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1. Introduction

The majority of space satellites use electricity generated
by solar modules collected from a large number of
photovoltaic cells in order to supply functioning onboard
electronics. Triple junction solar cells, such as
InGaP/GaAs/Ge [1-3], are the most efficient and
preferable over the other solar cells made of Si, InP,
InGaP/GaAs, etc. [4]. Solar cells installed on
spacecrafts are exposed to high energy space radiation
[3] leading to degradation of their performance [1, 5].
To reduce the influence of high energy radiation
(protons, neutrons, electrons, X-rays) and to extend the
lifetime of the solar cells, they are protected by
transparent glass with thicknesses of 0.1 — 0.7 mm [5-
7]. To be an effective protector, the respective layers
should contain light chemical elements with Z < 13,
where Z is the nuclear charge, to protect solar cells from
the harmful effects of electrons with energies < 5 MeV,
and heavy chemical elements for resistance to protons
and X-ray radiation [6]. The first requirement is realized
through polyimide and polyurethane films, while the
second one is realized with the same films with
embedded nanocrystals containing heavy atoms such as

Cd, for example. It was demonstrated that resistance to 2
MeV proton radiation is much better for polyurethane
films doped by CdSe/ZnSe nanocrystals compared to
glass [8]. Under radiation, properties of both
nanocrystals and films can be changed. It is critical to
understand how these changes will influence the
transparency protective coatings of solar cells. In this
work, we investigate the influence of radiation on the
transparency of polyurethane films doped with
CdSe/ZnS nanoparticles.

2. Experimental details

Samples were prepared by embedding commercially
available CdSe/ZnS nanocrystals of known sizes into the
polyurethane oligomer mixture. Then, this mixture was
exposed to UV light. A ZnS shell prevents the
coagulation process of CdSe cores and provides
passivation of surface states at the boundary of the
CdSe-core and ZnS-shell.

To simulate the influence of radiation in the Van
Allen belt, the films were exposed to 2-MeV proton
radiation with the fluence increments within the range
10" to 9x10"° cm™.
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3. Proton radiation influence on absorption spectra of
the polyurethane films with embedded CdSe/ZnS
nanocrystals

The effect of proton radiation on the film transparency
with embedded CdSe/ZnS nanocrystals can be
demonstrated by analysis of the absorption spectra
shown in Figs. la and 2a. The undoped polyurethane
film is transparent for photons with energies < 3.5 eV.
The absorption spectrum of CdSe/ZnS nanocrystals is
located within the range of film transparency, and shows
a characteristic spectrum due to confined states of the
CdSe/ZnS nanocrystals. The absorption spectra for
CdSe/ZnS nanoparticles, with the size close to 4.5 nm,
before and after proton irradiation (fluence< 1x10'° cm™)
are almost identical. For higher fluence doses, the high
energy part of the spectrum shifts towards low energies.
However, the spectral positions of exciton peaks are
unchanged and do not depend on fluence doses (see
Fig. 1a).

For films with 5-nm CdSe/ZnS nanocrystals used
as a protective coating, the main disadvantage is
significant absorption caused by the nanocrystals in the
transparency range of the matrix. This problem can be
overcome by embedding nanocrystals of smaller sizes
into the films. By using the smaller nanocrystals, the
absorption spectrum will exhibit a blue shift due to the
increased energy separation between quantized states in
the conduction and valence bands of quantum dots with
smaller sizes (Fig. 2a).
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For films with embedded CdSe/ZnS nanocrystals
with sizes close to 2.6 nm, the absorption spectra are
practically identical before and after exposure by proton
fluence doses of < 1x10" cm™. An increase of proton
fluence causes a low energy shift of the spectra of the
polyurethane film, while the spectral position of the
excitonic peaks stays the same (see Fig. 2a). Changes in
the absorption spectra are a result of the following
processes. The high energy protons interacting with the
polyurethane film with CdSe/ZnS nanoparticles cause:
(1) breaking polymer bonds, creating a variety of new
defects and establishing new polymer bonds, which lead
to increased absorption at the band edge; (2) decreasing
the passivation at the boundary of the CdSe core and
ZnS shell, followed by the nucleation of large amounts
of recombination centers; (3) displacement of Zn and S
atoms as well as Cd and Se atoms from lattice sites of
the shell and the core, respectively. These processes
result in the generation of vacancies and the appearance
of interstitial Cd and S atoms in the ZnS shell. In
addition, diffusion of atoms from the core to the shell,
and vice-versa, is possible under proton irradiation.

The non-stoichiometry in the CdSe core was found
to be only a few percent for the samples not irradiated by
protons [9]. This means that proton irradiation does not
affect on the absorption spectrum of the CdSe
nanocrystals but does effect on the absorption spectrum of
the matrix where nanocrystals are embedded.
Furthermore, the energy position of the absorption bands
caused by optical transitions between the quantum

e
=
at
i ot X
S 5 3
S w -
i g
20+ oy
g' o
-
EL 1.0+F
v
0.0 -._J '. - [ L T |
1.5 20 25 30 35 40
hv, eV

b

Fig. 1. Effect of proton fluence on the absorption spectra of polyurethane films with 4.5 nm CdSe/ZnS nanocrystals (a) and on
absorption spectra polyurethane matrix itself (b). Reference absorption spectrum for the matrix without nanocrystals and not
exposed to proton radiation is shown on both graphs. Absorption spectra for films with nanocrystals and the film without
nanocrystals are shown on Figs. 1a and 1b, respectively, under different doses of proton radiation. E, corresponds to the excitonic
absorption by nanocrystals. Solid line on Fig. 1b represents the absorption spectrum matrix itself. Arrows indicate the energies for
band edges of the matrix under different doses of proton fluence. The values of proton fluence are given for clarity.
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Fig. 2. Effect of proton fluence on the absorption spectra of (a) polyurethane films with 2.6 nm CdSe/ZnS nanocrystals and (b)
polyurethane matrix. Reference absorption spectrum for the matrix without nanocrystals, and not exposed to proton radiation is
shown on both graphs. Absorption spectra for films with nanocrystals and the film without nanocrystals are shown on Figs. 2a and
2b, respectively, under different doses of proton radiation. E., corresponds to the excitonic absorption by nanocrystals. Solid line
on Fig. 2b represents the absorption coefficient for the reference matrix. Arrows indicate the energies for band edges of the matrix
under different doses of proton fluence. The values of proton fluence are given for clarity.

confined states of the nanocrystals does not depend on the
value of the proton fluence (see Fig. 1a and 2a). However,
changes in the shape of the absorption spectra are present
mainly due to an increase of defect concentration in the
matrix with an increase of the proton fluence.

In order to estimate influence of the proton
irradiation on the energy position of the absorption
spectrum inherent to the matrix itself, one could subtract
the absorption spectrum of the matrix with nanocrystals
non-irradiated by protons from the absorption spectrum
of the proton irradiated one (Figs. 1b and 2b). We note
here that the results of such a procedure shows the
energy position of the absorption spectrum for the matrix
with the 4.5-nm nanocrystals (exposed to proton fluence
of 1.01x10" em) fits well to the absorption spectrum of
the non-irradiated matrix. We observed the same result
for the matrix with 2.6-nm nanocrystals exposed to the
proton fluence 1.0x10" cm™ Figs. 1b and 2b
demonstrate the effect of proton fluence on the
transparency of the protective coating made of the
polyurethane film doped by CdSe/ZnS nanocrystals.

One can estimate the effect of proton irradiation on
protective coatings made of polyurethane films by
comparing the measured absorption spectra to the AMO
standard [10], as it is demonstrated in Fig. 3. It is
obvious that proton irradation results in the shift of the
absorption band edge of coating and in the decrease of
the solar power incoming to the solar cell. In particular,
for the fluence close to 6.5x10" cm™ more than half of
the incident solar light cannot reach the solar cell.
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Fig. 3. Demonstration of the effect of proton fluence on the use
of solar energy for electrical power generation. Arrows
represent the spectral positions of band edges of the matrix for
different doses of proton fluence. Similarly, the band edge for
the reference matrix without nanocrystals and not exposed to
protons is shown.
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4. Conclusions

Optical degradation of polyurethane films with
embedded CdSe/ZnS nanocrystals is a result of
degradation of the polyurethane film itself, but is not
affected by the change in the properties of the
nanocrystals. For the proton fluence 1x10' cm™, these
films show a significant reduction in the level of
protection for solar cells.
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1. Introduction 

The majority of space satellites use electricity generated by solar modules collected from a large number of photovoltaic cells in order to supply functioning onboard electronics. Triple junction solar cells, such as InGaP/GaAs/Ge [1-3], are the most efficient and preferable over the other solar cells made of Si, InP, InGaP/GaAs, etc. [4]. Solar cells installed on spacecrafts are exposed to high energy space radiation [3] leading to degradation of their performance [1, 5]. To reduce the influence of high energy radiation (protons, neutrons, electrons, X-rays) and to extend the lifetime of the solar cells, they are protected by transparent glass with thicknesses of 0.1 – 0.7 mm [5-7]. To be an effective protector, the respective layers should contain light chemical elements with Z ≤ 13, where Z is the nuclear charge, to protect solar cells from the harmful effects of electrons with energies ≤ 5 MeV, and heavy chemical elements for resistance to protons and X-ray radiation [6]. The first requirement is realized through polyimide and polyurethane films, while the second one is realized with the same films with embedded nanocrystals containing heavy atoms such as Cd, for example. It was demonstrated that resistance to 2 MeV proton radiation is much better for polyurethane films doped by CdSe/ZnSe nanocrystals compared to glass [8]. Under radiation, properties of both nanocrystals and films can be changed. It is critical to understand how these changes will influence the transparency protective coatings of solar cells. In this work, we investigate the influence of radiation on the transparency of polyurethane films doped with CdSe/ZnS nanoparticles.


2. Experimental details


Samples were prepared by embedding commercially available CdSe/ZnS nanocrystals of known sizes into the polyurethane oligomer mixture. Then, this mixture was exposed to UV light. A ZnS shell prevents the coagulation process of CdSe cores and provides passivation of surface states at the boundary of the CdSe-core and ZnS-shell.


To simulate the influence of radiation in the Van Allen belt, the films were exposed to 2-MeV proton radiation with the fluence increments within the range 1013 to 9×1015 cm-2.


3. Proton radiation influence on absorption spectra of the polyurethane films with embedded CdSe/ZnS nanocrystals


The effect of proton radiation on the film transparency with embedded CdSe/ZnS nanocrystals can be demonstrated by analysis of the absorption spectra shown in Figs. 1a and 2a. The undoped polyurethane film is transparent for photons with energies ≤ 3.5 eV. The absorption spectrum of CdSe/ZnS nanocrystals is located within the range of film transparency, and shows a characteristic spectrum due to confined states of the CdSe/ZnS nanocrystals. The absorption spectra for CdSe/ZnS nanoparticles, with the size close to 4.5 nm, before and after proton irradiation (fluence≤ 1×1015 cm-2) are almost identical. For higher fluence doses, the high energy part of the spectrum shifts towards low energies. However, the spectral positions of exciton peaks are unchanged and do not depend on fluence doses (see Fig. 1a).
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For films with 5-nm CdSe/ZnS nanocrystals used as a protective coating, the main disadvantage is significant absorption caused by the nanocrystals in the transparency range of the matrix. This problem can be overcome by embedding nanocrystals of smaller sizes into the films. By using the smaller nanocrystals, the absorption spectrum will exhibit a blue shift due to the increased energy separation between quantized states in the conduction and valence bands of quantum dots with smaller sizes (Fig. 2a).


      For films with embedded CdSe/ZnS nanocrystals with sizes close to 2.6 nm, the absorption spectra are practically identical before and after exposure by proton fluence doses of ≤ 1×1014 cm-2. An increase of proton fluence causes a low energy shift of the spectra of the polyurethane film, while the spectral position of the excitonic peaks stays the same (see Fig. 2a). Changes in the absorption spectra are a result of the following processes. The high energy protons interacting with the polyurethane film with CdSe/ZnS nanoparticles cause: (1) breaking polymer bonds, creating a variety of new defects and establishing new polymer bonds, which lead to increased absorption at the band edge; (2) decreasing the passivation at the boundary of the CdSe core and ZnS shell, followed by the nucleation of large amounts of recombination centers; (3) displacement of Zn and S atoms as well as Cd and Se atoms from lattice sites of the shell and the core, respectively. These processes result in the generation of vacancies and the appearance of interstitial Cd and S atoms in the ZnS shell. In addition, diffusion of atoms from the core to the shell, and vice-versa, is possible under proton irradiation.


The non-stoichiometry in the CdSe core was found to be only a few percent for the samples not irradiated by protons [9]. This means that proton irradiation does not affect on the absorption spectrum of the CdSe nanocrystals but does effect on the absorption spectrum of the matrix where nanocrystals are embedded. Furthermore, the energy position of the absorption bands caused by optical transitions between the quantum 
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confined states of the nanocrystals does not depend on the value of the proton fluence (see Fig. 1a and 2a). However, changes in the shape of the absorption spectra are present mainly due to an increase of defect concentration in the matrix with an increase of the proton fluence.


In order to estimate influence of the proton irradiation on the energy position of the absorption spectrum inherent to the matrix itself, one could subtract the absorption spectrum of the matrix with nanocrystals non-irradiated by protons from the absorption spectrum of the proton irradiated one (Figs. 1b and 2b). We note here that the results of such a procedure shows the energy position of the absorption spectrum for the matrix with the 4.5-nm nanocrystals (exposed to proton fluence of 1.01×1015 cm-2) fits well to the absorption spectrum of the non-irradiated matrix. We observed the same result for the matrix with 2.6-nm nanocrystals exposed to the proton fluence 1.0×1014 cm-2. Figs. 1b and 2b demonstrate the effect of proton fluence on the transparency of the protective coating made of the polyurethane film doped by CdSe/ZnS nanocrystals.


One can estimate the effect of proton irradiation on protective coatings made of polyurethane films by comparing the measured absorption spectra to the AM0 standard [10], as it is demonstrated in Fig. 3. It is obvious that proton irradation results in the shift of the absorption band edge of coating and in the decrease of the solar power incoming to the solar cell. In particular, for the fluence close to 6.5×1015 cm-2 more than half of the incident solar light cannot reach the solar cell.
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Fig. 3. Demonstration of the effect of proton fluence on the use of solar energy for electrical power generation. Arrows represent the spectral positions of band edges of the matrix for different doses of proton fluence. Similarly, the band edge for the reference matrix without nanocrystals and not exposed to protons is shown.

4. Conclusions


Optical degradation of polyurethane films with embedded CdSe/ZnS nanocrystals is a result of degradation of the polyurethane film itself, but is not affected by the change in the properties of the nanocrystals. For the proton fluence 1×1014 cm-2, these films show a significant reduction in the level of protection for solar cells.
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Fig. 2. Effect of proton fluence on the absorption spectra of (a) polyurethane films with 2.6 nm CdSe/ZnS nanocrystals and (b) polyurethane matrix. Reference absorption spectrum for the matrix without nanocrystals, and not exposed to proton radiation is shown on both graphs. Absorption spectra for films with nanocrystals and the film without nanocrystals are shown on Figs. 2a and 2b, respectively, under different doses of proton radiation. Eex corresponds to the excitonic absorption by nanocrystals. Solid line on Fig. 2b represents the absorption coefficient for the reference matrix. Arrows indicate the energies for band edges of the matrix under different doses of proton fluence. The values of proton fluence are given for clarity.
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Fig. 1. Effect of proton fluence on the absorption spectra of polyurethane films with 4.5 nm CdSe/ZnS nanocrystals (a)  and on absorption spectra polyurethane matrix itself (b). Reference absorption spectrum for the matrix without nanocrystals and not exposed to proton radiation is shown on both graphs. Absorption spectra for films with nanocrystals and the film without nanocrystals are shown on Figs. 1a and 1b, respectively, under different doses of proton radiation. Eex corresponds to the excitonic absorption by nanocrystals. Solid line on Fig. 1b represents the absorption spectrum matrix itself. Arrows indicate the energies for band edges of the matrix under different doses of proton fluence. The values of proton fluence are given for clarity.
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