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Abstract. Comparative analyses of diamond and diamond like carbon film optical properties
prepared by laser and chemical vapor deposition methods are represented in this work. It was
obtained that DF and DLC films have optical properties enabling to use them as antireflec-
tion coatings for solar cells. Application of both film types as protective antireflection coat-
ings for solar cells operating under Earth conditions has enabled to increase solar cell effi-
ciency up to 19.5 %. Solar cell degradation characteristics when using DLC coatings under
space radiation conditions are represented. It was obtained that application of DLC films
prepared by chemical deposition method at self-bias voltage —300 V has allowed to consider-

ably reduce short-circuit current degradation as compared with that of another protective coatings.
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1. Introduction

The synthesis and investigation of new band gap materials
is one of the leading directions in electronics. It is con-
cerned with necessity to develop the coatings for optics,
elaborate new photodetectors in ultraviolet range, develop
new functional layers for electronic devices. That is why
the big attention is given to deposition and researching of
diamond (DF) and diamond like carbon film (DLC) proper-
ties which, besides large values of their band gaps, have
also properties making these films especially attractive for
application in electronics. There are high radiation and
chemical resistance, high thermal stability and thermal con-
ductivity. But the most important and interesting is the pos-
sibility to control film properties during deposition process
via changing technological regimes. DF and DLC films can
be obtained by all known vacuum methods. We could syn-
thesize the films with various properties in dependence on
deposition method. Even within one technology deposi-
tion method, changing only one technological parameter,
we can obtain films from soft polymer-like compound to the
hard diamond-like carbon ones. The laser and chemical vapor
deposition methods are more widely spread and well-devel-
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oped as film—synthesizing methods. We studied optical and
protective properties of DF and DLC films prepared by these
two methods for their future application as antireflection
and protective coatings for solar cells.

2. The deposition technology and experiments

The DLC films were deposited by r.f. glow discharge in a
parallel plate reactor [1]. The r.f. power (13.56 MHz)
was applied to the lower electrode. The DLC films of
0.4-0.6 pm thickness were deposited on silicon substrates
using methane decomposition in the working gas mixture
with nitrogen and hydrogen.

The DF with thicknesses 0.4—1.0 pm were deposited on
silicon and silica substrates by laser sputtering of carbon
target using the equipment of pulse laser deposition
“Kvant” [2]. The laser power density was changed from
5-107up to 5-101° W/ecm?, and substrate temperature during
the process deposition was changed from 298 to 673 K.

Film transmittance and reflection spectra were measured
in the wavelength range 200-800 nm. The spectrophotom-
eter «SSPECORD UF VIS» was used for this investiga-
tion. The reflection spectra were measured using a stand-
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ard reflection attachment. The angle of light incidence
on the sample was 20°. The refraction coefficient was
measured by the ellipsometer LEF-3M via polarization
angle determination, measurement accuracy of which
does not exceed three arc minutes.

The solar cell samples were tested under high energy
electron and proton fluxes with energy 10 MeV on
microtron M30 (Institute for Electron Physics, Uzgorod),
combined effect of low energy electrons and protons,
E =170 keV (Physics-and-Technical Institute of Low
Temperatures, Kharkov) with different equivalent orbit
staying (on orbits 670, 8000, 36000 km). The pieces of
honeycomb structure silicon solar cells moduli were tested
on proton flux exposure at the Scientific Center “Institute
for Nuclear Researches”, NASU, Kyiv. The proton flux was
changed from 3000 to 300'3 1/cm? at the energy value
20MeV.

3. DF and DLC optical properties

Optical absorption and reflection researches allow getting
information about such basic optical parameters of the ma-
terials as an absorption coefficient, coefficient of refrac-
tion, band gap. At first, we demonstrate the DF optical prop-
erties prepared by laser deposition method. The high and
low resistance DF were deposited on silica substrates with
sizes of 10x20 mm?. Film transmission spectra were normal-
ized on substrate transmission spectra. The film spectra
had no pronounced absorption edge, and film transmission
was increased at decreasing wave number (Fig.1). Such
spectrum behavior is typical for DF and stems from the
electron structure of these materials [3]. The DF spectra of
both types differ sufficiently: the higher resistance films
have a higher transmission coefficient in comparison with
the low resistivity ones in all researched spectral range.
The increasing absorption coefficient in low resistance DF
is possibly caused by a larger part of sp? coordinative bonds
in comparison with content of sp> — bonds.

DF absorption coefficient a estimation was fulfilled di-
rectly from transmission spectrum using the formula (1) [4]:
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Fig.1. Transmissions spectrum of diamond films with different
specific resistances.
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where dis a film thickness, /y(A) is an intensity of illumina-
tion that passes through substrates without DF, I(A) —in-
tensity of illumination that passes through substrates with
DF. The accuracy of absorption coefficient determination
using this method was 10 %.

The absorption coefficient of both types DF depend-
ence on wavelength is represented on Fig.2. These trans-
mission spectra of DF with p=9-10" Q-cm, p=1-10°Q-cm
and p=0.12 Q-cm were else normalized relatively transmis-
sion substrate spectrum. The DF band gap E, was calcu-
lated from DF absorption coefficient dependence on
wavenumber using the formula:

(ahv)'2 = B(E,—hv) Q)

where AV is a quantum energy, B is a constant, @ is an
absorption coefficient of the film.

The plot of dependences (ahv)!2 versus hv (the Tauc
plot) using for investigated DF with different specific re-
sistance band gap determination is represented in Fig. 3.
We can see that film spectra have “tails” that are caused by
carbon phase presence. Calculation of band gap values by
the formula (2) for diamond film phase resultsin4.0-4.35 ¢V,
while for carbon phasein 1.2-2.2eV.

The reflection spectra of high and low resistance DF
(Fig. 4) demonstrate weak reflection of light for both DF
types in the range 200-800 nm. We observe the monoto-
nous decrease of reflection coefficient from 0.25 to 0.08 at
decreasing wavelengths for low resistance films and from
0.11t0 0.03 for high resistance films. From the viewpoint of
solar cell application, the results of optical characteristics
investigation of diamond films deposited by laser sputter-
ing demonstrate that these synthesized films can be shown
asinitial material for converters with sensibility in ultravio-
let as well as in visible spectral ranges.

The next type of the films were diamond like carbon
films prepared by chemical deposition method at two differ-
ent self-bias voltages Uy, 1) soft DLC films prepared at
U=—100V (DLCyop1); 2) hard DLC at Uy,;=—300 V (DLCyzrq)-
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Fig.2. Absorption coefficient of diamond films with different spe-
cific resistance as dependent on wavenumber.
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Fig.4. Reflection spectrum of diamond films with different specific
resistance

Itis known that self-bias voltage is one of the most impor-
tant technological parameters, changing which we got films
with hardly distinguished properties. During DLC,; opti-
cal properties investigation made in the Institute of Semi-
conductor Physics (Kiev) [5,6], it was obtained that at self-
bias voltage variation we can obtain amorphous DLC with
refraction coefficient n from 1.6 to 2.2. When we increase
the methane content in gas mixture and decrease the self-
bias voltage, we deposit the films with small refraction co-
efficient magnitude. The optical band gap films withn=1.6
is 3.3 eV. At small self-bias voltage that does not exceed —
300V, there is a process of soft carbon films formation with
a relatively high value of the band gap (E, > 3 eV). With
increasing . f. voltage, film-formation process with larger
content of carbon-carbon bonds takes place, and these films
transform into diamond like carbon films DLC;,,,q with hy-
drogen concentration up to 20 %. The optical band gap in
this case is not more than 2.0 eV. The investigation of DLC;,.4
[7] demonstrated that addition of 10-15 % nitrogen to gas
mixture enables to obtain the films with n = 1.9 that is opti-
mum value for applying these films as antireflection coat-
ings on silicon.

500, 4(4), 2001

So, we can obtain the DLC films with previously fixed
optical properties due to possibility to change special
technological conditions that were found and investi-
gated.

4. Antireflection and protective properties for
solar cells

For getting information about possibility to use investi-

gated films as antireflection coatings the DF and DLC
films were deposited on silicon solar cells. Deposition
DF with thickness of 0.1 pm on silicon cell working sur-
face allows to increase the short circuit current and effi-
ciency by 40 % in comparison with non-covered solar
cells. The obtained results are mainly determined by the
surface blooming effect due to reflection coefficient de-
creasing in the operative wavelength range. From reflec-
tion spectra of the solar cells in Fig. 5, there is the result
that 0.1 pm DF coating leads to reflection coefficient
decreasing in the solar cell operative range by 3.5 times
for the short wave range 460-600 nm. Hence, DF deposi-
tion provides an increase of the solar cell efficiency due
to blooming effect. Besides, the formed coating has high
mechanical and chemical resistance. From our results
follows the doubtless prospects of DF application as so-
lar cell antireflection coatings.

From the results for DLC, it was obtained that solar
cell reflection coefficient with DLCy,,,q was decreased to
0.1 %, the efficiency has increased in 1.3-1.4 times in
comparison with bare solar cells [8]. The efficiency increase
takes place mainly due to short circuit current increase by
1.4-1.5 times. The open circuit voltage and fill factor did
not changed.

We researched the DLCp; that have the required value
of the refraction coefficient 1.9. The investigation results
[9]demonstrated that DLC,,¢ deposition has provided the
short circuit current density increasing and solar cell open
circuit voltage by 42 % and 12 %, accordingly. It were car-
ried out the tests on many-fold temperature cycling, high
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Fig.5. Solar cell reflection spectrum: (a) — bare solar cell, (b) —
diamond film coating with thick 0.1 pm
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(373 K) and low (213 K) temperature impact, humidity
98 % at temperature 308 K and proton influence. These
tests confirmed the DLC high resistance properties. Un-
der conditions of Earth application test AM1.5, power
radiation 1000 W/m2, T = 293 K our solar cells with
DLC,, coatings had such parameters:

- open circuit voltage U,,, mV 627

- short circuit current density j,., mA/cm?

- fill factor FF, rel. units 0.79
- efficiency n, % 19.5

39.4

The solar cells radiation damages on the space orbit
and gradual decrease of efficiency stem from an action of
protons and electrons. The particles creating most of
damages in solar cells have (before passages through so-
lar cell coating) energy in the range from 0.2 to 1 MeV
for electrons and from 4 to 40 MeV for protons.

The space radiation influence on solar cell parameters
differs from that of initial radiation in outer space, because
the initial energy spectrum and initial particles flux density
undergo changes after passages through protective coat-
ings. Under radiation impact, the solar cell coating changes
its color (becomes more dark), as a consequence, the coat-
ings absorb some larger quantity of solar illumination. The
increasing absorption leads to decreasing module output
power owing to decrease of illumination quantity reaching
solar cell working surface and to increase of operating
temperature. It resuls in decreasing efficiency of semicon-
ductor elements owing to decreasing energy of the p-n junc-
tion barrier, dropping photo-electromotive force and increas-
ing reverse current through p-n junction.

The solar cell current-voltage characteristics after elec-
tron irradiation are shown in Fig. 6. From represented re-
searches, it was obtained that under high-energy electron
impacts we can first of all observe short circuit current de-
crease. The similar behavior is typical for solar cells under
some radiation impact, energy of which is enough for de-
fect generation along all the depth of their working range.
The current decrease is mainly happened as a result of car-
rier congregating aggravation in the long wave sensitivity
range stimulated by decreasing free length L, in the solar
cell base. The L; changing influences on reverse current p-
njunction value. So, the saturation current /~L; !, photo
electromotive force of irradiated solar cell drops in InZ;, pro-
portion.

During experiments we used different types of solar cell
coatings: 1) DLCyo¢; 2) DLCparg; 3) ZnS films;
4) TiO, films; 5) SizNy films. Measured were short circuit
current I, and open circuit voltage U, values for all
solar cells with different coatings. Our results demon-
strate that solar cells with DLCy,,q have higher U,,. val-
ues than for solar cell with TiO, and were more effective
as compared to solar cells with SisNy. The best samples
of solar cells with DLC,,;4 have demonstrated the following
results: U,, = 0.625 V, j,. = 40 mA/cm?2, FF = 0.792,
n =15.8 % under AMO conditions when using, irradiating
power 1360 W/m?and T=313K.
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Fig.6. Load current-voltage characteristics of the solar cell under
electron action with energy 1 MeV at different electron fluxes: 1—
1015; 2-10'%; 3-10'3; 4-10'2 cm 2.

Solar cell tests on proton and electron impact were car-
ried out in two regimes: 1) accelerated electron energy
E, =10 MeV, electron flux density D, = 5.200'"! ecm2s 1,
electron flux F, = 1.4800!% cm2, irradiation time
T=12988s;2) E,= 10 MeV, D, = 1.2500'° cm 25!,
F,=1.4800"cm™2, 7=12432s.

The investigation show that the solar cells with bloom-
ing DLCy,,q coatings have the least degradation of pa-
rameters, while the solar cells with DLC,¢ have the big-
gest degradation changing. After solar cells irradiation
by high energy electrons, there were happened such ag-
gravation () of solar cells parameters by: W U,,.)=3-10 %;
WL)=38-55%; WFF)=13-16%; Y1n)=32-50 %. The re-
sults of studying solar cells with DLCy¢ under proton and
electron irradiation represented in the work [10] pointed on
good protective DLC, g properties. The difference in ob-
tained results could be explained by the fact that authors
carried out irradiation using smaller proton energy (50, 100
and 150 keV), when the pointed films kept their protective
properties yet.

The largest degradation for solar cells with DLCg,p, can
be explained by the fact that DLC,p film structure is rather
polymer-like compound than amorphous, and these films
have larger hydrogen content in their structure. That is
why these films are subjects to radiation damage. Under
action of high-energy electrons, the carbon-carbon and car-
bon-hydrogen bonds are damaged, which results in extrac-
tion of hydrogen followed by changes in optical properties
OfDLCSOft.

The largest relative changes (31-54 %) are referenced
to the case of short circuit current:

- solar cells with DLCy,q 31...32%;
- solar cells with ZnS 37...40%;
- solar cells with DLCy5 52...54%.

The relative changes of open circuit voltage were in the
range 8-11 %, fill factor 14-16 % for all solar cell types.
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Thus, under high-energy electron irradiation the life-
time of minority carriers in a base and antireflection coating
transparency decreasing are the basic degradation results.

The results of comparative analysis demonstrated that
the degree of efficiency decrease for solar cells with coat-
ing based on DLCy,,q (in average 32 %) is substantially
smaller than for those with ZnS coatings (~40 %).

After proton flux impact with energy 20 MeV, it was
obtained that solar cells with DLCy,,4 antireflection coat-
ings have minimum degradation degree. When proton irra-
diation increases more than 1013 cm 2, the efficiency sharply
drops in average by 80-85 %.

Conclusions

As aresults of investigations DF and DLC films prepared
by laser and chemical-vapor deposition, it was obtained
that indicated technological methods allow to get wide
band gap films with refraction and reflection coefficients
satisfying demands of blooming coatings on silicon. How-
ever, the chemical deposition method enables to directly
vary values of indicated film optical parameters using self-
bias voltage changing and nitrogen incorporation to gas
mixture. It was found that solar cells with DLC deposited at
selfbias voltage —300 V and nitrogen content in the mixture
within 1015 % have the optimum refraction coefficient n =
1.9 and satisfy microhardness requirements. Application of
these films as protective coatings against high energy pro-
ton and electron irradiation enabled to provide factor-of-
10-15 decrease of degradation characteristics in these so-
lar cells in comparison with non-covered solar cells that
points on good perspectives for applying such films in sat-
ellite moduli.
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