
+2gmh (1+2¢/tc>]

— exp(—gm)[(1 + 2gm) I, (gm) + 2gmI, (gm)]},

(27)

>(1+2t/tc)_1/2

where g = (r/wp)z, and
Pe ﬁ ar (1 + V)

Ik @, (28)

Oy = —

which correlates the thermal, optical, and mechanical properties of
the sample, influencing directly in the probe beam intensity varia-
tion amplitude, while the characteristic time behavior depends on
the sample thermal diffusivity. The probe beam intensity variation
can be obtained by carrying out numerical integration over g as

2

I(t) Joo exp[—(l + iV)g — i@ am (g, t)]dg . (29)
0

2
10) =1+V)

This model was already used in several transparent materials
from polymers'”’ to optical ion-doped glasses.'”'°" In these
systems, the technique is capable of accessing the fluorescence
quantum efficiency of a determined ion inserted into the host.

Here, the TM technique is applied to measure the fraction of
generated heat in Nd*>*/Yb>" co-doped LSCAS. The glasses were
prepared with the nominal composition (wt. %) (46.9—x/2)

CaO + (41.0—x/2) AL,O3+7Si0, + 4.1MgO +1 Nd,03+x Yb,0s,

TUTORIAL scitation.org/journall/jap

using high-purity grade oxides, better than 99.99%. The concentra-
tions of Yb,O3; were x=0, 1, 2, 4, 6, and 8. Details of the sample
synthesis can be found elsewhere Refs. 32 and 41.

TM experiments were performed using a conventional setup
at room temperature similar to that of Fig. 14."”” The samples were
excited at two different wavelengths of an Argon laser, 351 or
514.5nm. The thermal diffusivity and the parameter 61y were
obtained from regression using Eq. (29) for each sample. Variables
like V; g, and m in this equation and in Eq. (28) are from the exper-
imental setup configuration and are measured separated.'*’ The
values obtained for the thermal diffusivity were constant for all
samples, giving an average value of o=5.5x 107> cm?/s, in good
agreement with previously works."”>!®! From 07y, it is possible to
access the fraction of absorbed energy converted into heat (¢) as a
function of Yb,O3 concentration, as presented in Fig. 20.

The results show a decrease of the heat generation from the
sample doped only with Nd** to the sample co-doped with Nd and
1 wt. % of Yb,03, for both excitation wavelengths. However, adding
more Yb®* into the glass increased the heat generation due to ion-
ion interactions that decrease the luminescence quantum yield.
These experimental results (closed circles) were compared to Eq.
(23) (open circles), which are also presented in Fig. 20. The pro-
posed model to derive the population rate equations is presented in
the supplementary material, S1, and showed good agreement with
the experimental observation.

The surface displacement obtained by the TM method was
already compared to direct laser-induced displacement measure-

ments,'””'°* by atomic force microscopy (AFM). Here, we present
T T T T 1 1 " T T "1 ]
F(a) 2,=514.5m Ja2
= 08¢ ]
> 5 g 136
s N TEtE A B
= %f_: i{} ------ 2. 430 O
o 04 n DA - §' ] >
SRR 124 5
© [ -@- TM results / ]
% 00F —O calculated with Eq 23 - IA- ‘Thermographic camera —| 1.8

(b)xe;351nm e "' ",'_"_i'—:to
% ,§—— ¢ ”i 1 jos

P

[ —® TMresults i 102
F-O- calculated with Eq.23 -4~ Thermographic camera { =
L 1 1 1 1 1 1 1

0o 1 2 3 4 5 6 7 8 9
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[
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FIG. 20. Heat generation for Nd®'/Yb>" co-doped LSCAS glass as a function of
the Yb®* concentration. The TM experimental results were obtained by exciting
the glasses at (a) 514.5 and (b) 351 nm (closed circles), and the calculated
data (open circles) were obtained with the literature values:*’
{AemIng = 1077 nm, (Aem)yb = 1011 nm, and nng = 0.88. The ncer=0.48, 0.68,
0.82, 0.89, and 0.92 and 7y, =0.97, 0.98, 0.83, 0.70, and 0.48 were used for
the samples with 1, 2, 4, 6, and 8 wt. % of Yb™", respectively. A direct tempera-
ture change is also presented (closed friangles), in order to compare the ten-
dency of the heat fraction with the increase of Yb** concentration.
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the first comparison of the heat fraction evolution with the increase
of Yb®" obtained by the TM method with a direct temperature
change measurement. The direct temperature change was obtained
by a thermographic imaging infrared camera (InfraTec - ImageIR
7300), which presents a measured temperature resolution of
0.002 K. Despite direct measurement of the temperature is a very
difficult task in photothermal methods, since the temperature
change is very small and localized in the region close to the excited
area, the results are in good agreement and showed a decrease of
the heat generation in the sample co-doped with 1 wt. % of Nd,O;
and 1 wt. % of Yb,0;, which fundamentally evidences an efficient
energy transfer from the Nd>* to the Yb®* due to the coupling
between these ions, and encourages the search of materials capable
of converting the solar spectral energy distribution in the UV and
visible to the near-infrared, more suitable to the Si solar cells.

VI. CONCLUSION AND PERSPECTIVES OF FUTURE
WORK

In conclusion, this Tutorial presents an up-to-date description of
the photoacoustic and photothermal methods and their advantages to
determine the heat generation in solar cells and their built-in materi-
als. Potential application of these methods for studies evaluating the
heat generation in the downconversion processes in co-doped spectral
converters is an important tool toward the measurements of parame-
ters related to the development of the hybrid solar cells and, conse-
quently, the determination of their photovoltaic efficiencies.
Quantitative measurements of both fluorescence quantum efficiency
and carrier photoproduction as well as of thermophysical parameters
are probably the most important and unique characteristics of these
methods for this area. The challenges in future works are to overcome
the limitation of preparing the spectral converters as thin films over
solar cells and the thin film characterization. The latter presents addi-
tional issues to be considered in terms of quantitative photothermal
measurements since the fundamental of the TL and TM techniques is
the measurement of the excitation laser-induced optical path length
change and surface deformation, which, in usual materials, are
directly connected with the localized temperature profile, described by
the thermo diffusion and thermoelastic equations.'”'

In an optically excited semiconductor, an additional contribu-
tion comes from the coupling of electronic and thermal effects,
where the de-excitation process could work as a heat source to the
sample. However, it was shown for the case of bulk samples that
the TM technique decouples thermal effects in semiconductors and
presents low sensitivity to the electronic effects.'””

In the case of thin-films on a substrate, in addition to the con-
tribution of the electronics effects, an additional limitation for TM
and TL techniques is the absence of an analytical or semi-analytical
solution for the diffusion and thermoelastic equations in this
coupled system. Notwithstanding, qualitative results could be
obtained in the thin film characterization, and quantitative results
restricted to numerical analysis.

SUPPLEMENTARY MATERIAL

See the supplementary material S1 for the rate equations for
the Nd**-Yb** co-doped activator and sensitizers ions, respectively,
and the analytical expression for the fraction of the absorbed
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energy converted into heat (¢), considering all the non-radiative
and radiative transitions indicated in Fig. 18.
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