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Abstract

Reflectance calculation for various single-, double- and triple-layer Antireflection coatings
(ARCs) on silicon substrate are presented. A calculation program is developed to determine the
optimum thickness and the refractive index of each layer at a single wavelength for optoelec-
tronic applications and through the visible spectrum for photovoltaic applications.

Ta,Os, ZnS, Al,O, single layer, MgF,/Zns double layer and MgF,/Al,O,/ZnS triple layer
ARC systems are deposited on silicon substrate using electron beam and thermal evaporation
as deposition techniques. The reflectance as a function of the wavelength of AR coating systems
on silicon substrate is measured. All curves show good accordance between the theoretical and
the experimental reflectance. As application in the photovoltaic field, a ZnS single-layer AR
coating is evaporated on concentrator silicon solar cells. Spectral response and current—voltage
characteristics are measured before and after ZnS ARC deposition to estimate the improvement
of the cell performances. Short-circuit current and cell efficiency are increased by about 31%
and 29.4%, respectively. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

It is well known that the application of one or more antireflection coating layer on
the front surface of the photovoltaic cells and optoelectronic devices (Lasers, IR
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diodes, etc) reduces the amounted reflection of the incident light, which improves
the device performance [1-5]. Kern and Tracy [6] have observed an increase of
observed an increase of about 44% of the cell efficiency after spraying TiO, single-
layer ARC. Green et al. [7] have used MgF,/ZnS two-layers on silicon cells with
19.1% efficiency. The use, for silicon solar cells, of more than two layers ARCs in
practice is limited.

The theory of antireflection coating is examined by many authors [8-11] for
determining the optimum thickness and materials to be used as ARCs on polished or
textured silicon. The matrix method [11] is usually employed for calculation of
reflection coefficient.

In this paper, we present the result of calculations obtained by our computer
programme of one-, two- and three-layer ARCs on silicon substrate. Theoretical
results are shown in Section 1

The process of the cell fabrication is presented in Section 2. In Section 3 we give the
experimental measurements of optical and electrical characterisation and discussion
about these results.

2. Theory

Direct matrix method is used to evaluate the reflection coefficient of a multilayer
system on silicon substrate. The system of N layers, Fig. 1, is characterised by the
equivalent matrix M.,, which relates the amplitudes of electromagnetic field compo-
nents at the (Nth) interface with the incident electromagnetic field components.

The equivalent matrix of N layers interlocked between two semi-infinite mediums is
given in Ref. [12]

i=N ' cosp;  (i/nS") sin @;
M =[] < ot - (1)
J=1 lnj Sin Qj COS ®Pj
where i = — 1, n; is the refractive index of jth layer, ¢; is the phase thickness of jth

layer, @; = 2n/An"" d;, n§'" = n; cos 0; for parallel polarisation, n§"" = n; /cos 0; for

Fig. 1. A multilayer stack scheme of N layers on a semi-infinite substrate n,.
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perpendicular polarisation and 0; is the incident angle in the layer j. It is calculated
from the Snell’s law:

nj—ysin0;_; = n;sin 0;

Many different types of optoelectronic devices such as LASER and IR photo-diodes
need a very low reflectance at a defined wavelength (4) [13]. The antireflection coating
system (one layer or more) for each application are calculated for a minimum
reflectance R(/). Analytical or contour methods are generally used to determine the
optimum parameters (n, d) of the optical films.

For photovoltaic cells it is important to have a minimum reflection over all the
visible spectrum (300-1100 nm). The cell performance is influenced by other para-
meters such as the photon flux F(4) and the cell internal quantum efficiency Q; (1)
[1,8]. Since the reflection coefficient needs to be minimised where F(1) and Q; (4) have
their maximum values, the weighted reflectance R,, is calculated from Ref. [8]:

R, 5 Fi2) Q0) R() d2
VTR FG) 0 di

(2)

Silicon substrate is considered absorptive and the dispersion law is taken into
account using data from Refs. [14,15]. Materials used as ARCs are assumed to be
transparent. Values of F(/) and Qy(1) used in the programme are extracted from
[16,17] corresponding to the AM 1.5 solar spectrum.

Various methods have been used for the design of a multilayer optical thin film
system [ 18-20]. In this case, the contour method [17,22] is used for determining the
optimal parameters.

The refractive index n and thickness d are determined with the minimal weighted
reflectance R,,.

2.1. Single-layer ARC

2.1.1. Single wavelength

In some applications (Laser, photodiodes etc.) zero reflectance is needed at a single
wavelength or throughout a narrow spectrum band. For determining the optimum
thickness and refractive index with a minimum reflectance, the following equations
are deduced from Eq. (1):

n = (non, — (noky)/(no — ny))''?, )
d = (4/2m) arctg ([no(no — ny)/(nok)], 4)

where ny is the refractive index of the incident medium, n, the refractive index of the
substrate and k, the extinction coefficient of the substrate. For each wavelength we
have to calculate n and d which give R(Z) = 0 from Eqgs. (3) and (4), respectively. Fig. 2
shows the curves of the optimum values of n and d.
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Fig. 2. Optimum values of (n,d) pairs vs. wavelength for a single antireflection coating on silicon. Each pair
(n,d) gives zero reflection at a defined wavelength.
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Fig. 3. Reflectance spectra vs. wavelength for some optimised single-layer antireflection coating on silicon.

Fig. 3 illustrates the reflectance spectra of three optimised single-layer ARC systems
on silicon substrate. For a lower value of n, a higher corresponding value of d is
obtained (Egs. (3) and (4)) and we show that the minimum reflectance is shifted to the
long-wavelength spectral region (Fig. 3).
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2.1.2. UV-visible spectrum

Weighted reflectance are calculated from Eq. (2) for determining the optimum
values of n and d with R,, minimum. Results are illustrated in Fig. 4. The lowest value
R,, — 6.2% is obtained with n = 1.96, d = 86 nm. This value n = 1.96 can correspond
to the TiO, deposited by spray [6] or to CeO by vacuum evaporation [2]. Taking into
account experimental data [1,2,6] of materials used usually as AR coatings we have
calculated some single-layer ARC:s for silicon solar cells. From Table 1 we show that
the minimum of R,, is higher than the optimised value due to fluctuation of the
refractive index.

2.2. Two-layer ARCs

2.2.1. Single wavelength

The Schustter diagram [21] for silicon substrate is established to choose the
optimum index of the inner and outer layers. A diagram in which n,, the refractive
index of the inner layer is plotted against ny, the refractive index of the outer layer. It
illustrates the conditions which give a zero reflection:

AB/CD >0

where
A=ny—n,, B=neni—nin,,
C =nong—n3, D=n}—ngng,

For more details, Ref. [21] gives explicitly the different steps of calculations.
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Fig. 4. Contours of weighted reflectance for a single-layer AR coating on silicon as a function of thickness
and refractive index.
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Table 1
Optimised single-layer AR coating on polished silicon substrate

Material TiO,(Spray) Ta,05 ZnS SiO,
Refractive index (n) 2.0 2.1 2.3 1.46
Thickness d(nm) 82.0 80.0 68 110
Weighted reflectance R,,% 8.9 9 10.7 11.77

The design with low-high index on silicon substrate in which the outer layer has the
low refractive index and the inner layer has high refractive index is used. This choice is
based on the spectral stability of the coating and for low reflectance. Stability means
that the low-reflectance spectrum changes very slightly with thickness and refractive
index variations. Generally, the experimental conditions affect the thickness and
refractive index values of the deposited layer and, consequently, the desired low
reflectance value. Calculations show that the L-H design gives more advantage than
the H-L design to keep the low reflectance value with the variations of n and d of each
layer in the ARC system during deposition. The most stable coatings are those which
have an inner layer whose refractive index is close to that of the substrate and the
outer layer whose refractive index is close to that of the incident medium [23].

Fig. 5 shows the contours of equal reflectance R(4) plotted against the thickness of
both layers at 4 = 600 nm. The minimum reflectance obtained is 1 x 10~ % (%) with
d; = 55.5nm and d, = 53.2 nm. The corresponding reflectance spectra of the opti-
mised AR coating system are shown in Fig. 6. One minimum appears at 4 = 600 nm.
Such AR coating systems are used in photodiodes (LASER) and other optoelectronic
devices which need a minimum reflectance spectra of the optimised AR coating system
are shown in Fig. 6. One minimum appears at 2 = 600 nm. Such AR coating systems
are used in photodiodes (LASER) and other optoelectronic devices which need
a minimum reflectance at a single wavelength.

2.2.2. UV-visible spectrum

For photovoltaic applications the reflectance is minimised through the visible
spectrum.

Fig. 7 shows the R,, contours in which appear the low value R,, = 2.39% obtained
withn; = 1.4,n, =2.5,d; = 11.5 nm, d, = 65 nm. Table 2 illustrates the results of the
calculated ARC systems with several existing materials such as MgF,, SiO,, Ta,Oj5
and ZnS.

The refractive index values n; = 1.4, n, = 2.5 correspond to MgF, and TiO,
deposited by evaporation techniques, respectively. We show (Table 2) that a lower
fluctuation in n, causes a variation in the weighted reflectance coefficient R,,. This
variation aided the optimum choice of the technological parameters of the technique
to reduce the fluctuation commonly appearing during the deposition.
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Fig. 5. Contours of weighted reflectance of SiO,/TiO, ARCs plotted against dg;o, and dro, at 4 = 600 nm.
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Fig. 6. Reflectance spectra vs. wavelength for SiO,/TiO, two-layer ARCs on silicon substrate.
Rpin(A) = 1 x107# (%) at 2 = 600 nm.

2.3. Three-layer ARCs

The design of three-layer ARCs on silicon is optimised using Eq. (2) when the
optimum refractive index of each layer in the stack is calculated by [5]:

2
n2 = no.ns = nl.n3 N
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Fig. 7. Contours of weighted reflectance for two-layer ARCs on silicon as a function of the inner and the
outer layer thickness (d;,d,).

Table 2
Optimum parameters of some two-layer AR coatings design on polished silicon substrate

System (L, H) ny N, dy(nm) d,(nm) R,(%)
(1.41,2.24) 1.41 2.24 112.0 69.0 2.65
(1.5,2.0) 1.50 2.00 072.5 60.0 6.23
(1.5,2.1) 1.50 2.10 071.5 61.0 6.25
(1.5,2.5) 1.50 2.50 098.0 61.5 2.98
(1.4,2.0) 1.40 2.00 93.5 70.0 5.32
(14,2.1) 1.40 2.10 078.5 68.5 4.77
(1.4,2.5) 1.40 2.5 111.5 65.0 2.39

where n, is the refractive index of the medium layer. The refractive index decreases
from the high value (ny) to the low value (n,;, = 1) in the order: n,, <n; <n, <
ny < ng.

Table 3 shows the optimum values. We note that it is not possible to deposit
materials with a refractive index n = 2.78 which does not absorb an appreciable
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Table 3
Optimum parameters of three-layer AR coatings design on polished silicon substrate

AR coating design Layer parameters Outer layer Medium layer Inner layer
Optimum calculated Refractive index 1.40 1.97 2.78
design

Thickness d(nm) 104 55 51

Weighted reflectance R(%) 1.4
Calculated design with Refractive index 1.38 1.63 2.3
practical materials

Thickness d(nm) 82 33 54

Weighted reflectance R (%) 2.4

metall. grid line ARC

Al/Ag

Fig. 8. n*pp™* silicon solar cell structure with antireflection coating.

amount of the incident light [2]. Using materials deposited by vacuum evaporation
such as ZnS (n = 2.3-2.4), Al,0; (n = 1.63) and MgF, (n = 1.38), three-layer ARC
systems on silicon are calculated. Table 3 shows that R,, = 2.4% is higher than the
minimal value R,, = 1.4% obtained with the optimum system.

3. Experimental procedure

n*pp* silicon solar cells are fabricated using a 4-5Q cm boron-doped single-
crystal silicon wafers. Emitter region n™ are realised by diffusing phosphorous atoms
from a POCI, liquid source. p* region (BSF) are formed by evaporating a thin layer of
aluminium on the rear surface. Drive-in of P and Al atoms was carried in a quartz
tube furnace simultaneously at 850°C. Ti/Pd/Ag grid metallisation are evaporated on
the front surface. The cell rear contact is realised by deposition of a thin layer of Al/Ag,
Fig. 8. Before AR coating, deposition cell performances are characterised at standard
conditions (AM 1.5, 25°C).

One-, two- and three-layer ARCs are deposited on silicon substrates in a stainless
steel bell jar from a thermal tungsten crucible fro ZnS and by an electron gun for
MgF,, Ta,0s5, Al,0; using a cleaned C and Mo crucibles. Pressure reached in deposit
chamber is 107°-10° torr. The deposition rate and the thickness of the films are
controlled in situ by a quartz crystal monitor through an SCT200 processor from
SYCON Instruments.
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Reflectance spectra was measured in the range 400-1100 nm by a Spectro320
Instrument Systems GmbH spectrophotometer.

Current—voltage characteristic (I-V') and spectral response are measured for a sili-
con solar cell with ZnS ARC to estimate the improvement in the cell’s performance
after ARC deposition. Electrical characterisation are done at the ISPRA Laboratory,
(Varese, Italy).

4. Experimental results and discussion

Optical measurements of the reflectance spectra of Ta,Os ARC layer deposited on
silicon are shown in Fig. 9. A minimum value of reflectance R(1) = 0.1% is obtained
at 650 nm. Good agreement is observed between the experimental and calculated
reflectance spectra. The refractive index and thickness used in the calculations are 2.1
and 80 nm, respectively. The difference observed in the short- and the long-
wavelength regions is due to the dispersion of the Ta,O5 refractive index.

The reflectance spectra of the ZnS ARC evaporated on silicon are shown in Fig. 10.
Good accordance is seen between the experimental and the calculated R(4) curve
throughout the visible spectrum. We note that the ZnS layer is more transparent in
the short wavelength region (4 < 500 nm) than the Ta,O5 layer (Fig. 9). I-V charac-
teristic and spectral response of the cells indicate a good transparency of the ZnS layer
in the short wavelength region. The absorption of the Ta,Os is attributed to the
presence of excess free oxygen atoms in the deposited film, due probably to the
dissociation of the Ta,Os molecules during electron beam evaporation.

Fig. 11 shows reflectance curve of MgF,/ZnS two-layer ARC on which appear two
minima: the first R,;,; = 9.1% at 500 nm, the second R,,;,» = 0.58% at 1000 nm. The

0.45 -

+ theory
X experiment

0.40

TazOs(SO nm)

reflection coefficient

400 500 600 700 800 900 1000 1100

wavelength (nm)

Fig. 9. Measured and calculated reflectance of Ta,O5 ARC on silicon.
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Fig. 10. Measured and calculated spectral reflectance of ZnS ARC on silicon.
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Fig. 11. Experimental and calculated reflectance vs. wavelength of MgF,/ZnS two-layer ARC on silicon.
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Fig. 12. Measured and calculated spectral reflectance of MgF,/Al,03/ZnS triple-layer ARCs on silicon.

reflectance R()\) is lower than 3% in the range 720 nm < A < 1100 nm which maxi-
mises the absorption of the incident photons and increases the photo-generated
current. On the basis of theoretical calculations [1,24], the reflectance value in the
short wavelength region is affected by the outer layer (MgF,) thickness for which the
deposited thickness is estimated to be lower than the needed value (optimum).

Fig. 12 shows the experimental reflectance of the MgF,/Al,O5/ZnS three-layers on
silicon. Two minima appear; R, ;,; =5.8% at 1=500nm, R, ;,,=0.88% at
A = 1000 nm. Through the range 800-1100 nm the reflectance is lower than 3%. The
curve R(Z) (Fig. 12) is characterised by a broader low reflectance. Good accordance is
observed between the calculated and the experimental curves. The difference in the
short wavelength region is probably due to the dispersion of the refractive index in the
wavelength region.

Fig. 13 gives the current—voltage characteristics. It show the improvement of the
short-circuit current and efficiency after ZnS and Ta,Os AR coating deposition. The
I-V charactristic with a ZnS AR coating is better than that with Ta,O5; ARC. Table 4
shows the cell’s performance before and after ZnS AR coating. The short-circuit
current and the cell efficiency show an increase of about 31% and 29.4% respectively.
The open-circuit voltage V. and the fill factor FF are not influenced by the ARC
deposition; the slight variation observed could be attributed to the circuit measure-
ment error.
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Fig. 13. Silicon solar cell I-V characteristics before and after ZnS (d = 52 nm) and Ta,Os (80 nm)
single-layer antireflection coating.

Table 4
Cell’s performace before and after ZnS coating

Js. (mA/cm?) FF (%) V. (mV) n%
No AR coating 28.3 0.79 607.0 13.6
With ZnS AR coating 371 0.767 608.3 17.6

We give Fig. 14 the spectral response Sr(4) of the cell before and after a ZnS ARC
deposition. The Sr(1) is increased uniformly throughout the spectrum range. The
curve shows a maximum in the long-wavelength region due to the back-surface field
effect which reduces the recombination at the back side, therefore, decrease of the
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Fig. 14. Spectral response of silicon solar cell. (1) without AR coating; (2) with a ZnS single-layer AR
coating (d = 52 nm).

diode leakage current [25] and increase of the collection efficiency of the minority
carries generated by the NIR photons.

5. Conclusions

A theoretical study of the antireflection coatings on silicon solar cells is made.
A model programme is developed for the best design of antireflection coating for an
arbitrary substrate n, and incident angle of light. Polished and textured silicon
surfaces are taken into account. Our developed simulator can be used also for the
optimisation of AR coating for optoelectronic devices to improve the power output
parameters.

One-, two- and three-layer ARCs on silicon are calculated at normal incidence. The
optimum refractive index and thickness are determined. Ta,Os, ZnS single-layer,
MgF,/ZnS two-layer and MgF,/Al,O3/ZnS three-layer antireflection coatings are
deposited by thermal and electron beam evaporation on silicon.

Reflectance spectra of deposited ARC layers on silicon are measured. The theoret-
ical and experimental R(A) curves present a good accordance. Current—voltage charac-
teristic and spectral response for a silicon solar cell with a ZnS ARC show an
amelioration after antireflection deposition. Fill factor and open-circuit voltage are
weakly influenced by the antireflection coating deposition.
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