A st Petersburg Polytechnic University Journal. Physics and Mathematics. 2023. Vol. 16. No. 1.1
HayuyHo-TexHuyeckne Begomoctu CM6IrMy. dusmnko-matematmyeckme Hayku. 16 (1.1) 2023

Conference materials
UDC 53.043
DOI: https://doi.org/10.18721/IJPM.161.159

Determination of subcell parameters for multijunction
solar cells at radiation exposure

S.A. Levina'®, V.M. Emelyanov', E.D. Filimonov', M.Z. Shvarts'

! Toffe Institute, St. Petersburg, Russia
5 levina@mail.ioffe.ru

Abstract. Based on the electroluminescent method and the two-diode equivalent circuit
model of a solar cell, the current-voltage characteristics of wide-bandgap subcells in the struc-
ture with the corresponding parameters of saturation dark currents are obtained. In addition,
the approach has been tested on samples exposed to various radiation doses, which made it
possible to determine the degradation rate of the photovoltaic characteristics of solar cells.
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AnHoTanus. B pabote nccienyorcst (hOoTO3EKTPUISCKUE XapaKTePUCTUKN TPEXTIePEXOTHBIX
(oronpeobpaszoBateneii. Ha ocHOBe 3JEKTPOJIOMUHECIIEHTHOTO METOJa W JBYX-IMOIHON
9KBUBAJIEHTHOW MOJEU COJTHEYHOTO 3JIEMEHTA TMOJYyYeHbI BOJIbTAMIIEPHBIC XapaKTEPUCTUKU
IIUPOKO30HHBIX CYOAJIEMEHTOB B CTPYKTYpPE C COOTBETCTBYIOLIMMU MapaMeTpaMu TeMHOBBIX
TOKOB HachblllleHUs. JIOMOJHUTEIbHO METOA OIpoOOBaH Ha 00paslax, IOABEPKEHHBIX
Pa3IMYHBIM J03aM OOJIy4E€HUsI, YTO MO3BOJIUJIO OMPEACTUTHh TEMITbI JErpajalluii MapaMeTpoB
(boTO2IEeKTPUUECKUX XapaKTEPUCTUK COJTHEUHBIX 2JIEMEHTOB.
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Introduction

In state-of-the-art photovoltaics, III—V monolithic multijunction solar cells (MJ SCs) provide
the record-braking efficiency among all other semiconductor-based photoconverters [1]. The
targeted area of such devices application is related to the power supply of various spacecraft
(space stations, satellites, moon/mars rovers). One of the main parameters for the successful
use of MJ SC in space, in addition to the high sunlight photoconversion efficiency, is tolerance
to radiation expose. Therefore, it is essential to take into account the possible degradation of
individual subcells in a MJ structure, since each of them can demonstrate a diverse rate of PV
parameters diminishing with exposure dose due to differences in the composition, thickness, and
doping levels of the semiconductor layers. The spectral dependence of the external quantum
efficiency (EQE) and the current-voltage characteristic (I-V curve) make it possible to trace
the effect of irradiation on such PV parameters as the efficiency of charge carrier collection in
p- and n-regions, series and shunt resistances, diffusion and recombination saturation currents.
Moreover, if the registration of the EQE of each p-n junctions is a well-developed practice with
an approved research protocol, then the extraction of I-V curves of individual subcells being a
part of monolithic MJ SC structure is a non-trivial experimental problem.

Theoretical part

The general equation describing the physical processes in individual subcells of MJ SC is based
on an equivalent two-diode circuit model with distributed parameters:

Jdark =V +JRs)/Rsh— Jod[exp(q V/kT)—l] - Jor[exp(q V/2kT)—1], (1)

where Jdark is current density without external light source [mA/cm?]; J is photocurrent
density [mA/cm?]; V is operating voltage (load voltage) [V]; Rs is series resistance [Ohm];
Rsh is shunt resistance [Ohm]; Jod and Jor are the densities of saturation reverse currents for
various recombination processes (d corresponds to the diffusion component of the current and
characterizes recombination in the quasi-neutral regions of the transition, r is responsible for
carrier recombination in the space charge region, as well as for recombination under concentrated
exposure) [mA/ cm?|; ¢q is the electron charge [C]; k is the Boltzmann constant [J/K]; T is
temperature [K].

Semiconductor layers that form photovoltaic subcells are combined in MJ SC structure in
a series circuit via tunnel diodes, and direct I—V curves tracing of each of p-n junctions is
often impossible. The exception is MJ SC with additional busbars [2], which allow the direct
electrical contacting to the subcell of interest. However, such architecture requires complex post-
growth processing. Therefore, structures with the third (or fourth) terminals are used only in
certain laboratory studies. In all other cases, to extract I-V curves of individual subcells indirect
measurement methods are used. In addition, the target task is to determine the voltage of each
p-n junctions. Such a problem can be solved by the method [3] based on reciprocity relation
between EQF and electroluminescent emission (¢,,) of SC [4]:

¢, =EQE(r)-e, [exp(qV (\)/kT)-1], )
where Jis the density of the photocurrent flowing through the MJ SC, ¢ ,, = 2rhc?/0° exp(-hc/AkT) is
the black body power density [W/m?/nm] at a given temperature 7, A is wavelength [nm], Vis the
voltage drop across the subcell.
By transforming equation 2 with respect to the variable V and neglecting the “~1” term after
the exponent, it is possible to form the I—V curve of each subcell:

V(J)=kT/q|Ing_(J)-InEQE(%)-tng, (1)-InC], (3)

where the term k7/q:InC=3V=const is introduced to compensate the difference between
the relative value of the registered luminescent flux ¢,, and its absolute magnitude, and is the
throughput function of the optical system used in the experiment. The constant §V for each
subcell of a given MJ SC is the same and does not depend on £ and J.

© Jlesuna C.A., EmenbsanoB B.M., ®unumonos E. /., [lBapu M.3., 2023. M3narens: CankT-IleTepOyprcKuit oJuTeXHUIeCKu it
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Thus, for a solar cell with three (i = 3) p-n junctions, the total voltage ijsc can be found as:

ZV 38V. 4)

ijC

Experimental part

For each MJ SCs, the spectral dependences of EQE were obtained using the lock-in technique
(Fig. 1, a) and a set of light I—V curves under pulsed illumination (solar simulator AMO spectrum
1366 W/cm?) was recorded [5, 6]. The latter allowed to determine dark characteristics without the
effects of series resistance (Fig. 1, b) using the Isc-Voc method [7].

The electroluminescence flux ¢,, was recorded by fiber-guided spectrometers (spectral ranges
300—1100 nm and 1000—2500 nm) while current (range 10—500 mA/cm?) was passed through
MJ SC. To improve the electroluminescence light collection and to enhance the recorded signal
the input end of the fiber was equipped with collimator. The measurements were carried out for
two direct band gap GalnP and GaAs subcells. Radiative recombination flux of the lower Ge
junction with indirect band gap (luminescence peak at energies around 0.68 eV) is very week
and was observed only at high photocurrent densities (more than 1 A/cm?), which exceeds the
allowable operating limits of MJ SCs used in this study.

The calculation of equation 3 was carried out at wavelength at which W(J) does not depend
on A (the methodology of this approach is described in [3]): for GalnP subcell it is approximately
650 nm, for middle GaAs junction it is 870 nm.
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Fig. 1. EQE spectral dependencies of MJ SC irradiated by 1 MeV neutrons with fluencies of

®1=1.5-10" n/cm? (SC#1), ®2=1.5-10" n/cm? (SC#2), ®3=5-10"* n/cm? (SC#3) (a); I-V curves

(filled symbols) of GaAs and GalnP subcells obtained from EL measurements (Eq. 2), and I-V curves
(open symbols) of MJ SCs obtained by direct Isc-Voc measurements using a four-probe system (b)

Results

Based on the obtained data (Fig. 1, b) and the two-diode circuit model (eq. 1), in the studied
samples the values of dark saturation currents Jod (and Jor) of wide band gap subcells at different
irradiation fluencies were calculated (Fig. 2). It can be seen that the irradiation exposure of
MJ SC leads to a degradation of the Jod and Jor parameters for both subcells by about three
orders of magnitude. To determine which of the regions of the subcell (quasi-neutral n- and
p-regions or the space charge region) demonstrates the maximum degradation rate at irradiation
and has a dominant impact on the photovoltaic characteristics, the derivatives of the Jod(®) and
Jor(®) dependences were estimated. The results of calculation are shown in Table 1. Each linear
section of the Jod(®) and Jor(®) corresponds to different ranges (Fig. 2) of irradiation power
increase: range 1 from BOL to 1.5-10" n/cm?; range 2 from 1.5-10" to 1.5-10'* n/cm?; range 3
from 1.5-10' to 5-10™ n/cm?.

Calculations have shown that in subcells the quality of the space charge region decreases most
rapidly. Since the narrow band gap Ge junction, in contrast to the wide band gap GalnP and
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Fig. 2. Dependencies of the recombination (Jor) and diffusion (Jod) components of the dark saturation

current of GaAs (a) and GalnP (b) subcells at different fluencies, and voltage degradation (red lines)

at a selected current value of 100 mA/cm?. The origin of coordinates along the x-axis corresponds to
Beginning-Of-Life (BOL) condition for SC

GaAs, is less sensitive to the particle exposure, it can be concluded that the main contribution to
the deterioration of MJ SC output parameters is originated from the middle GaAs p-n junction,
which demonstrates the maximum of the dJor/d® = 10" mA/n.

Table 1
dJ,/ d® [mA/n] for wide-bandgap p-n junctions
Fluence range | Derivative | GaAs subcell | GalnP subcell
Range 1 dJor/d® 2-10°" 1-102
dJod/dD 9-10% 4-10°%
Range 2 dJor/d® 1-10°" 8-10%
dJod/dD 8-107 3-10%
Range 3 dJor/d® 6-102° 6-10
dJod/dD 1-1028 5-103%
Conclusion

The work is devoted to the study of the photovoltaic characteristics of MJ SC before and after
particle irradiation exposure. As a result, I-V curves of individual subcells were calculated for
several fluencies. Based on the obtained data and the two-diode three-dimensional distributed
circuit model of solar cell, the corresponding dark saturation currents characterize various
recombination mechanisms were determined. The rates of degradation of saturation currents with
increasing dose of irradiation made it possible to trace which of the regions of the subcell plays a
dominant role in the deterioration of the photovoltaic characteristics of the p-n junction.

REFERENCES

1. Green M., Dunlop E., Hohl-Ebinger J., Yoshita M., Kopidakis N., Hao X., Solar cell efficiency
tables (version 59). Prog Photovolt Res Appl. 2022. 30 (1) 3-12.

2. Tayagaki T., Makita K., Oshima R., Mizuno H., Sugaya T., Analysis of luminescence coupling
effect in three-terminal tandem solar cells, J. Photon. Energy. 8 (4) (2018) 045503.

3. Kirchartz T., Rau U., Hermle M., Bett AW., Helbig A., Werner J.H., Internal voltages in
GalnP/GalnAs/Ge multijunction solar cells determined by electroluminescence measurements, Appl.
Phys. Lett. 92 (2008) 123502.

4. Rau U., Reciprocity relation between photovoltaic quantum efficiency and electroluminescent
emission of solar cells, Phys.Rev.B. 76 (2007) 085303.

354



4 Atom physics and physics of clusters and nanostructures

5. Levina S.A., Emelyanov V.M., Filimonov E.D., Mintairov M.A., Shvarts M.Z., Andreev V.M.,
Cascade optical coupling and quantum efficiency measurements of MJ SCs, Solar Energy Materials
and Solar Cells. 213 (2020) 110560.

6. Shvarts M.Z., Filimonov E.D., Kozhukhovskaia S.A., Mintairov M.A., Timoshina N.Kh.,
Andreev V.M., Current mismatch violation in concentrator multijunction solar cells, AIP Conference
Proceedings. 1881 (2017) 040006.

7. Wolf M., Rauschenbach H., Series resistance effects on solar cell measurements, Advanced
Energy Conversion. 3 (1963) 455—479.

THE AUTHORS

LEVINA Svetlana A. EMELYANOY Viktor M.
levina@mail.ioffe.ru vm.emelyanov@mail.ioffe.ru
ORCID: 0000-0003-4554-3300 ORCID: 0000-0001-6167-3207
FILIMONOV Eugeniy D. SHVARTS Maxim Z.
efilimonov@mail.ioffe.ru shvarts@scell.ioffe.ru

ORCID: 0000-0002-7711-2188 ORCID: 0000-0002-2230-7770

Received 19.10.2022. Approved after reviewing 21.11.2022. Accepted 22.11.2022.

© peter the Great St. Petersburg Polytechnic University, 2023

355



