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Solar cells based on AIIIBV materials in solar arrays are the main energy sources for most modern spacecrafi.
In spite of the fact that high characteristics have already been achieved, the work for improving solar cells is being
continued due to the growth of energy consumption by spacecraft.

One of the directions is decreasing solar radiation reflection by solar cell surface due to the deposition of antireflec-
tion coating (ARC). In the article we show the results of the study of ARC (Ta,0s/ SiO,).

We have presented the results of spectral and thickness calculations by special sofiware of ARC on the triple junc-
tion (InGaP / InGaAs / Ge) solar cell taking into account cell structure as well.

We have performed the experiment of ARC on the glass-substrate to confirm the manufacturability of the process.
ARC deposition has been made by electron-beam evaporation in vacuum. The results of investigation of spectral char-
acteristics of samples obtained by a spectrophotometer confirm the uniformity of covering without relation to the sam-
ple position in a machine. Spectral characteristic calculations for glass-substrate coincide with experimental data.

The results of studying spectral characteristics of ARC on a solar cell demonstrate good correspondence with
experimental data. The electric characteristics measured by the solar simulator (AMO0) before and after the ARC cover-
ing on the experimental samples show the increase of short-circuit current up to 122 mA and the rise of efficiency
up to 7.5 %. We have demonstrated the results of scanning electron microscopic investigation of ARC on the different
positions of solar cells.

Keywords: antireflection coating (ARC), triple junction (TJ) solar cells, current-voltage characteristic, tantalum
oxide (V), silicon oxide (IV).
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Conneunvie snemenmol (C3) na ocnose mamepuanos AIIIBV 6 cocmase conneunvlx bamapeil A61510MCsL OCHOBHbIMU
NEePEUUHBIMU UCHOYHUKAMU SHepeull Ois OOIbUIUHCBA COBPEMEHHBIX Kocmuyeckux annapamog (KA). B cesizu ¢ npodoin-
ACAIOWUMCSL pOCmOM dHepeonompebaenus KA, necmomps na yosice 0ocmucHynole 8blCOKUE XaAPAKMepUCmuKu, npoooi-
alcatomest pabomul no cogepuercmeosanuio CO.

OO0HUM U3 HaNpasieHuil S6IAEMC YMEHbUEHUE OMPAICEHUsT COTHEUHO20 UZNYYEHUs. ¢ OMOAKMUBHOL NOBEPXHO-
cmu CO 3a cuem npumeHeHus anmuompasicaiouje2o (npoceemasaioue2o) nokpvimus (AOI). Ilpusedenvl pe3ynsmamoi
uccneoosanuii AOII na ocroee cnoeg oxcudose manmana (V) u kpemnus (IV) (Ta,Os/ SiO,).

Ilpeocmasienvl pezyriomamol paciema moaWuH U CHeKmMpaibHOU XapaKxmepucmuKky 0aHHO20 NOKPbIMUsL Ha NOBEPXHO-
cmu mpexkackaonozo C3 (InGaP / InGaAs / Ge) ¢ yuemom ocobennocmeti cmpykmypol CO, npo6edeHH020 6 CneyuaibHOM
NPOSPAMMHOM 0becnedeHuu.

Ml noomeeporcoenuss mexnonozuunocmu npoyecca Hanecenus AOII nposeden sxcnepumenm no HAHECEHUIO
NOKPbIMUsL HA CMEKIAHHYI0 nooaodcKy. Hanecenue AOII npogoounoce memooom 21eKmpOoHHO-TYYE8020 UCHAPEHUs
6 saxyyme. Pe3yibmamol uccied08anusi CNeKmpaibHbiX Xapakmepucmux Ha 2pynne oopasyos, NOJIyueHHble ¢ NOMOUbLIO
cnekmpogomomempa, noOmMeepOUNU PAGHOMEPHOCHTb NOKPLIMULL 6HE 3A6UCUMOCHIU OM NONOJICEHUsT 00PA3Y08 8 Kamepe
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yemanosku. Tlpedsapumensublii pacuem cnekmpanvroul xapakmepucmuku 011 AOI na cmeKkisiHHOU ROON0JCKe NOKA-
3an y0081emeopumenbHoe cognadenue ¢ IKCHePUMEeHMAarbHbIMU OQHHLIMU.

Pesynomamor uccnedosanuii cnekmpanvhvix xapaxmepucmux AOII, nanecennozo na nosepxnocmes CJ, noxasanu
Xopoutee cognadenue ¢ pacuemubiMu OauHbiMu. M3mepenue 31eKmpuieckux Xapakmepucmuk ¢ HOMOUWbI0 UMRYIbCHO20
umumamopa conneynozo usiyyerus (AM0) 0o u nocne nanecenus AOII Ha écex s3xcnepumenmanvHuix obpaszyax CIO
NOKA3a10 NPUpOCm MoKa KOpOmKo2o0 3amvlkanus 8 cpeonem Ha 122 mA, a KII/[ — na 7,5 %. Ilpusoosamcs pezynomamol
9NeKMPOHHO-MUKpockonuyeckux ucciedosanuit AOII 6 paznuunvix wacmsx CO.

Kniouesvie cnosa: npoceemasiiowee nokpvimue, anmuompasicaroujee nokpvimue (AOII), mpexkackaouwlii conHeuHblil
anemMenm, omodeKmpudecKutl npeoopazoeamesb, 60J1bM-aMNepHas Xapakmepucmuxa, oxcuo maumaina (V), okcuo kpem-

Hus (IV).

Introduction. Currently primary energy sources for
most spacecraft are solar arrays; their generating part con-
sists of semiconductor devices that perform direct conver-
sion of solar energy into electrical energy. Such devices
are called photovoltaic converters or solar cells [1; 2].

Modern triple junction (TJ) solar cells based on
AIIIBV semiconducting compounds have high values of
output characteristics and resistance to radiation greater
than single junction solar cells based on AIIIBV, as well
as solar cells based on monocrystalline silicon [3].

However, power requirements to spacecraft are per-
manently increasing, consequently, requirements to tech-
nical characteristics of solar panels are increasing as well,
primarily requirements to the efficiency of converting
solar radiation flux into electrical energy or efficiency
factor.

One of the directions to improve the output character-
istics is decreasing the reflection of sunlight from the
solar cell surface and thus increasing the penetration of
radiation into generating parts of solar cells. The most
common reflectivity decreasing method is cell surface
antireflection coating (ARC), which represents thin dialectric
film with certain reflectivity decreasing characteristics [4].

Single-layer ARC are simple to manufacture and can
significantly increase the solar cell conversion efficiency
of solar radiation. If some single-layer coating is applied
to a semiconductor with a large refractive index, it is pos-
sible to achieve near-zero reflection at a certain wave-
length, but in this case, changing the wavelength signifi-
cantly increases the reflection coefficient, and it is a sig-
nificant drawback [4]. To reduce the reflection over
a wider range of wavelengths, we need to use more layers.
To obtain low reflection in almost the entire spectral sen-
sitivity region of the solar cell and to maximize their effi-
ciency, one can use two- and three-layer ARC. The fur-
ther increase in the number of layers theoretically reduces
the reflected part of light, but the synthesis of complex
coatings (more than 4 layers) is complicated by the diffi-
culty of achieving the required quality in terms of homo-
geneity and uniformity of application.

When designing ARC, the materials (depending on their
refractive indices and required thickness of the layers),
are chosen so that the light wave reflected from the front
surface of the coating due to interference is extinguished
by a wave reflected from the boundary between the
dielectric film and the semiconductor material [5]. As a rule,
transparent amorphous films of nanometric thickness
of the following compositions: ZnS, Ta,0s, TiO,, MgF,,
Al,O5 and SiO, find use as materials for solar cell ARC [6].
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Experimental part. Based on previous studies [7] and
analysis of the structures of modern solar cells [8] we
planned a comprehensive ARC study based on the materi-
als of tantalum oxide (V) (Ta,0Os) and silicon (IV) oxide
(Si0y). The study includes the following steps:

— calculation of ARC design by studying the features
of the structure of TJ solar cell (InGaP / InGaAs / Ge)
obtained by gas phase epitaxy from metalloorganic and
hydride compounds;

— pilot-tests of manufacturing methods of ARC on
more accessible substrates;

— application of optimized ARC directly to the surface
of TJ solar cells (InGaP / InGaAs / Ge), measurement of
critical parameters;

— experimental estimation of ARC influence on the
solar cell characteristics.

Calculation of ARC based on Ta,05 and SiO, ma-
terials. For TJ solar cells (InGaP / InGaAs / Ge) obtained
by gas phase epitaxy from metalloorganic and hydride
compounds, we have carried out a series of ARC calcula-
tions based on (Ta,0s / Si0,), taking into account
the features of the solar cell structure. Calculations have
been performed in the program OptiLayer Thin Film
Software [9].

The maximum sensitivity of TJ solar cells based on
AIIIBYV is in the range 400—1500 nm, as it is shown in fig.
1 [10]. The long-wave part of the spectrum (from more
than 900 nm) is absorbed and transformed by germanium
subcell. When the subcells are connected in series, the
current contribution of the germanium subcell is not limit-
ing, so the lower stage has a significant current reserve,
which allows us to narrow the spectral optimization range
to 400900 nm. Thus, the calculation of the optimization
have been carried out taking into account the minimiza-
tion of reflection in the wavelength range 400-900 nm
of the solar radiation spectrum AMO.

It should be noted that there are not sufficient data in
the literature to perform the calculations, therefore, we
have performed experimental work to obtain dispersion
dependencies: each of the layers (Ta,Os and SiO,) has
been deposited on germanium substrates by electron-
beam evaporation in vacuum. Dispersion dependences of
the deposited layers have been obtained on a spectromet-
ric ellipsometer SENTECH’s SENpro in the wavelength
range 400-900 nm.

Dispersion dependences of refractive indices Ta,Os,
Si0,, InAIP u InGaP [11-14] used in the calculations are
shown in fig. 2.
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In calculations we have used characteristics of TJ
structures (InGaP / InGaAs / Ge): the upper subcell
is the layer of composition Ing 4Gag s, P with the thickness
> 0.5 pm and above it the wide-gap “window” of the
upper subcell is the layer of composition IngsAlysP with
the thickness varying from 35 to 100 nm. The thickness
of the “window” layer of the upper is comparable to the
thicknesses of the ARC layers and the spectral reflection
coefficients have large values in comparison with the
selected oxides, therefore, the epitaxial layers will have
a significant effect on the results of calculations ARC
(Ta,05 / Si0,). It should be noted that we have carried out
all the calculations for the light incidence angle 0°, i. e.
along the normal to the surface of a solar cell.
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Fig. 1. Spectral distribution of absorption intensity
of solar radiation for TJ solar cells
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Fig. 2. Dispersion dependences of refractive indices:
the dashed line is Ta,Os / Ge; the dot-dashed line
is Si0, / Ge; the solid line is InGaP, dotted line — InAIP

Puc. 2. [lucriepcoHHBIE 3aBUCUMOCTH TOKa3aTeIeH
MPEJIOMIICHHUS: TyHKTHpHAs JuHUA — Ta,05 / Ge; mrpux-
nmyHKTUpHas JuHUS — Si0, / Ge; CronIHas JINHAS —
InGaP; Toueunas yuuust — InAlP

Fig. 3 shows the calculated spectral characteristic (R (X))
for ARC consisting of tantalum oxide Ta,Os and silicon
oxide SiO,, taking into account the layer IngsAlysP, on
the layer Ing49GagsiP. The calculated thickness of ARC
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layers is 45 nm for Ta,Os and 60 nm for SiO,. The root-
mean-square deviation of the calculation results from the
target values is 3.9 %.
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Fig. 3. The calculated spectral characteristic (R (X))
for ARC (Ta,0s / Si0,) on the surface of the solar cell

Puc. 3. Paccuntannas criekTpansHas xapakrepuctuka (R(A))
st AOIT (Ta,Os / Si0,) na moBepxuoct CO

Confirmation of the correspondence between the cal-
culated and experimental values as well as the pilot-tests
of manufacturing methods have carried out in another
experiment that has included calculation part and physical
deposition of ARC layers on the glass substrate.

ARC test (Ta,0s5/ SiO,) on a glass substrate. To con-
firm experimentally the calculated data, we have chosen
glass substrates with geometric dimensions corresponding
to the overall dimensions of the solar cell and the thick-
ness of approximately 150 um, the number of substrates is
4 pieces. The deposition of ARC on selected samples has
been carried out by the electron beam method of sputter-
ing the target in a high-vacuum industrial equipment, fol-
lowed by the ARC thermal stabilization process.

The results of measuring the spectral dependence
of the reflection obtained with the help of Shimadzu
UV-3600 spectrophotometer for all four samples showed
good agreement with the calculated dependences. To con-
firm the uniformity of the coating, as well as the reliabil-
ity of the results for each sample, we have carried out
a series of measurements on different parts of the surface.

The data obtained during the measurement of the
spectral characteristics of the layers on a glass substrate,
practically coincide with the calculated values in the
greater part of the investigated range. It is shown in fig. 4.
This fact confirms the reliability of calculations and
allows us to expect such a matching of experimental and
calculated data for ARC on the surface of a three-stage
solar cell.

ARC (Ta,0s5/ SiO,) deposition on the TJ solar cell
surface. Having carried out a number of necessary
growth and build-up processes, we applied ARC
(Ta,O5/ Si0,) on the face of the solar cell in a similar
way in a high-vacuum equipment with the use of electron-
beam sputtering method and subsequent thermal
stabilization. The study of the spectral characteristic
(R(A)) of the obtained ARC, similar to the experiment
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with glass substrates, has been carried out on a spectro-
photometer.

The comparison of the experimental and calculated
spectral characteristics (R(A)) for ARC (Ta,Os / SiO;) on
the surface of a TJ solar cell (you can see it in fig. 5) showed
good agreement in the spectral range of the upper subcell,
and deviations do not exceed 3 %. The variance in the
region of more than 720 nm is explained by the presence
of a distributed Bragg reflector in the structure of the solar
cell between the second and the third subcell, which is not
taken into account in the calculations. It should be taken
into consideration that nanoscale ARC (Ta,Os/ Si0O,) can
have composition deviations from stoichiometry in real
layers, which can lead to additional measurement errors.

Unfortunately, the computational algorithms also do not
take into account the contribution of the reflection of the
metal contact mesh on the facial area of real samples. Thus,
according to estimates [15], the shading for the solar cell
of the standard size used in the experiment is 1.82 %.

The dimensions of the contact grid and their contribu-
tion to the reflection can be estimated from the image
obtained with the scanning electron microscope (SEM)
in fig. 6, a. This image (fig. 6, b) also shows the features
of real layers of ARC (Ta,Os / SiO;) on the solar cell.
The studies carried out with the help of SEM confirmed
the value of the given layer thicknesses taking into
account the measurement inaccuracy on the microscope

(fig. 6, ¢, d).
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Fig. 4. Comparison of the experimental and calculated spectral
characteristics (R(L)) for (Ta,0Os/ SiO,) ARC on a glass substrate:
solid line — experimental data, dotted line — calculated data

Puc. 4. CpaBHEeHHE SKCIICPUMEHTAIIBHBIX M PACYCTHBIX CIICKTPailb-
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HO¥ TOJIJIOKKE: CIUIOIIHAS JIMHUS — SKCIICPUMEHTAIIBHBIC JAHHBIE,
TOYEYHAs JINHKS — PACUCTHBIC JAHHBIC

R, %

'y

30 4
25 {

20

400 500 600 700 800 900
Wavelength, nm

Fig. 5. Comparison of the experimental and calculated spectral

characteristics (R(L)) for ARC (Ta,0Os / SiO,) on the surface of TJ

solar cell: solid line — experimental data, dotted line — calculated
data

Puc. 5. CpaBHeHHE SKCIICPIMEHTATBHBIX M PACUETHBIX CIICKTpPallb-

HbIX Xapaktepuctrk (R(A)) mis AOIT (Ta,0s5 / SiO,) Ha IOBEpXHOCTH

TpexkackagHoro CD: CIUIONIHAS JIMHUS — 3KCICPUMCHTAIbHBIC
JTAHHBIC, TyHKTUPHAS JIMHUS — PACUCTHBIC TAHHBIC
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Fig. 6. Results of ARC (Ta,0s / SiO,) study by SEM
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Fig. 7. Volt-ampere characteristic of a solar cell sample: the dotted
line is a solar cell sample without ARC, the dashed line is a solar cell
sample with ARC (Ta,Os / Si0O,)

Puc. 7. Bombr-ammepHas xapaktepuctrka obOpasma CD: TodeqHas
muaus — obpasery CD 6e3 AOIN, myHkTupHas nmuHus — obpaszen; CO
¢ AOII (Ta,Os / Si0,)

To estimate the effect of ARC (Ta,Os/ SiO,) on the spectrum before and after deposition of ARC on the
output characteristics of solar cells, we have performed surface of a TJ solar cell. The results of the experiment
the measurements of the volt-ampere characteristics of are shown in fig. 7. For processing the obtained data, we
solar cells using a pulsed radiation simulator in the AMO  have used the program for analyzing volt-ampere charac-
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teristics of photoelectric converters, which is an element
of technology support systems [16; 17].

According to the results of testing a batch of samples,
the short-circuit current (I;) increased on average by
122 mA after applying ARC (Ta,0Os/ SiO;) on the solar
cell, and the efficiency increased in average by 7.5 %.

Conclusion. We have made calculations of ARC
(Ta,0s5 / Si0,), taking into account peculiarities of struc-
ture of TJ solar cell (InGaP / InGaAs / Ge). The calcula-
tions allow suppose that the deposition of this coating is
rather promising.

The experiment in deposition of ARC (Ta,Os/ SiO,)
on the glass substrate allowed to draw conclusions about
its technological effectiveness, as well as the necessity of
performing a similar experiment on the surface of a TJ
solar cell and to select the necessary modes for carrying
out the process. The study of the spectral characterristic
R(X) of the obtained samples has showed the uniform-
ity of coating application in all positions of the samples in
a vacuum chamber.

Theoretically calculated and experimentally obtained
on the solar cell surface of ARC (Ta,Os/ SiO,) showed
an increase in the output characteristics of the solar cells,
namely, the I, increase was approximately 122 mA, and
the efficiency increased by about 7.5 %. Electron micro-
scopic study of the experimental samples of solar cells
(InGaP / InGaAs / Ge) showed the uniformity of ARC
(Ta,Os5 / Si0,), and, taking into account the inaccuracy,
confirmed the specified thickness parameters of the layer
thicknesses.

It should be noted that this coating is optimized for the
structure of TJ solar cells (InGaP / InGaAs / Ge) and does
not imply additional surface protection. However, for the
application of solar cells in space, the front and back sur-
faces of the device are laminated with special protective
glass. The design, which includes directly a solar cell with
ARC applied, glue and protective glass is called a stack.
The calculation does not take into account the design of
the stack, which can have a significant effect on the final
result. In the future, a full optical assembly (stack) of a TJ
solar cell (InGaP / InGaAs / Ge) with ARC (Ta,Os / Si0;)
should be calculated.
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