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This study investigates the potential application of infrared thermography for integrity testing of modern solar cells with an
additional thermogenerating layer based on varizone semiconductors (in particular, Si-Ge solid solutions). A comprehensive
thermoelectric model of a multilayer structure has been developed and analysed, combining classical thermophysical equa-
tions with thermoelectric models of charge geion and transport in a varizone structure. Unlike standard approaches, the model
accounts for the fact that the formation of a temperature signal from a defect is caused not only by a local change in thermo-
physical characteristics but also by a deterioration in heat dissipation due to the suppression (discontinuation) of charge carrier
generation in the damaged zone. A classification of the main technological and operational defects is proposed, among which
foreign inclusions (SiO, or Si impurities), thinning of the generating layer, and local thermal breakdown are identified. Through
numerical modeling (using finite difference and finite element methods), quantitative parameters of the detectable signal in the
form of a temperature contrast on the object’s surface were established. It was shown that the magnitude of the temperature
signal significantly depends on the type of defect: from fractions of a degree for local inclusions to tens of degrees in the case
of thermal breakdown. The results show that the sensitivity of modern thermal imaging systems is sufficient for the reliable
identification of the considered types of structural defects. It is noted that existing methods for suppressing interference can
be applied to reduce the impact of interference on defect detection. Thus, the effectiveness of thermal inspection for the defect

detection of solar panels with a thermogenerating layer is demonstrated. 12 Ref., 4 Fig.
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Introduction. Infrared termography (a passive meth-
od of thermal non-destructive testing) is widely used for
detecting defects in solar cells (or panels) [1, 2]. The
method is based on the use of a thermal imager to detect
«hot spotsy, i.e., cracks, short circuits, faulty diodes, etc.

Recently, advanced solar panels have been devel-
oped that utilize additional thermogenerating layers
based on varizone semiconductors made of samarium
sulfide, zinc oxide, and n-type A2B6 group semicon-
ductors, as well as in films of a varizone-type con-
tinuous silicon-germanium solid solution Si Ge, [3,
4]. This significantly increases efficiency, however, as
the complexity of the generating element increases, so
does the likelihood of defects—structural disruptions
that reduce or completely disrupt power generation.

Defects can arise during production, as well as dur-
ing the installation and operation of photovoltaic power
plants, affecting the service life or limiting the perfor-
mance of the panels; most of these defects are pro-
cess-related. That is, defects caused by poor design and
improper use of the panels. They may also be mechani-
cal damages caused by external influences. The integri-
ty of individual panel layers may also be compromised,
caused either by internal stresses within the cell or by
the inhomogeneous distribution of impurities in the sil-
icon material during the manufacturing process. If a de-
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fect is present in a section of the photovoltaic panel, so-
lar energy will not be converted into electrical energy.

In addition, defects may also arise in the additional
thermoelectric layer, caused by the dispersion of Si and
SiO, impurities in the Si Ge, solid solution, or by a
change in layer thickness resulting from uneven solid
solution precipitation [5, 6]. In such damaged areas, a
temperature increase will occur, which can be detected
using the thermography method, since, compared to in-
tact panels, the temperature difference can reach tens of
degrees Celsius, which can lead to thermal destruction,
a «thermal» breakdown, and device failure.

Problem statement. The purpose of this work is
to assess the possibilities of using infrared (thermal)
flaw detection to detect the most characteristic defects
in solar cells based on a multilayer varizone structure
by constructing and analyzing its thermoelectric model.

Creation of the thermoelectric model. Here, a
thermoelectric model is understood as a combination
of a classical thermophysical model [7, 8] with a ther-
moelectric model describing the generation and propa-
gation of charges in a varizone structure (Fig. 1) [2, 3].

The necessity of such a combination is explained by
the fact that, in this case, the formation of a temperature
contrast (a signal from the defect) on the surface of the
specimen is caused not only by a local disturbance of
the material’s thermophysical properties but also by a
deterioration in heat dissipation due to the suppression
of charge carrier generation at the defect site.
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Fig. 1. Injection of charge carriers into a heterojunction under forward bias, taking into account the Fermi levels in the structure: @ — in
a smooth heterojunction in the presence of internal «pulling fields»; b — one-sided injection of holes in a sharp heterojunction

The total amount of energy in the specimen, which
characterizes its temperature, is defined as the differ-
ence between the energy received from an external
source and the energy expended on heat transfer to the
environment and on the generation of thermo-EMF:

Woe =Wy =W +W5),
where W, is the thermal energy of the specimen; W,
— energy supplied to the specimen from an external
source; W, — energy radiated by the body into the
environment; W, — generation energy.

Accordingly, for a zone with a defect, generation
will decrease or be absent altogether, and the value in
parentheses will decrease, leading to a local increase
in temperature in that region. This fact will manifest
as a temperature contrast on the surface of the speci-
men, i.e., a signal from the defect.

The thermophysical part of the thermoelectric
model (Fig. 2) graphically represents a multilayer
plate with a local inhomogeneity (defect) in cylindri-
cal coordinates [8, 9].

Its mathematical description is based on the
non-stationary heat conduction equation [10]:

OT(7,1)
t

divO.F VT (F,0)+ (0 =ep—2= (1)

where ¢ — the specific heat capacity of the OK mate-
rials; T (F, r) — the space-time function of tempera-
ture; A — the thermal conductivity coefficient of the
OK materials; ¢ — heat flux density from an external
source (heater); p — density of the specimen materials.

This equation is solved together with equations,
which describe the heat energy consumption in a sys-
tem with varizone semiconductors for EMF genera-
tion and charge transport [11]:

dE d

g:_cn _ % | s 1_e_n ﬁ dx, (2)

e, ©,+0,| dx 0, ) dx

d . d
e =—0, | — @, +o, —T, |, 3
Jk k dx(Pk S kj 3)
T, -1, |
where 0, =| ——| — the relative temperature
0

difference of the k" layer; E, — the bandgap of the
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semiconductor; o, — electrical conductivity of the

substance of the k" element; ¢, — electrochem-

ical potential of the substance of the k" element;

o, — thermo-EMF coefficient; 7, — temperature of

the k" element; 8&=¢, —&,, — the state function;
1

& =§k(Tka”k)=Tkln(m

the k™ layer, depending on temperature, concentration,
and the number of free carriers; &, =& (Tp, 1) —
state function of the boundary layer; n,, and n, —
equilibrium and non-equilibrium concentrations of
charge carriers; a, —thermo-EMF coefficient.

It should be noted that the temperature 7, appears
in equation (3) in two terms: directly ina, (the gra-
dient of temperature T ) and implicitly in ¢, (7). In
the case of 7, =const, the term o, =0

The joint solution of equations (1), (2), and (3) was
performed under mixed boundary conditions, which
account for both heat transfer conditions at the inter-
faces and the generation and motion of charge carriers:

For z=H :

J — state function of

Fig. 2. Thermophysical part of the thermoelectric model of a pan-
el with a graded-bandgap semiconductor: / — semiconductor 2,
2 — «thinning of the generating layer» defect, 3 — varizonal semi-
conductor (heterojunction), 4 — thermal contact, 5 — semiconduc-
tor 1, 6 — «foreign inclusiony defect
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oT (7,t) ~
A 5 =oc(T(r,t)—Tenv) q(7.1)
For z=0:
dE dE T(7
8 _ g , _7\‘6 (V,t) Z—U,(T(?,t) T'env)
dx dz or
For z=h:
dEg 0
dx ’

—M(ﬂﬂt)(?] = —xﬁ,r,n(%} ,

where T(7,7)— the space-time temperature function;
A — the thermal conductivity coefficient of the struc-
tural components; ¢ — the heat flux density from an ex-
ternal source (heater); p — the density of the structural
components; T, =~ — environment temperature.

Results of applying the thermoelectric model. The
solution was obtained using the numerical (grid) finite
difference method and the finite element method. Three
most likely types of defects were considered (Fig. 1):

1. foreign inclusion caused by the dispersion of
SiO, or Si;

2. thinning of the generating layer resulting from
uneven condensation of the solid solution of a grad-
ed-bandgap semiconductor;

3. thermal breakdown, as an extreme case of
thinning.

The purpose of the analysis was to estimate the
magnitude of the useful signal from the defect, i.e.,
the temperature contrast (A7 ) on the monitored
surface. A defect with a cross-sectional dimension
T4r =5 mm was chosen as an example. The shape
of the temperature contrast over defects of the three
types mentioned above was calculated and analysed.
The results are shown in Fig. 3.

As can be seen from the graphs, for defects of the
1*t and 2" types, the gradient has a step-like shape well
known in thermal non-destructive testing [8], whereas
the 3™ type—thermal breakdown—leads to a temperature
increase over a significant portion of the surface along r.

The effect of the defect’s transverse dimension on
the magnitude of the useful signal was also investi-
gated (Fig. 4). As the results indicate, the magnitude
of the useful signal varies for different defect types:
it reaches a maximum value of tens of degrees for a
breakdown, and approximately one degree for a local
foreign inclusion.

Given that the sensitivity of the recording devices—
thermal imagers—used in thermography is in the range
of hundredths of a degree, it can be concluded that the
application of the method under consideration to the
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Fig. 3. Dependence of the temperature contrast above the defect
on r: I — foreign inclusion defect (Si and SiO,); 2 — thinning of
the generating layer; 3 — «thermal breakdown» defect
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Fig. 4. Dependence of the temperature contrast above the defect on
its transverse dimension for various types: / — foreign inclusion; 2
— thinning of the generating layer; 3 — «thermal breakdown»

r, mm

task of detecting defects in panels with a thermogen-
erating layer is highly promising.

Any limitations in sensitivity that may arise due to
interference characteristic of thermal inspection can
be overcome using known methods of interference
suppression [12].

Conclusions

1. It has been shown that the use of infrared ter-
mography for defect detection in solar cells with a
thermogenerating layer based on graded-bandgap
semiconductors is fundamentally feasible, as it allows
for the detection of various types of defects character-
istic of this inspection object.

2. A thermoelectric model of the complex structure
under consideration has been constructed and analysed,
describing the mechanism for detecting a new type of
defect—deterioration of heat dissipation due to disrup-
tions in the generation and transport of charge carriers.

3. A quantitative estimate of the magnitude of the
measured signal from various types of defects has been
obtained, allowing for their subsequent classification
during thermography.
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IHOPAYUEPBOHA JIEOEKTOCKOIIIS COHAYHUX BATAPEM
3 TEPMOT'EHEPYIOUUM ITAPOM HA BA3I BAPI3OHHUX HAIIIBITPOBIJIHUKIB

B.O. Cropoxenko, O.B. Msrkuii, P.IT. Open, C.M. MemmxkoB
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Y poGoTi JOCTIHKEHO MOKIMBOCTI 3aCTOCYBaHH METOY iH(padepBOHOI 1e(EKTOCKOMIT AJIsi KOHTPOIIO LITICHOCTI Cyd4acHUX
COHSTYHUX Oarapeil 3 10AaTKOBUM TEPMOICHEPYIOUUM LIIAPOM Ha OCHOBI Bapi30HHMX HAIMiBIPOBIAHUKIB (30KpeMa, TBEPIUX
pozunHiB Si-Ge). Po3pobneno ta mpoanalizoBaHO KOMIUIEKCHY TEIUIOSNIEKTPHYHY MO 0araTomapoBoi CTPYKTYpH, 10 MOE-
Hy€ KJIACH4HI TeII0(i3UuHI PiBHAHHS 3 TEPMOCICKTPUYHIMHI MOJICIISIMU T€HEepallil Ta MepeHeCeHHS 3apsiiiB y Bapi30HHOMY
cepenoBuli. Ha BiaMiHy BiJf CTaHAapPTHHUX IT1IXO/IB, y MOJIeJIi BpaXxOBaHO, 1110 (JOPMYBaHHS TEMIIEPATypHOTO CUTHAITY BiJl
nedexTy 3yMOBIIeHE He JIHIIE JOKaJIbHOIO 3MIHOIO TeIUIO(i3NIHIX XapaKTePUCTHK, a i MOTipIIeHHSM TeIUIOBIIBEACHHS Yepe3
MIPUNHHEHHA TeHepalii HOCIiB 3apsay B 30HI MOMIKOKEHHS. 3allpOIIOHOBAHO KJIAacH(iKaIlil0 OCHOBHUX TEXHOJIOTIYHUX Ta EKC-
TUTyaTaifHux Je(eKTiB, cepel AKMX BUJIICHO CTOPOHHI BKIIOYeHHs (1oMimku SiO, a6o Si), NOTOHIICHHS TEHEePYIOUOTo Mmapy
Ta JIOKAJIbHUH TeTuIoBUH 1po6iit. [1InsxoM arcesHOro MoieTIoBaHHsT (METOAaMI CKIHIEHHHX PI3HUIB i CKIHUEHHUX €JICMEHTIB)
BCTaHOBJICHO KiTBbKICHI MapaMeTpy KOPUCHOTO CUTHAY Y BUIVISLIII TEMIIEpaTypHOTO TIepernaay Ha moBepxHi 00’ekra. [TokazaHo,
1110 BEJIMYMHA TEMIIePaTypHOTo CUTHAIY ICTOTHO 3aJISKHUTh BiJl TUITY JeeKTy: Bijl 4aCTKH rpajyca Jisl JOKaJIbHUX BKIIFOYCHb
JI0 JIECSITKIB IpajIyciB y pasi TeIuioBoro npoboro. BeraHoBeHO, 110 9y TIHMBICTh CyJacHHUX TEIUIOBI3IHHUX CHCTEM € JOCTaTHBOIO
IUTS HaAiHOT ieHTUdIKai] pO3MISHYTHX THITIB MOPYIICHb CTPYKTYPH. 3a3HAaU€HO, IO JUI 3HWKEHHSI BIUIUBY IEPELIKO Ha
BUSIBJICHHS 1€(DEKTiB MOXKYTh 3aCTOCOBYBATUCS iICHYIOUI METO/IU 1X MpUAyIIeHHs. TakiuM 4MHOM, TOKa3aHO e()eKTUBHICTD 3a-
CTOCYBAHHSI TEIIOBOTO KOHTPOIIIO ISt 1e(DeKTOCKOMIi COHSIHUX MaHeNeH 3 TepMorenepyounmM mapom. bibmiorp. 12, puc. 4.

Knrouosi cnosa: ingpauepsona oepexmockonis, coHsuHI naneni, menioereKmpuyHa MoO0etsb, 6api3OHHI HANiGNPOGIOHUKU, Oe-

hexmu eenepayii
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